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Preface

Since the beginning of quantum mechanics, emergent many-body phenomena represent the
grand-challenge in theoretical condensed-matter physics. Indeed, static mean-field approaches
fail to capture even the simplest many-body effects, while diagrammatic techniques generally
fail in the regime characteristic of strong correlations. The introduction of dynamical mean-
field theory (DMFT) has revolutionized this field. Two insights paved the way to this paradigm
shift. The first is that in the limit of infinite dimensions all contributions to the self-energy
become local. The second is that the locality of the self-energy makes it possible to build a new
type of mean-field theory, dynamical in nature, by mapping a correlated lattice problem onto
a self-consistent quantum-impurity model. In the last decades, thanks to advances in model
building combined with the development of flexible and numerically exact quantum-impurity
solvers, DMFT was successfully linked with ab-initio density-functional techniques, making it
the method of choice for the investigation of correlated electron materials.

This year’s school covers the most important aspects of the DMFT approach to real mate-
rials. Lectures range from the basics to advanced topics, covering the DFT+DMFT method,
non-local extensions of DMFT, advanced quantum impurity solvers, the calculation of dynam-
ical response functions, and the description of correlation effects out of equilibrium. The goal
of the school is to introduce advanced graduate students and up to this modern method for the
realistic modeling of strongly correlated matter.

A school of this size and scope requires support and help from many sources. We are
very grateful for all the financial and practical support we have received. The Institute for
Advanced Simulation at the Forschungszentrum Jiilich and the Jiilich Supercomputer Centre
provided the major part of the funding and were vital for the organization of the school and
the production of this book. The Center for Electronic Correlations and Magnetism at the
University of Augsburg offered housing support for the lecturers and some of the students,
while the Institute for Complex Adaptive Matter (ICAM) provided travel grants for selected
international speakers and participants.

The nature of a school makes it desirable to have the lecture notes available when the lectures
are given. This way students get the chance to work through the lectures thoroughly while their
memory is still fresh. We are therefore extremely grateful to the lecturers that, despite tight
deadlines, provided their manuscripts in time for the production of this book. We are confident
that the lecture notes collected here will not only serve the participants of the school but will
also be useful for other students entering the exciting field of strongly correlated materials.

We are grateful to Mrs. H. Lexis of the Verlag des Forschungszentrum Jiilich and to Mrs.
N. Daivandy of the Jiilich Supercomputer Centre for providing their expert support in producing
the present volume on a tight schedule. We heartily thank our students and postdocs who
helped with proofreading the manuscripts, often on quite short notice: Julian MuBhoff, Esmaeel
Sarvestani, and Qian Zhang.

Finally, our special thanks go to Dipl.-Ing. R. Holzle for his invaluable advice on the innu-
merable questions concerning the organization of such an endeavor, and to Mrs. L. Snyders for
expertly handling all practical issues.

Eva Pavarini, Erik Koch, Alexander Lichtenstein, and Dieter Vollhardt

August 2018
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1.2 Dieter Vollhardt

1 From materials to models

In view of the great complexity of nature, scientific explanations of natural phenomena can only
be found by appropriate simplifications, namely through idealization and abstraction (‘“reduc-
tion”). This requires modelling. Models are supposed to take into account the most important
features of a complicated object or process, neglecting features which are considered less im-
portant. This has been an extremely successful approach in science, especially in physics. Take,
for example, a steam engine in a power plant. Many aspects of the functional principle of such
a large and technically complicated machine can already be understood in terms of a simple
mechanical model consisting of a cylinder and piston, and using the concept of temperature,
pressure, and volume. For a long time mechanical models were thought to be indispensable
for an understanding of physical phenomena. Indeed, in 1861 Maxwell, the founding father of
the highly elegant theory of electromagnetism, introduced a mechanical model of electromag-
netism [1] based on vortices in a molecular medium, which looks rather bizarre to us today.
Although it helped Maxwell to explain the displacement current, the molecular vortex model
did not turn out to be useful to understand electromagnetism and was soon abandoned. This
shows that models have to prove their usefulness over the course of time — otherwise they will
be discarded.

1.1 The long way to a model for ferromagnetism in 3d transition metals

When it comes to materials and the explanation of their properties the question again arises what
kind of models to use. One of the most famous properties of solids which is known for a very
long time already [2] is ferromagnetism, in particular in magnetite (Fe;O,4) and elemental iron
(Fe). What is a good model to understand ferromagnetism? A crucial step in the development of
a microscopic theory of ferromagnetism in solids was the model of magnetic domains proposed
by Weiss [3] in 1906, where he postulated the alignment of elementary magnets due to the
existence of a “molecular field”, also referred to as “Weiss mean field”. But what is the origin
of this peculiar field?

Starting from the interaction between neighboring elementary magnets the Ising model [4] was
formulated almost 20 years later to provide a microscopic explanation of the molecular field.
Ising solved the one-dimensional problem, found that a phase transition does not occur, and
concluded (incorrectly) that this was also the case in three dimensions. The Ising model is a
classical spin model. Earlier it had been shown by Bohr (1911) and van Leeuwen (1919) that
magnetism is actually a quantum effect. Therefore another important step in the development of
a theory of ferromagnetism was Heisenberg’s formulation of a quantum spin model in 1928 [5].
The Heisenberg model explains the Weiss molecular field as the result of a quantum mechanical
exchange process. But this model includes only the spin degree of electrons, i.e., describes
localized electrons.

In 1929 Bloch [6] pointed out that such a model cannot explain ferromagnetism as observed
in 3d transition metals such as iron, cobalt and nickel, and that an appropriate model had to
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include the itineracy of the electrons, i.e., their wave nature, which in a solid leads to elec-
tronic bands. However, the conditions for ferromagnetism which he obtained for free electrons

where unrealistic.!

Obviously one has to go beyond free electrons and take also their mu-
tual interaction into account. This immediately leads to an enormously difficult many-body
problem, which is made especially complicated by the fermionic nature of the electrons, their
long-range Coulomb interaction, their high density in the metallic state, and the presence of a
periodic lattice potential. Attempts by Slater [8] in 1936 to explain ferromagnetism in Ni by
including the Coulomb interaction within Hartree-Fock theory were not successful. In partic-
ular, the screening of the bare Coulomb repulsion was a difficult issue. It became clear that
one had to include genuine correlation effects within well-defined approximations.? This im-
plies two intimately connected problems: the formulation of a sufficiently simple model of
correlated electrons which unifies the competing approaches by Heisenberg and Bloch (namely
the picture of localized and itinerant electrons, respectively), and its solution within more or
less controlled approximations. Progress in this direction was slow. One reason certainly was
that in the nineteen-thirties and forties nuclear physics attracted more attention than solid-state
physics, with a very specific focus of research during the 2nd World War. But apart from that,
the sheer complexity of the many-body problem itself did not allow for quick successes. High
hurdles had to be overcome, both regarding the development of appropriate mathematical tech-
niques (field-theoretic and diagrammatic methods, Green functions, etc.) and physical concepts
(multiple scattering, screening of the long-range Coulomb interaction, quasiparticles and Fermi
liquid theory, electron-phonon coupling, superconductivity, metal-insulator transitions, disor-
der, super-exchange, localized magnetic states in metals, etc.).?

At the Washington Conference on Magnetism, held at the University of Maryland on September
2-6, 1952, the conceptual problems regarding a theory of ferromagnetism in 3d transition metals
were discussed in detail. This resulted in a series of articles in the Reviews of Modern Physics,
including papers by Slater [11], Wohlfarth [12], and van Vleck [13], which summarized the
understanding of this fundamental problem at that time. But in spite of great progress in many
areas of condensed matter physics a microscopic model for metallic ferromagnetism, or of
interacting electrons in general, did not emerge until 1963, when a model for correlated lattice
electrons was proposed independently by Gutzwiller [14], Hubbard [15], and Kanamori [16].
All three wanted to explain ferromagnetism in 3d transition metals. This model is now called
“Hubbard model” and is the fundamental theoretical model for electronic correlations in solids.

'For a historical review of the development of the quantum-mechanical theory of metals from 1928 to 1933,
which describes the conceptual problems of that time, see Ref. [7].

2 Apparently Wigner [9] was the first who tried to calculate the contribution of the mutual electronic interaction
to the ground state energy relative to the Hartree-Fock result, which he called “correlation energy”.

3A discussion of the many-body problem and of some of the important developments up to 1961 can be found
in the lecture notes and reprint volume by Pines [10].
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1.2 Electronic correlations

The concept of electronic correlations plays a very important role in modern condensed mat-
ter physics. It refers to electronic interaction effects which cannot be explained within a static
mean-field picture and which therefore go beyond results obtained by factorization approxima-
tions such as Hartree or Hartree-Fock mean-field theory. Correlation effects are particularly
strong in materials with partially filled d and f electron shells and narrow energy bands, as in
the 3d transition metals or the rare—earths and their compounds.

Electronic correlations in solids lead to the emergence of complex behavior, resulting in rich
phase diagrams. In particular, the interplay between the spin, charge, and orbital degrees of
freedom of the correlated d and f electrons with the lattice degrees of freedom leads to a cornu-
copia of correlation and ordering phenomena including heavy fermion behavior [17], high tem-
perature superconductivity [18], colossal magnetoresistance [19], Mott metal-insulator transi-
tions [20], and Fermi liquid instabilities [21]. Such properties are not only of interest for funda-
mental research but also have a great potential for technological applications. Namely, the great
sensitivity of correlated electron materials with respect to changes of external parameters such
as temperature, pressure, electromagnetic fields, and doping can be employed to develop mate-
rials with useful functionalities [22]. Consequently there is a great need for the development of
appropriate models and theoretical investigation techniques which allow for a comprehensive,
and at the same time reliable, exploration of correlated electron materials [23-25].

1.3 The Hubbard model

The single-band Hubbard model [14—16] is the simplest microscopic lattice model for interact-
ing electrons in a solid such as 3d electrons in transition metals [26]. The Hamiltonian consists
of two terms, the kinetic energy H, and the interaction energy H,y (in the following operators
are denoted by a hat):

H = Hy+ Hi (1a)
Hy = Y3 tylty = cnin, (1b)
RZ‘,R]' o k,o
Hy = UY iy =UD. (Ic)
R;

]

Here ¢](¢,,) are creation (annihilation) operators of fermions with spin ¢ at site R, (for sim-

plicity denoted by i), n,, = éjgéw, and D is the operator of total double occupation of the lattice
sites. The Fourier transform of the kinetic energy in (1b), where ¢;; is the amplitude for hopping
between sites ¢ and j, involves the dispersion ¢, and the momentum distribution operator 7, .
A schematic picture of the Hubbard model is shown in Fig. 1.

In the Hubbard model the Coulomb interaction between two electrons is assumed to be so

strongly screened that it can be described as a purely local interaction which occurs only on a
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Fig. 1: Schematic illustration of interacting electrons in a solid described by the Hubbard
model. The ions enter only as a rigid lattice, here represented by a square lattice. The electrons,
which have mass, negative charge, and spin (1 or |), are quantum particles which move from
one lattice site to the next with a hopping amplitude t. Together with the lattice structure this
determines the band structure of the non-interacting electrons. The quantum dynamics leads
to fluctuations in the occupation of lattice sites as indicated by the sequence: a lattice site can
either be unoccupied, singly occupied (T or ), or doubly occupied. When two electrons meet
on a lattice site, which is only possible if they have opposite spin because of the Pauli exclusion
principle, they encounter a local interaction U.

lattice site.* In view of the Pauli principle the interaction is therefore only possible if the two
electrons have opposite spin. A direct interaction between electrons with equal spin direction,
e.g., on neighboring sites, is not described by the model, but can be easily included. The
interaction is therefore completely independent of the lattice structure and spatial dimension of
the system. This property distinguishes it from other model interactions since it has no classical
counterpart. The kinetic energy Hy is diagonal in momentum space and reflects the wave nature
of the electrons, while the interaction energy Hiy is diagonal in position space and characterizes
their particle nature.

The physics described by the Hubbard model is clearly very different from that of bare electrons
with a long-range Coulomb interaction. Therefore the Hubbard model is far from obvious. Its
formulation required fundamentally new insights as explained in section 1.1. In particular,
screening is a basic ingredient of the many-body problem of metals.

As discussed above, the Hubbard model was originally introduced to provide a microscopic
explanation of ferromagnetism in 3d transition metals [14—-16]. How should this model be
able to do that? In fact, the interaction energy is lowest (zero) when double occupation of
lattice sites is fully suppressed, i.e., when the spins of electrons are ferromagnetically aligned.
From the point of view of the interaction alone one can therefore expect the ground state to be
ferromagnetic for sufficiently strong repulsion U. However, this argument neglects the kinetic

“In particular, the Hubbard model applies to lattice fermions with a point interaction, such as cold atoms in
optical lattices where the bare interaction is indeed extremely short-ranged [27,28]; see section 5.2.2.
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energy. While the lattice structure and spatial dimension do not affect the Hubbard interaction
at all, they play a very important role for the kinetic energy since they determine the structure
of the density of states of the non-interacting electrons. This is especially important for the
stabilization of ferromagnetism and will be discussed in more detail in section 6.1.

In spite of the extreme simplifications made by the Hubbard model in comparison with interact-
ing electrons in a real solid, it still cannot be solved analytically, except in dimension d = 1 for
nearest-neighbor hopping [29]. For dimensions d = 2, 3, approximations are required.> Here
“mean-field theories” play a particularly important role.

2 Mean-field theories

In the statistical theory of classical and quantum-mechanical systems a rough, overall descrip-
tion of the properties of a model can often be obtained within a mean-field theory. While in the
full many-body model a particle or spin experiences a complicated, fluctuating field generated
by the other particles or spins, in a mean-field theory this fluctuating field is approximated by
an average (“mean”) field. Usually, but not always, the full interaction problem then reduces to
an effective, single-particle problem — a self-consistent field theory.

A mean-field theory can often be constructed by letting some variable or parameter become
large (in fact, infinite), whereby fluctuations are suppressed. Depending on the model this can
be the length of the spins S, the spin degeneracy [V, the spatial dimension d, or the coordination
number Z, i.e., the number of nearest neighbors of a lattice site.® Mean-field theories obtained
in such a limit, supplemented if possible by an expansion in the inverse of the large parameter,
can provide valuable insights into the fundamental properties of a model. Perhaps the best-
known mean-field theory in many-body physics is the Weiss molecular-field theory for the Ising
model [31]. It is a prototypical “single-site mean-field theory” which becomes exact in the limit
of infinite coordination number Z or infinite dimensions d.

2.1 Infinite dimensions

The meaning of “infinite dimensions” needs some explanation. Already in d = 3 the coordina-
tion number can be quite large, e.g., Z = 6 for a simple cubic lattice, Z = 8 for a bece lattice and
Z = 12 for an fcc-lattice, making its inverse, 1/7, rather small. It is then interesting to investi-
gate whether the limit Z — oo leads to some simplifications. For a hypercubic lattice, obtained
by generalizing the simple cubic lattice in d = 3 to arbitrary dimensions, one has Z = 2d. The
limit d — oo is then equivalent to Z — oo.

3In view of the complexity of the many-body problem in condensed matter theory, progress in this field relies
on making good approximations. As Peierls wrote: “... the art of choosing a suitable approximation, of checking
its consistency and finding at least intuitive reasons for expecting the approximation to be satisfactory, is much
more subtle than that of solving an equation exactly” [30].

®For regular lattices both a dimension d and a coordination number Z can be defined. The coordination number
Z is then determined by the dimension d and the lattice structure. But there exist other lattice-like structures, such
as the Bethe lattice, which cannot be associated with a physical dimension d, although a coordination number Z is
well-defined.
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It is interesting to note that investigations in statistical mechanics based on the simplifications
arising in the limit of infinite coordination number Z or dimension d do not go far back. In fact,
Z originally denoted the number of spins in the range of the interaction [32]. In this case the
limit Z — oo describes an infinitely long-ranged interaction.” Since a particle or spin at a given
site then interacts with infinitely many other particles or spins (which are all “neighbors”), this
limit was referred to as “limit of infinite dimensions” or “limit of high density” [32]. It was
found that the Weiss mean-field theory for the Ising model becomes exact in this limit. Starting
with Fisher and Gaunt [33] in 1964 the Ising model and other classical models were investigated
on general d-dimensional simple hypercubic lattices. Now Z is really the coordination number,
i.e., the number of nearest neighbors, as we use it today, with Z = 2d. For the Ising model the
limit of infinitely long-ranged spin coupling J and the limit of infinite dimensions d both yield
the same result, namely the Weiss mean-field theory.

2.2 Weiss mean-field theory for the Ising model

The Hamiltonian for the Ising model with nearest-neighbor coupling between two classical
spins is given by

1
(Ri,R;)

where we assume ferromagnetic coupling (/ > 0) and summation over nearest-neighbor sites.
This can also be written as

7= ns;, 3
R;

where now every spin .S; interacts with a local field

hi=—JY S 4)

produced by the spins on nearest-neighbor sites; here the superscript (z) implies summation
over the nearest-neighbor sites of R,;. In the Weiss mean-field theory the spin interaction in (2),
or the interaction of a spin with the local field in (3), are decoupled, i.e., [ is replaced by a
mean-field Hamiltonian
HM = hyp > Si+ Eopite - )
I3

7

Now a spin 5; interacts only with a global (“molecular”) field

hyp = <hz> =-JZ5, (6)

"This limit can be even used in one-dimensional particle models, in which case the equation of state reduces to
the van der Waals equation [31].
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where ( ) indicates the thermal average, (S;) = S, Eqir, = % LJZ{S)? is a constant energy
shift, and L is the number of lattice sites. Formally this result can be obtained by employing the
factorization

((Si=9)(S;=9))=0, (7)

whereby correlated fluctuations of spins at sites R; and R; are neglected. In the limit Z — oo
the coupling constant J needs to be rescaled as
J*

J — A J* = const )

for hyr, and thereby the energy, to remain finite. In this limit the factorization (7), and hence the
replacement of (2) by the mean-field Hamiltonian (5), becomes exact [32,34]. Eq. (5) implies
that in the limit Z — oo fluctuations of a finite number of spins in the “bath” of surrounding
neighbors become unimportant, such that the surrounding of any site is completely described
by a single mean-field hyr. Hence the Hamiltonian becomes purely local

HM" =" H; + Eguie )
R;

where H; = hyrS;. Thereby the problem reduces to an effective single-site problem. The value
of S (the “magnetization”) is determined by the self-consistent Curie-Weiss or Bragg-Williams
equation

S = tanh(BJ*S), (10)

where § = 1/(kgT) and the self-consistency condition (6) was used. The scaling (8) is typical
for localized spin models.

The Weiss mean-field theory is seen to become exact in the limit of infinite coordination number
Z or dimension d. In this case 1/Z or 1/d serve as a small parameter which can be used to im-
prove the mean-field theory systematically. The Weiss mean-field theory contains no unphysical
singularities, is applicable for all values of the input parameters (temperature and/or additional
external magnetic field), and is diagrammatically controlled [35]. Therefore it is often viewed
as a prototypical mean-field theory in statistical mechanics.

2.3 Hartree mean-field theory for the Hubbard model

Lattice fermion models such as the Hubbard model are much more complicated than local-
ized spin models. Therefore the construction of a mean-field theory with the comprehensive
properties of the Weiss mean-field theory for the Ising model will be more complicated, too.
The simplest static mean-field theory for the Hubbard model is the Hartree approximation [36—
38]. To clarify the shortcomings of this mean-field theory we proceed as in the derivation of the
Weiss mean-field theory for the Ising model and factorize the interaction term. To this end we
rewrite the Hubbard interaction in the form of (3), i.e., we let an electron with spin o at site R,
interact with a local field 7, produced by an electron with opposite spin on that site®

8This field is described by an operator and therefore has a dynamics.
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Hie = > highia, (11)
R, o
1

where ﬁig = 5Un;_,. As in the derivation of the Weiss mean-field theory we now factorize the

two-particle interaction in (11), i.e., we replace H by

HM = Higo + Y (hio) iy + Estie (12)

Now a o-electron at site R; interacts only with a local, static field (a c-number)
- 1
(hig) = SUn— . (13)

where n_, = (n;_,) is the global density of (—o)-electrons. The above decoupling of the
operators corresponds to the Hartree approximation,’ which assumes

<(ﬁia — g ) (R — n—0)> =0, (14)

whereby correlated fluctuations on the site R; are neglected.

It is important to note that although (12) is now a one-particle problem it still cannot be solved
exactly, since, in principle, the potential (the static mean field (fzw>) may vary from site to
site. This is a new feature due to the quantum-mechanical kinetic energy, which enters as an
additional term in the Hamiltonian.

The Hartree approximation becomes exact in the weak-coupling limit (U — 0) and/or the low-
density limit (n — 0). But how about d — o0? Does it become exact in this limit for all
input parameters (temperature, density, interaction strength)? The answer is clearly no: the
Hubbard interaction is purely local and hence independent of the spatial dimensions. Although
the factorizations (7) and (14) are mathematical identical, the physics they imply is very differ-
ent. Namely, (7) describes the decoupling of a spin from a bath of infinitely many neighboring
spins in which fluctuations do indeed become unimportant in the limit d — oo, while (14) cor-
responds to the decoupling of an electron from one other electron (with opposite spin) on the
same site. For strong repulsion U double occupation of a lattice site is energetically unfavorable
and is therefore suppressed. In this situation the local correlation function (72;47;) must not be
factorized, since otherwise correlation phenomena are immediately eliminated. It is therefore
clear that the Hartree decoupling, which factorizes the local quantum dynamics, can never be-
come exact in any dimension or for any coordination number, since (i7;y) # (i) (Riy),
unless U — 0 and/or n — 0. Hence the nature of the Hartree mean-field theory for spin—%
electrons with on-site interaction is very different from the Weiss mean-field theory for spins
with nearest-neighbor coupling.

9Since the Hubbard interaction acts only between electrons with opposite spin on the same lattice site an
exchange (Fock) term does not arise.
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3 Gutzwiller variational method

Another useful but very different approximation scheme for quantum many-body systems,
which has a long and successful history in theoretical many-body physics [39], makes use of
variational wave functions. Starting from a many-body trial wave function the energy expec-
tation value is calculated and then minimized with respect to physically motivated variational
parameters. Although variational wave functions usually yield only approximate results, they
have several advantages: they are physically intuitive, can be custom tailored to a particular
problem, and can be used even when standard perturbation methods fail or are inapplicable.
For the analytic investigation of the electronic correlation model which Gutzwiller [14] had
introduced (and which was later named after Hubbard), he had also proposed a very simple
variational wave function. This “Gutzwiller wave function” introduces correlations into the
wave function for non-interacting particles via a purely local correlation factor in real space,
which is constructed from the double occupation operator D as

| W) = ¢ |FG) (15a)
= [[(-@1-9)D)FG). (15b)
R;

Here |[FG) is the wave function of non-interacting fermions (Fermi Gas), g is a variational
parameter with 0 < g < 1, and D; = NN,y 1s the operator of double occupation of lattice
site R;, which monitors the interaction on that site. The projector gf) globally reduces the
amplitude of those spin configurations in |FG) which have too many doubly occupied sites for
given repulsion U. The limit g = 1 describes the non-interacting case, while g — 0 corresponds
to strong coupling (usually U — o0). The Gutzwiller wave function can be used to calculate the
expectation value of an operator, e.g., the ground state energy £(g, U) of the Hubbard model,
using the Hamiltonian (1). By computing the minimum of £(g, U), the variational parameter g
is determined as a function of the interaction parameter U.

3.1 Gutzwiller approximation

In general the evaluation of expectation values cannot be performed exactly. Therefore Gutz-
willer introduced a non-perturbative approximation scheme which allowed him to obtain an
explicit expression for the ground state energy of the Hubbard model [14, 40]; for details see
Refs. [41,24]. The Gutzwiller approximation is based on the counting of classical spin configu-
rations and is therefore a quasiclassical approximation. The idea behind the approximation can
be illustrated by calculating the norm (V;|¥s). In configuration space the ground state of the

FG) =Y > A |0,), (16)

D {ip}

where |¥; ) is a spin configuration with D doubly occupied sites and A;, is the corresponding

Fermi gas can be written as

probability amplitude. The sum extends over the whole set {ip } of different configurations with
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the same D), and over all D. For a system with L lattice sites and N, o-electrons the number
Np of different configurations in {ip} is given by the combinatorial expression

L

Np—_ "
P LALIDVE!

7)

where L, = N, —D,and £ = L — N; — N + D are the numbers of singly occupied and empty
sites, respectively. Since |;, ) is an eigenstate of D, the norm of |¥;) reads

(Walwa) =) ¢ Y A, (18)

D {ip}

In the Gutzwiller approximation spatial correlations between the spins of the electrons are ne-
glected. The probability |A;, |? is then the same for all configurations of electrons on the lattice,
1.e., is given by the classical combinatorial result for uncorrelated particles

|Aip|* = PPy, (19)

where P, = 1/(]\?0) = N, (L — N)!/L! ~ nl(1 — n,)t"Ne, with n, = N, /L, is the
probability for an arbitrary configuration of o-electrons. In this case (18) reduces to

<1pg|!pg> = P¢P¢ Z g2DND. (20)
D
In the thermodynamic limit the sum in (20) is dominated by its largest term corresponding to a
value D = D, where D is determined by

QZJ(l—nT—n¢+J)
(ny —d)(ny —d)

g 21
where d = D /L. Eq. (21) has the form of the law of mass action, where the correlation
parameter g rather than the Boltzmann factor regulates the dynamical equilibrium between
the concentrations of singly occupied sites on one side of this “chemical reaction” and that of
doubly occupied sites and holes on the other.!? The calculation of the expectation values of the
kinetic and the interaction energy of the Hubbard model proceeds similarly [41]. We will later
see that the Gutzwiller approximation leads to the correct results for the expectation value of an
operator calculated in terms of the Gutzwiller wave function in the limit d = oo.

3.2 Brinkman-Rice transition

The results of the Gutzwiller approximation [14,40] describe a correlated, normal-state fermionic
system at zero temperature whose momentum distribution has a discontinuity ¢ at the Fermi
level, with ¢ = 1 in the non-interacting case, which is reduced to ¢ < 1 by the interaction as in a
Landau Fermi liquid. In 1970 Brinkman and Rice [43] observed that in the case of a half-filled

10Tn fact, eq. (21), with g2 replaced by the Boltzmann factor e ~#Y, is the exact result for the Hubbard model
with infinite-range hopping [42].
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band (n+ = n; = 1/2) the Gutzwiller approximation describes a transition at a finite critical
interaction strength U, from an itinerant to a localized state, where lattice sites are singly occu-
pied and the discontinuity ¢ vanishes. This “Brinkman-Rice transition” therefore corresponds
to a correlation induced (Mott) metal-insulator transition. They argued [43] that the inverse of
q can be identified with the effective mass of Landau quasiparticles, ¢~' = m*/m > 1, which
diverges at U...

The results obtained with the Gutzwiller approximation are physically very reasonable. In fact,
in the nineteen-seventies and eighties it was the only approximation scheme which was able
to describe a Mott metal-insulator transition at a finite value of the interaction and was in ac-
cord with basic properties of Landau Fermi liquid theory.!! This was confirmed by a detailed
investigation of the assumptions and implications of the Gutzwiller approximation which I pub-
lished in 1984 [41], and in which I showed that the Gutzwiller-Brinkman-Rice theory was not
only in qualitative [46], but even in good quantitative agreement with experimentally measured
properties of normal-liquid *He; for a discussion see section 3 in Ref. [47].

3.3 Systematic derivation of the Gutzwiller approximation?

The results of the Gutzwiller approximation are clearly mean-field-like since, for example, the
kinetic energy of the correlated system is obtained by renormalizing the kinetic energy of non-
interacting single-particle states (k, o) by an overall factor q. This is also one of the reasons
why the results obtained for the Hubbard lattice model have a much wider range of applicability,
i.e., can even be used to understand liquid *He [41,48]. However, the validity of the Gutzwiller
approximation was still unclear in 1984. In particular, it was not known how to improve this ap-
proximation — after all it was based on the calculation of quantum-mechanical matrix elements
from the most probable classical spin configurations. The question was, whether the Gutzwiller
approximation could be derived in a controlled way, for example by calculating expectation
values of operators with the Gutzwiller wave function using quantum many-body perturbation
theory in a well-defined limit, or by some other method of quantum many-body theory. This
question was answered a few years later, when the Gutzwiller approximation was re-derived in
two different ways: as a slave-boson mean-field theory [49]'? and in the limit of infinite spatial
dimensions [52], as will be discussed below.

11Other well-known approximation schemes, in particular those proposed by Hubbard, did not have these im-
portant properties: in the Hubbard-I approximation [15], which interpolates between the atomic limit and the
non-interacting band, a band gap exists for any U > 0 (so there is no Mott transition at all), while the Hubbard-III
approximation [44] corresponds to the coherent potential approximation [45] for disordered systems, in which case
the Fermi surface volume is not conserved.

12Kotliar and Ruckenstein [50] formulated a functional integral representation of the Hubbard and Anderson
models in terms of auxiliary bosons, whose simplest saddle-point approximation (“‘slave-boson mean-field theory’)
reproduces exactly the results of the Gutzwiller approximation [49]. Thus they showed that the results of the
Gutzwiller approximation can also be obtained without the use of the Gutzwiller variational wave function.
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4 Lattice fermions in infinite dimensions

The expectation values of the kinetic and the interaction energy of the Hubbard model (1) in
terms of the Gutzwiller wave function can, in principle, be calculated within diagrammatic
many-body perturbation theory for arbitrary dimensions d. Introducing a new analytic approach
in which the expectation values were expressed by sums over different lattice sites, Walter Met-
zner and I showed that these calculations can be greatly simplified [51,52].!* Thereby we were
able to calculate the diagrams analytically to all orders in d = 1, which led to analytic results
for the ground-state energy for arbitrary density n and interaction strength U [51,52].'* In
d > 1 analytic calculations to all orders were not possible. But by evaluating individual dia-
grams numerically in dimensions as high as d = 15 we observed that in d = oo the values of
these diagrams could equally be obtained if momentum conservation at a vertex was neglected,
i.e., if the momenta carried by the lines of a diagram were assumed to be independent. When
summed over all diagrams this approximation gave exactly the results of the Gutzwiller ap-
proximation [52]. Thus the Gutzwiller approximation had been derived systematically within
quantum many-body perturbation theory in the limit of infinite spatial dimensions. Apparently
the limit d — oo was not only useful for the investigation of spin models, but also for fermions.

4.1 Simplifications of diagrammatic many-body perturbation theory

The simplifications of the diagrammatic many-body perturbation theory in the limit d — oo
are due to a collapse of irreducible diagrams, which implies that only local diagrams remain
[57,58]. In particular, the irreducible self-energy is then completely local (Fig. 2). To under-
stand this diagrammatic collapse let us consider diagrams where lines correspond to one-particle
density matrices, g?jﬁ, as they enter in the calculation of expectation values with the Gutzwiller
wave function (nevertheless the following arguments are equally valid for the one-particle Green
0

ij,o

transitions between sites R; and R;. The square of its absolute value is therefore proportional

function GY; _(w)'). The one-particle density matrix may be interpreted as the amplitude for

to the probability for a particle to hop from R; to a site R;. In the case of nearest-neighbor sites
on a lattice with coordination number Z this implies |g; ,|* ~ O(1/Z). For nearest-neighbor

3The resulting diagrams have the same form as Feynman diagrams in many-body perturbation theory (due to
the locality of the interaction they are identical to those of a $* theory), but a line corresponds to a one-particle
density matrix g?j,o = (égaéj(,}o and not to a one-particle propagator ngﬁ (w) since in the variational approach
there is no dynamics.

4Correlation functions can also be calculated analytically in d = 1 [53,54] and provide further insights into
the properties of the Gutzwiller wave function. For example, the result for the spin—spin correlation function show
that in the strong coupling limit the Gutzwiller wave function describes spin correlations in the nearest-neighbor,
isotropic Heisenberg chain extremely well and coincides with the exact solution of the spin-1/2 antiferromagnetic
Heisenberg chain with an exchange interaction falling off as 1/r% [55, 56]; for a discussion see section 4.1 in
Ref. [47].

15 This follows directly from g?j’g = lim;_,o- G?j’g(t) and the fact that the scaling properties do not depend on
the time evolution and the quantum-mechanical representation. The Fourier transform of G?jjg(w) also preserves
this property. For this reason the same results as those obtained in the calculation with the Gutzwiller wave function
hold: all connected one-particle irreducible diagrams collapse in position space, i.e., are purely diagonal in d = co.
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1/Vd

Fig. 2: Collapse of the irreducible self-energy diagram for the Hubbard model in second-order
perturbation theory in U in the limit d — oo.

sites R; and R; on a hypercubic lattice (where Z = 2d) one therefore finds for large d [57, 58]

1
9oy~ O (fz) . (22)

For general 7, j one obtains [58, 59]
By ~ O (1/dIFTN2). @3)

Here | R ||= Zizl |R,| is the length of R in the “New York metric”, where particles only hop
along horizontal or vertical lines, never along a diagonal; for further discussions of diagram-
matic simplifications see Ref. [60].'6

For non-interacting electrons at 7' = 0 the expectation value of the kinetic energy is given by

Ela=—t > Y g, (24)

<Ri7Rj> g

On a hypercubic lattice the sum over nearest neighbors leads to a factor O(d). In view of
the 1/+/d dependence of 9%70 it is therefore necessary to scale the nearest-neighbor hopping
amplitude ¢ as
t*
t — —, t* = const., (25)

Vd
since only then the kinetic energy remains finite for d — co. The same result is obtained in
a momentum-space formulation.'” It is important to bear in mind that, although g?jyo ~1/ Vd

16Gebhard [61] showed that it is possible to calculate with the Gutzwiller wave function in the limit d = oo even
without diagrams. Thereby he re-derived the full set of static saddle-point equations of the slave-boson approach
and provided a direct connection between the slave-boson mean-field theory [49] and the diagrammatic calculation
of expectation values in terms of the Gutzwiller wave function in d = oo [57,58]. The approach was generalized
by him and collaborators to multi-band Hubbard models into a “Gutzwiller density functional theory” which can
be used to describe the effect of correlations in real materials [62, 63].

17This can be seen by calculating the density of states of non-interacting particles. For nearest-neighbor hopping
on a d-dimensional hypercubic lattice g has the form g, = —2t Zle cos k; (here and in the following we
set Planck’s constant £, Boltzmann’s constant kg, and the lattice spacing equal to unity). The density of states
corresponding to €, is given by Ny(w) = >, 6(w — €x), which is the probability density for finding the value
w = ¢k for a random choice of k = (k1,...,kq). If the momenta k; are chosen randomly, €y, is the sum of d
many independent (random) numbers —2t cos k;. The central limit theorem then implies that in the limit d — oo

d— oo 1

2
the density of states is given by a Gaussian, i.e., Ng(w) — i/ P [ — (2;"—@) ] . Only if ¢ is scaled with d
as in (25) does one obtain a non-trivial density of states N, (w) in d = 0o [38,57] and thus a finite kinetic energy.
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vanishes for d — oo, the particles are not localized, but are still mobile. Indeed, even in the
limit d — oo the off-diagonal elements of g?jvg contribute, since particles may hop to d many
nearest neighbors with amplitude ¢*/ V.

A rescaling of the microscopic parameters of the Hubbard model with d is only required in the
kinetic energy, since the interaction term is independent of the spatial dimension. Altogether
this implies that only the Hubbard Hamiltonian with a rescaled kinetic energy

R t*
H=— Y b+ U iy (26)

R;,R;) ©

has a non-trivial d — oo limit where both the kinetic energy and the interaction contribute
equally. Namely, it is the competition between the two terms which leads to interesting many-
body physics.

4.1.1 Is there a unique d — oo limit for the Hubbard model?

The motivation for the scaling discussed above deserves a more detailed discussion: To obtain
a physically meaningful mean-field theory for a model, its internal or free energy has to remain
finite in the limit d or Z — oo. While for the Ising model the scaling J — J*/Z, J*= const., is
rather obvious, this is not so for more complicated models. Namely, fermionic or bosonic many-
particle systems are usually described by a Hamiltonian with several non-commuting terms,
e.g., a kinetic energy and an interaction, each of which is associated with a coupling parameter,
usually a hopping amplitude and an interaction, respectively. In such a case the question of how
to scale these parameters has no unique answer since this depends on the physical effects one
wishes to explore. The scaling should be performed such that the model remains non-trivial
and that its internal or free energy stays finite in the d, Z — oo limit. Here “non-trivial” means
that not only (Ho) and (Hy,,) but also the competition, expressed by ([Hy, Hi]), should remain
finite. In the case of the Hubbard model it would be possible to scale the hopping amplitude
as in the Weiss mean-field theory, i.e., t — t*/Z, t* = const., but then the kinetic energy
would be reduced to zero in the limit d, Z — oo, making the resulting model uninteresting (but
not unphysical) for most purposes. For the bosonic Hubbard model the situation is even more
subtle, since the kinetic energy has to be scaled differently depending on whether it describes
the normal or the Bose-Einstein condensed fraction; for a discussion see Ref. [64]. Hence, in
the case of a many-body system described by a Hamiltonian with several terms, the solution in
the limit d — oo depends on the scaling of the model parameters.

4.2 The Hubbard model in d = oo

In our 1989 paper [57] Walter Metzner and I had shown (i) that the diagrammatic collapse of
diagrams which occurs in the limit d — oo leads to great simplifications in quantum many-
body perturbation theory and (ii) that the Hubbard model, when scaled properly, stills describes
nontrivial correlations among the fermions. This is already apparent from the evaluation of
the second-order diagram in Goldstone perturbation theory for the correlation energy at weak
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Fig. 3: Correlation energy of the Hubbard model in second-order Goldstone perturbation the-
ory in U (in units of 2U?/|eo|) vs. density n for dimensions d = 1,3, 00. Here £ is the kinetic
energy for U = 0 and n = 1; adapted from Ref. [57].

coupling [57]. Namely, the nine-dimensional integral in d = 3 over the three internal momenta
reduces to a single integral in d = oo, implying that in d = oo the calculation is simpler than in
any other dimension. More importantly, the numerical results obtained in d = oo turn out to be
very close to those in d = 3 and therefore provide a computationally simple, but quantitatively
reliable approximation (Fig. 3).

These results clearly showed that microscopic calculations for correlated lattice fermions in
d = oo dimensions were useful and very promising. Further insights followed quickly:

(1) Miiller-Hartmann [65] proved that in infinite dimensions only local interactions remain dy-
namical, that the proper self-energy becomes momentum independent'®

d—o0

Yolkw) = Y,(w), 27)

and that therefore typical Fermi liquid features are preserved [66] (for a discussion see section
4.2.3),

(i1) Schweitzer and Czycholl [71] demonstrated that calculations for the periodic Anderson
model also become much simpler in high dimensions, and

(i11) Brandt and Mielsch [72] derived the exact solution of the Falicov-Kimball model for infinite

dimensions by mapping the lattice problem onto a solvable atomic problem in a generalized,

18This result may be understood as follows [67,68]: The interaction between particles influences their motion.
This effect is described by a complex, spatially dependent, and dynamical field — the self-energy Y, (k, w). When
a lattice has a very large number of nearest neighbors the spatial dependence of this field becomes increasingly
unimportant and vanishes completely in d = oo, as in the Weiss mean-field theory. So the field becomes a mean
field in position space but retains its full dynamics. In this respect there is a direct analogy to non-interacting
electrons in the present of static (“quenched”) disorder, where the self-energy also becomes purely local (k in-
dependent) in the limit d — oo (“coherent potential”’). The coherent potential approximation [45] is a single-site
theory where a particle moves through an effective medium described by the self-energy X, (w) and becomes exact
in d = oo [69,70]. It should be noted that the coherent potential in the case of the Hubbard model in the limit
d — oo is more complicated due to the interaction between the particles (see section 5.1).
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time-dependent external field.!” They also indicated that such a mapping was, in principle, also
possible for the Hubbard model.

Due to the property (27) the most important obstacle for diagrammatic calculations in finite
dimensions d > 1, namely the integration over intermediate momenta, is removed. At the
same time the limit d — oo does not affect the dynamics of the system. Hence, in spite of
the simplifications in position or momentum space, the many-electron problem retains its full
dynamics in d = oo.

4.2.1 Interactions beyond the on-site interaction

In the case of more general interactions than the Hubbard interaction, e.g., nearest-neighbor

Huyw= Y Y Voo iy, (28)

(R;,R;) oo’

interactions such as

the interaction constant has to be scaled, too, in the limit d — oco. Since (28) has the form of a
classical interaction, the scaling known from the Ising model
Vr,
Vgg/ — 2 29
7 (29)

is required [65]. Therefore in the limit d — oo non-local contributions reduce to their Hartree

equivalent and only the Hubbard interaction remains dynamical, as discussed in section 2.3.

4.2.2 One-particle propagator

Due to the k-independence of the irreducible self-energy, (27), the one-particle propagator of
an interacting lattice fermion system (“lattice Green function”) is given by
B 1
Cw—eptpu— I, (W)

We note that the k-dependence of G (w) comes entirely from the energy dispersion &g, of the

Gk,a<w)

(30)

non-interacting particles. This means that in a homogeneous system described by the propagator

Gijo(w) =L Y Grglw) e B) (31)
k
its local part, G;; , = G, is given by
. i No(e)
olw) = L7 (W)= [d , 32
Go(w) gGk’ () / gw—s—l—,u—Z'a(w) (32)

where Ny (¢) is the density of states of the non-interacting system. In the paramagnetic phase we
can suppress the spin index. The spectral function of the interacting system (also often called
density of states) is then given by

Alw) = —%Im G(w +i07). (33)

19 Alternatively, it can be shown that in the limit Z — oo the dynamics of the Falicov-Kimball model reduces to
that of a non-interacting, tight-binding model on a Bethe lattice with coordination number Z = 3 which can thus
be solved analytically [73].
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4.2.3 Consequences of the k-independence of the self-energy: Fermi liquid behavior

The k-independence of the self-energy allows one to make contact with Fermi liquid theory
[66]. AtT" = O the one-particle propagator (30) takes the form

1

Grlw) = w—ek+ Er— Y(w)’

(34)

In general, i.e., even when ) has a k-dependence, the Fermi surface is defined by the w = 0
limit of the denominator of (34)

According to Luttinger and Ward [74] the volume within the Fermi surface is not changed by
interactions, provided the latter can be treated in perturbation theory. This is expressed by

n=>Y O(Er—er— Zk(0)), (35b)

ko

where 7 is the particle density and ©(x) is the step function. The k-dependence of X (0) in
(35a) implies that, in spite of (35b), the shape of the Fermi surface of the interacting system will
be quite different from that of the non-interacting system (except for the rotationally invariant
case ¢, = f(|k|). By contrast, for lattice fermion models in d = oo, where Y (w) = Y(w),
the Fermi surface itself, and hence the enclosed volume, is not changed by the interaction. The
Fermi energy is simply shifted uniformly from its non-interacting value E% to Er = E% +
X(0), to keep n in (35b) constant. Thus G(0), the w = 0 value of the local lattice Green
function, and of the spectral function A(0) = —XIm G(i0") are not changed by the interaction
at all. This “pinning behavior” is well-known from the single-impurity Anderson model [75].
A renormalization of N (0) can only come from a k-dependence of X.

For w — 0 the self-energy has the property [66]
Im Y(w) o< w?, (35¢)

which implies Fermi liquid behavior. The effective mass of the quasiparticles

* dX
mo_q_% (35d)
m dw |,_
1/ ImX 0~
:1+—/ doy BEW ) (35¢)
T W
is seen to be enhanced. In particular, the momentum distribution
1 0
ng = —/ dw Im G (w) (36)
m — 00

has a discontinuity at the Fermi surface, given by n;,— —n,.+ = (m*/m)~!, where kf: = kp+0".
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5 Dynamical mean-field theory (DMFT)

The diagrammatic simplifications of many-body perturbation theory in infinite spatial dimen-
sions provide the basis for the construction of a comprehensive mean-field theory for lattice
fermions which is diagrammatically controlled and whose free energy has no unphysical sin-
gularities. The construction is based on the scaled Hamiltonian (26). The self-energy is then
momentum independent, but retains its frequency dependence and thereby describes the full
many-body dynamics of the interacting system.?’ The resulting theory is mean-field-like and
dynamical and hence represents a dynamical mean-field theory (DMFT) for lattice fermions,
which is able to describe genuine correlation effects as will be discussed next.

5.1 The self-consistent DMFT equations

The DMFT equations were derived in 1991/92 by Janis [67] and Georges and Kotliar [76] in
different ways: (i) as a generalization of the coherent potential approximation [67],>' and (ii)
by mapping the lattice electron problem onto a single-impurity Anderson model with a self-
consistency condition [76]; the latter mapping was also employed by Jarrell [77]. For a detailed
discussion of the two derivations see Ref. [60]. Both derivations make use of the fact that
in d = oo lattice fermion models with a local interaction effectively reduce to a single site
embedded in a dynamical mean field provided by the other fermions as illustrated in Fig. 4.
Although the DMFT equations derived within the coherent potential approximation approach
and by the mapping onto a self-consistent single-impurity Anderson model, respectively, are
identical, the latter approach was immediately adopted by the community since it connects with
the well-studied theory of quantum impurities and the Kondo problem [75], for whose solution
efficient numerical codes such as the quantum Monte-Carlo (QMC) method [78] had already
been developed and were readily available. For this reason the single-impurity based derivation
of the DMFT immediately became the standard approach. For a detailed derivation see the
review by Georges, Kotliar, Krauth, and Rozenberg [79]; an introductory presentation can be
found in Ref. [80]. The foundations of the DMFT will be discussed at this Autumn School in
the lecture by M. Kollar.

The self-consistent DMFT equations are given by

(I) the local propagator G, (iw,,), which is expressed by a functional integral as

Go(iw,) = —%/H'DCZ'DCU o (iwy,) & (iwy,) exp(—Sioc) 37

with the partition function

Z :/ HDC?;DCU exp(—Soc) (38)

20This is in contrast to Hartree(-Fock) theory where the self-energy is merely a static potential.

2IIn the coherent potential approximation quenched disorder acting on non-interacting electrons is averaged and
produces a mean field, the “coherent potential”. For the Hubbard model in d = oo the infinitely many fluctuat-
ing fields generated by the Hubbard-Stratonovich transformation of the Hubbard interaction represent “annealed”
disorder acting on non-interacting electrons which, after averaging, produces a mean field, the self-energy [68].
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Fig. 4: In the limit d or Z — oo the Hubbard model effectively reduces to a dynamical single-
site problem which may be viewed as a lattice site embedded in a k-independent, dynamical
fermionic mean field. Electrons can hop from the mean field onto this site and back, and interact
on the site as in the original Hubbard model (see Fig. 1). The local propagator (i.e., the return
amplitude) and the dynamical mean field are the most important quantities in this limit.

and the local action
B

Sloe = /dTl/dTQZC )G (1 — ) co(T2) + U/dT c(m)er(T)e(T)e(T) . (39)
0
Here G, is the effective local propagator (also called “bath Green function”, or “Weiss mean
field”)*? which is defined by a Dyson equation

G, (iw,) = ((G(,(m))‘1 + Ea(iwn)> . (40)

Furthermore, by identifying the local propagator (37) with the Hilbert transform of the lattice
Green function

1
G o ) n) — = X
ko(ion) iwy — €k + 1 — Xy (iwy,)

(which is exact in d = 0o [79]) one obtains

(41)

(I1) the self-consistency condition

o (iwy) = ZG’“’ iwy) = /de N(e) 42)

n— €+ pu— 2o (iwy,)

—0o0

= Go (iwn — Xy (iwy)). (43)

In (42) the ionic lattice enters only through the density of states of the non-interacting electrons.
Eq. (43) illustrates the mean-field character of the DMFT equations particularly clearly: the
local Green function of the interacting system is given by the non-interacting Green function G
at the renormalized energy iw,, — X, (iw,, ), which corresponds to the energy measured relative
to the mean-field energy X, (iw, ) of the surrounding dynamical fermionic bath.

2In principle, both the local functions Gy (iwy) and X, (iwy,) can be viewed as a dynamical mean field since
both appear in the bilinear term of the local action (39).
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5.1.1 Solution of the self-consistent DMFT equations

The self-consistent DMFT equations can be solved iteratively: starting with an initial guess for
the self-energy X, (iw,) one obtains the local propagator G, (iw,) from (42) and thereby the
bath Green function G, (iw,,) from (40). This determines the local action (39) which is needed
to compute a new value for the local propagator G, (iw,) from (37). By employing the old
self-energy a new bath Green function G,, is calculated and so on, until convergence is reached.
It should be stressed that although the DMFT corresponds to an effectively local problem, the
propagator G'x(w) does depend on the crystal momentum k through the dispersion relation ey,
of the non-interacting electrons. But there is no additional momentum-dependence through the
self-energy, since this quantity is local within the DMFT.

Solutions of the self-consistent DMFT equations require the extensive application of numerical
methods, in particular quantum Monte-Carlo simulations [77,79, 81], the numerical renormal-
ization group [82], the Lanczos method [83], and other techniques [79].

5.2 Characteristic features of the DMFT

In the DMFT the mean field is dynamical, whereby local quantum fluctuations are fully taken
into account, but is spatially independent because of the infinitely many neighbors of every
lattice site. The only approximation of the DMFT when applied in d < oo is the neglect of the
k-dependence of the self-energy (“single-site DMFT”). The DMFT provides a comprehensive,
non-perturbative and thermodynamically consistent approximation scheme for the investigation
of correlated lattice models at all interaction strengths. It describes fluctuating moments and the
renormalization of quasiparticles and is especially valuable for the study of correlation problems
at intermediate couplings.

The DMFT allows one to define electronic correlations in such a way that they can be tested
experimentally, for example, by electron spectroscopies. Namely, correlations lead to trans-
fer of spectral weight and to a finite lifetime of quasiparticles through the real and imaginary
part of the dynamic self-energy, respectively. This is particularly useful for understanding and
characterizing the correlation-induced metal-insulator transition.

5.2.1 The Mott-Hubbard metal-insulator transition

The correlation driven transition between a paramagnetic metal and a paramagnetic insulator,
first discussed by Mott [84, 85] and now referred to as Mott- or Mott-Hubbard metal-insulator
transition, is one of the most intriguing phenomena in condensed matter physics [86,20]. This
transition is a consequence of the quantum-mechanical competition between the kinetic energy
of the electrons and their local interaction . Namely, the kinetic energy prefers the electrons
to be mobile (a wave effect) which leads to doubly occupied sites and thereby to interactions
between the electrons (a particle effect). For large values of U the doubly occupied sites become
energetically very costly. The system can reduce its total energy by localizing the electrons.
Hence the Mott transition is a localization-delocalization transition [80]. While the Gutzwiller-
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Brinkman-Rice approach [41] gives a good description of the quasiparticle behavior, it cannot
reproduce the upper and lower Hubbard bands. Here the DMFT has been extremely valuable
since it provided detailed insights into the nature of the Mott-Hubbard metal-insulator transition
for all values of the interaction U and temperature 7' [79, 87, 80, 60].

5.2.2 Cold atoms in optical lattices

The investigation of correlation phenomena in cold atoms in optical lattices is a fascinating field
of current research [28]. While the Hubbard model with its strictly local interaction is a strong
approximation for electrons in solids, the model can describe cold atoms in optical lattices very
accurately since the interaction between the atoms is indeed extremely short ranged. Here the
DMEFT has also been extremely useful. In fact, experiments with cold atoms in optical lattices
have shown that the DMFT leads to reliable results even for finite-dimensional systems [88].

6 From models back to materials: DFT+DMFT

It took several decades to develop many-body techniques to study and understand at least the
basic principles of the Hubbard model and the physics it describes. During that time first-
principles investigations of correlated materials were out of reach. Electronic properties of
solids were mainly studied within density-functional theory (DFT) [89, 90], e.g., in the lo-
cal density approximation (LDA) [91], the generalized gradient approximation (GGA) [92],
or using the so-called LDA+U method [93]. These approaches are able to describe the phase
diagrams of many simple elements and semiconductors, and even of some insulators, quite ac-
curately. Moreover, they often allow one to correctly predict the magnetic, orbital, and crystal
structures of solids where the equilibrium structures are determined by the simultaneous opti-
mization of the electron and lattice systems [94-96]. However, these methods usually fail to
describe the correct electronic and structural properties of electronically correlated paramag-
netic materials since they miss characteristic features of correlated electron systems, e.g., heavy
quasiparticle behavior and Mott physics.

This changed dramatically with the advent of the DMFT. The computational scheme obtained
by merging DFT with DMFT, now referred to as DFT+DMFT (or more explicitly as LDA+DMFT,
GGA+DMFT, etc.), provides a powerful new method for the calculation of the electronic,
magnetic, and structural properties of correlated materials from first principles [97-103]. The
DFT+DMEFT approach is able to describe and explain the effect of finite temperatures, including
thermally driven phase transitions, in real materials. By overcoming the limitations of conven-
tional band-structure methods, it opened up new vistas for fully microscopic investigations of
the structural properties of strongly correlated systems, and has already led to many important
insights into the properties of strongly correlated materials.

To illustrate the power of the DFT+DMFT approach and, at the same time, stay in line with
the historically motivated discussion of correlated electron physics in section 1, I will limit
the following presentation to elemental iron (Fe). Iron has been known for its extraordinary
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magnetic and metallurgical properties for several thousand years already [2]. Since iron is the
main constituent of the Earth’s core it is also of great interest in geophysics [104].>> More
information about the DFT+DMFT approach can be found in the lecture notes of the Autumn
Schools in 2011 and 2014 [25]. A detailed presentation will be given by E. Pavarini in her
lecture during this Autumn School.

6.1 Metallic ferromagnetism

The Hubbard model had been introduced in 1963 in the attempt to explain ferromagnetism in
3d metals such as Fe, Co, and Ni [14-16]. But the resulting many-body problem turned out to
be so hard to solve that it was uncertain for a long time whether the Hubbard model would be
able to fulfill the expectations. Studies of the stability of ferromagnetism in the Hubbard model
are made difficult not only by the fact that investigations have to be performed at intermediate
coupling strengths, but also by the delicate dependence of the kinetic energy on the lattice
structure, orbital overlap (determining the hopping amplitudes), and electronic density. It is
well-known from Hartree-Fock-type approximations that the shape of the density of states of
non-interacting electrons plays a very important role for ferromagnetism. Indeed, a peak at one
of the band edges as in the case of the fcc-lattice is known to be favorable for ferromagnetism.
This is supported by the observation that Co and Ni, having a non-bipartite hcp and fcc lattice
structure, respectively, show a full magnetization, while bce Fe is only partially magnetized (for
a discussion with detailed references see Ref. [106]).

Investigations of the stability of metallic ferromagnetism on fcc-type lattices within DMFT were
first performed by Ulmke [107]. For a generalized fcc lattice in d = oo and at an intermediate
interaction strength of U = 4, he found ferromagnetic solutions around quarter filling (n ~ 0.5),
with the susceptibility yr obeying a Curie-Weiss law (Fig. 5). Below 7T, the magnetization M
grows rapidly, reaching more than 80% of the fully polarized value (M,,,, = n = 0.58) at the
lowest temperature (30% below 7). It is remarkable that the data points M (7") in Fig. 5 are con-
sistent with a Brillouin function (dashed curve) with the same critical temperature of 7, = 0.05
and an extrapolated full polarization at 7' = 0. So a Curie-Weiss-type static susceptibility with
Brillouin-function-type magnetization, and a non-integer magneton number as in 3d transition
metals are seen to coexist. These two features were usually thought to arise from seemingly
contrasting physical effects: the former to localized spins, and the latter to itinerant electrons.
However, these conclusions were derived from static mean-field-type approximations such as
the Weiss mean-field theory for spin models and Hartree-Fock mean-field theory for electrons.
Now we understand that these features appear naturally also in correlated electronic systems,
where they are generated by the quantum dynamics of the many-electron problem. Within
DMEFT the seemingly paradoxical behavior of the magnetization and the susceptibility in band
ferromagnets is resolved without difficulty.

2 Tron is also vital for the human body, in particular in the production of blood. Many-body effects in the kernel
of hemoglobin were recently found to be essential to explain the binding of CO and O, to heme [105].
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Fig. 5: Magnetization and inverse ferromagnetic susceptibility calculated (a) by DMFT for the
one-band Hubbard model on a generalized fcc lattice in d = oo at U = 4 and n = 0.58
(adapted from Ref. [107]), and (b) by LDA+DMFT for Fe (open squares) and Ni (open circles),
where the results are compared with experimental results for Fe (squares) and Ni (circles);
adapted from Ref. [108]). For details see text.

Shortly thereafter Lichtenstein, Katsnelson and Kotliar [108] obtained the first finite-temperature
results for the magnetic properties of elemental Fe and Ni within the ab initio LDA+DMFT ap-
proach. The temperature dependence of the magnetization and of the inverse ferromagnetic
susceptibility of Fe and Ni explain the experimental data remarkably well.>* The shape of the
curves agrees with that obtained by Ulmke for the Hubbard model on fcc-type lattices within
DMEFT [107]. This demonstrates that the Hubbard model is indeed able to explain fundamental
features of ferromagnetism in 3d metals such as Fe and Ni. Moreover the microscopic origin of
the exchange couplings in ferromagnetic bcc Fe was recently clarified using the DFT+DMFT
scheme [109].

The critical behavior of the magnetization and of the inverse susceptibility observed in Refs. [107,
108] is clearly mean-field-like. Since the DMFT is derived from the Hubbard model in the limit
d = oo this does not come unexpected. Deviations from mean-field exponents will be due to
non-local effects which go beyond single-site DMFT. The critical properties of the Hubbard
model will be discussed in the lecture by K. Held during this Autumn School.

24The temperature scale is in units of 7'/T¢. The actual Curie temperatures T for Fe(Ni) were obtained as
1900(700) K [108] and are in reasonable agreement with the experimental values 1043(631) K. The fact that the
calculated values are higher than the experimental values is not surprising since the single-site nature of the DMFT
cannot capture the reduction of T due to spin waves with finite wavelengths.
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Fig. 6: Schematic temperature-pressure (T-p) phase diagram of iron; adapted from Ref. [110].

6.2 Electronic correlations and lattice stability of solids: paramagnetic Fe

Iron exhibits a rich phase diagram with at least four allotropic forms (Fig. 6). At ambient
conditions iron is ferromagnetic and has a bcc crystal structure (« phase). Upon heating above
the Curie temperature 7 ~ 1043 K, « iron becomes paramagnetic, but remains in its bcc
crystal structure. Only when the temperature is increased above Ty ~ 1185 K does « iron
exhibit a structural phase transition to a fcc structure (7 phase). Clearly iron is a complicated
material where magnetic order and correlation effects play an important role; for a discussion
see [111,112]. In spite of intensive research on iron its electronic and lattice properties are still
not sufficiently understood.

6.2.1 Lattice stability and phonon spectra near the a-to-+ transition

State-of-the-art band structure methods provide a qualitatively correct description of various
electronic and structural properties of iron [113]. For example, these methods provide a good
quantitative understanding of the equilibrium crystal structure and the lattice dynamical prop-
erties of the ferromagnetic o phase. However, applications of these techniques to describe, for
example, the a-to-y phase transition in iron, do not lead to satisfactory results. They predict a
simultaneous transition of the structure and the magnetic state at the bcc-to-fcc phase transition
while, in fact, the bce-to-fce phase transition occurs only about 150 K above 7=. Moreover,
the elastic and dynamical stability of the bcc phase is found to depend sensitively on the value
of the magnetization. For example, in the absence of a magnetization, standard band-structure
methods predict bce iron to be unstable [114]. We now understand that the stability of para-
magnetic bce iron is due to the presence of local moments above 7 which cannot be treated
realistically by conventional band-structure techniques.
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Fig. 7: Phonon dispersion curves and corresponding phonon density of states of paramagnetic
bcce Fe as calculated within (a) the non-magnetic GGA and (b) GGA+DMFT. The results are
compared with neutron inelastic scattering measurements at 1173 K; adapted from Ref. [117].

This problem has been overcome by employing the DFT+DMFT approach which allows one
to study correlated materials both in the long-range ordered and the paramagnetic state [115—
118,110, 111]. The DFT+DMFT method naturally accounts for the existence of local moments
above T and provides a good quantitative description of the properties of « iron. In particular,
DFT+DMEFT studies of the equilibrium crystal structure and phase stability of iron at the a-to-y
phase transition found that the bcc-to-fcc phase transition indeed takes place at a temperature
well above the magnetic transition, at about 1.3 7, in agreement with experiment [110].

In view of the crucial importance of electronic correlations for the phase stability of « iron
Leonov et al. [117] also computed the phonon dispersion relations of paramagnetic iron near the
bce-to-fee phase transition (Fig. 7). For this purpose the DFT+DMFT approach implemented
with the frozen-phonon method was employed [117]. To evaluate the phonon frequencies for
arbitrary wave vectors in the Brillouin zone, lattice dynamical calculations were performed
on the basis of a Born-von Karméan model with interactions expanded up to the 5-th nearest-
neighbor shell. The calculated phonon dispersions of the bcc phase of iron show the typical
behavior of a bcc metal with an effective Debye temperature ~ 458 K. The phonon frequencies
are overall positive, implying mechanical stability of the bcc lattice structure at ~ 1.2 T¢, i.e.,
well above the Curie temperature, in agreement with experiment. This corrects the results
obtained with the non-magnetic GGA which finds the bcc lattice to be dynamically unstable
even for the equilibrium lattice constant a = 2.883 A. These results clearly demonstrate the
crucial importance of electronic correlations for an explanation of the thermodynamic and the
lattice dynamical stability of the paramagnetic bcc phase of iron [117]. Overall, the structural
phase stability, equilibrium lattice constant, and phonon frequencies of bcc iron obtained by
DFT+DMEFT are in remarkably good agreement with the experimental data which were taken
at nearly the same reduced temperature 7'/T¢ [119]. Results obtained for the lattice stability of
Fe at even higher temperatures are discussed in Refs. [117,111].
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7 Conclusions and outlook

By now the dynamical mean-field theory (DMFT) has developed into a versatile method for
the investigation of electronic systems with strong correlations. It provides a comprehensive,
non-perturbative and thermodynamically consistent approximation scheme for the investigation
of finite-dimensional systems, in particular for dimension d = 3, and is particularly useful for
the study of problems where perturbative approaches fail. For this reason the DMFT has now
become the standard mean-field theory for fermionic correlation problems. The generalization
of this approach and its applications is currently a subject of active research. Non-local ex-
tensions of the DMFT play a particularly important role [120, 81, 121]; see also the lecture by
H. Hafermann during this Autumn School. They make it possible to study and explain correla-
tion effects which occur on the scale of several lattice constants. Furthermore, investigations of
inhomogeneous bulk systems and of internal and external inhomogeneities, such as surfaces and
interfaces [122-127], lead to an improved understanding of correlation effects in thin films and
multi-layered nanostructures. This is particularly desirable in view of the novel functionalities
of these structures and their possible applications in electronic devices.

The study of correlated electrons out of equilibrium using the DMFT has become yet another
fascinating new research area. Non-equilibrium DMFT is able to explain, and even predict, the
results of time-resolved experiments [128] and will be discussed in the lecture by M. Eckstein
during this Autumn School.

In particular, the combination of the DMFT with methods for the computation of electronic
band structures (“DFT+DMFT”) has led to a conceptually new theoretical framework for the
realistic study of correlated materials.

The development of a comprehensive theoretical approach which allows for a quantitative un-
derstanding and prediction of correlation effects in materials, ranging from complex inorganic
materials all the way to biological systems, is one of the great challenges for modern theoret-
ical physics. The lecture notes of the “Autumn Schools on Correlated Electrons” held at the
Forschungszentrum lJiilich since 2011 provide an excellent introduction into this very active
field of research [25].
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2.2 Ole Krogh Andersen

1 Introduction

In contrast to most other lectures in this Autumn-School series on Correlated Electrons, this
one will deal little with recent theories of how to describe and compute observables for corre-
lated materials, but mostly with insights derived a while ago from bands, not even quasiparticle
excitations, but merely Hohenberg-Kohn-Sham eigenvalues, Kohn’s “bastards of DFT”. After
scanning through previous year’s lectures and recent papers, I felt that this might not be entirely
inappropriate.

2 Periodic system of the elements

The most fundamental chemical insight ever derived from one-electron energies is Bohr’s theory
of the periodic system of the elements [1]. I therefore found it appropriate to start with a
reminder about the electronic structure of atoms (see also Refs. [2-5]).

Materials are made of atoms, and atoms are (almost) round. The electronic structure of an
atom can therefore be constructed from atomic orbitals, ¢; (€1, 7) Yim (F) X ($), which are the
solutions of the one-electron Schrédinger equation in the spherically symmetric, self—consistent
potential, v (r), from the attractive protons in the nucleus and the repulsive (other) electrons in
the atomic shells. x, (s) are the spin functions which are the eigenfunctions of s, Y, (¥) are
the spherical harmonics which are eigenfunctions of [2 and [,, and the radial functions satisfy
the radial Schrodinger equations,

— (reuen, 7“))" = (em — u(r)) rei(em, r), with v(r) = v(r) + (L +1)/r? (1)

(in atomic Rydberg units) with the boundary conditions that ¢ (r) be regular at the origin and
vanish at infinity. The potentials v (r) = v, () and v, (r) are shown in Fig. 3 for a neutral Pt
atom in weak lines.

For given [, the solutions of (1) are numbered in order of increasing energy, €,,;, by the principal
quantum number, n, which takes the values [+1, [+2, . . ., because with this convention, the en-
ergy levels for a Coulomb potential, —27/r, are independent of [ and given by ¢,; = —(Z/n)?,
Bohr’s formula from 1913, before quantum mechanics. The radial functions decay at large
distances as exp(—Zr/n) and the number of nodes in the radial function is n—(—1.

For a neutral atom with Z protons in the nucleus and Z electrons in the shells, the effective
charge defined in terms of the self-consistent potential through: Z.g (1) = —rv (r) /2, decreases
from the value Z, towards 1 as r increases from 0 to oo due to the screening by the (other)
electrons. As a consequence, the 2 (2] + 1)-degeneracy of the attractive Coulomb potential is
lifted and the perturbation by the repulsive centrifugal potential, / (I + 1) /r?, will cause the one-
electron energies for the same n to increase with [ : €, < €y, < €54 < ... Whereas the order
of the s- and p-energies is always such that ,,; < €, < €(n41)s, the order of the d-energies
is such that €(,,41)s < €,q When the nd-shell is empty, and such that €,, < €,q < €(n41)s
when the nd-shell is full. Analogously, €,q < £(,—1)f When the (n — 1) f-shell is empty, and
Em-1)d < Em-1)f < Ena When the (n — 1) f-shell is full.
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Periodic Table, with the Outer Electron
i3 4 > 5 6 7 8 10
L |Be Configurations of Neutral Atoms in Their Ground States B |C N o Fo |Ne
The notation used to describe the electronic configuration of
2 l2s2 atoms and ions is discussed in all textbooks of introductory 2522p [2522p2 |2522p3 |2522p#| 252295 ] 25228

atomic physics. The letters s, p, d, . . . signify electrons having
Nal! |Mg?2 orbital angular momentum 0, 1, 2, . . . in units }; the number A3 |sji¢ |p15  |s16 6|17 Ari8
to the left of the letter denotes the principal quantum number

of one orbit, and the superscript to the right denotes the number
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Fig. 1: Periodic Table of the Elements. From Ref. [6].

If we now occupy the orbitals, of which there are 2(2/+1) per nl-subshell, with Z electrons in
order of increasing energy, we recover the Periodic Table, which has one entry for each value of
Z increasing in steps of 1 along one row after the other (Fig. 1). The rows are numbered by the
period, n, which is the principal quantum number of the outermost s-electron. As Z increases,
the first term of the radial potential, —2Zg(r)/r+1(I+1)/r?, in Eq. (1) deepens and counteracts
the repulsive second term such that bound states occur if Z > 5 (B), 21 (Sc), and 58 (Ce), for
[=1,2, and 3, respectively. This leads to the insertion of the p-, d-, and f-series, whereby the
length of the period (number of one-electron states in the n-shell) becomes 2(/,,ax+1)%.

In the columns are the elements with similar chemical properties, and Fig. 1 gives the config-
uration, i.e., the numbers of electrons in the outer shells for the ground states of the neutral
atoms. With increasing [, the radial potential-well becomes more narrow and with it, the region
where ,; > v; (), i.e., which is classically-allowed (see Fig. 3). This increased localization of
the orbitals with higher [ leads to their decreased chemical activity and, hence, the very similar
chemical properties of the rare earths and of the actinides which are exclusively associated with
their outer s-, p-, and possibly d-electrons.

When, in the process of filling the n/-subshell, we move from one element to the next, the added
nl-electron will partly screen out the added proton. Specifically, the increase of Z.g () is 1 for
7 in the region near the nucleus which is classically forbidden [v; (r) > &,,] for an nl-electron,
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Fig. 2: First ionization potentials as a function of Z. From Ref. [2].

trails off in the classically-allowed region, and vanishes outside. Hence, ¢,,; will fall a bit, and
¢y (eq1) Will contract.

When the filling of the nl-subshell is completed and we start to fill into the next, n'l’-subshell,
the increase of Z ¢ () by unity does not start to trail off before r reaches the region allowed for
an n'l’-electron. If n’ > n, this is outside the region of an nl-electron and ¢,,; will therefore drop
sharply and (;(&,,;) contract rapidly, the ni-shell thereby starts to become part of the core. The
Fermi level, ¢, will jump up, from ¢, to ,,». This is what happens most dramatically when
going from ns? np® to ns?np® (n+1)s!, i.e., from an inert gas to an alkali metal, and far less
dramatically when going from ns? to ns® np!, i.e., from Be to B, from Mg to Al, from Zn to Ga,
from Cd to In, and from Hg to Tl. In the last three cases the upwards jumps are larger because,
here, also the full (n—1)d"'° shell contracts. This shell structure is clearly seen in Fig. 2 showing
for increasing Z the experimental first ionization potential. In theory, this is the ground-state
energy of the positive ion minus that of the neutral atom. Neglecting multiplet effects and using
the transition-state potential [7], it is simply —cp.

For an nd-shell, ,,4 continues to drop after the nd band is full, i.e., when going from nd*®(n+1)s’
to nd'® (n+1)s?, i.e., from Cu to Zn, from Ag to Cd, and from Au to Hg. This is because the
(n+1)s shell contracts as it gets filled and drags the nd shell along.

The abrupt behaviors observed when we start to fill into the n’l’-subshell do not occur if n’ < n,
because now @y (&,) lies inside ¢; (g,;). This is the case at the beginning of a transition
series when going from ns? to ns? (n—1)d!, i.e., from Ca to Sc, from Sr to Y, from Ba to
La, or from Ra to Ac. Filling the more localized (n—1)d-shell, e.g., going from ns? (n—1)d*
to ns? (n—1)d?, hardly influences the ns energies and orbitals, &, and ps(€,5). AS E(1)a
gradually drops, it will therefore at some stage reach ¢, s whereby some of the electrons in the
ns-shell may be transferred into the (n—1)d-shell. After the filling of the (n—1)d-shell has
been completed, the filling of the n.s shell will be resumed. The same holds for ¢,,4 and ¢ (£,.q)
when filling the (n—1) f-shell in lanthanide or actinide series.
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The positions and widths of the sp- and d-bands in the elemental, closely-packed transition
metals follow the same trends as the one-electron energies and orbitals described above. Also
the relative positions of O p-bands and transition-metal d-bands in transition-metal oxides are
roughly in accord with the ionization potentials in Fig. 2. Periodic Tables of the elements
containing information about bands in solids may be found in Refs. [§—12] and [4].

The relativistic effects may for the purpose of conceptual simplicity and with little loss of accu-
racy be included by formally using the Pauli Hamiltonian,

H=-V*+uv(r)— L ((s - v(r))2 + (1) 0 _vir) 28 - i) (2)

c? or r

Of the relativistic terms (o< ¢~2) the two first, the mass-velocity and the Darwin term are diago-
nal in the [mo-representation and may therefore be included in the radial equation for ¢ (¢, 7).
But the last, the spin-orbit(SO)-coupling term is not diagonal because

M O I+m)(l—m~+1) 0yt (yr—
(i V=) b 1)) N

2.1 ‘lm> -
\/(l—m> (l+m—|—1) 5m/(m+1) —M Oppm,
in the 1, |-representation. Since the atom is round, ) = 1+35is conserved, so that f2, 52, 9.,

and 72, are good quantum numbers whose eigenvalues are specified by respectively [, s = %
,u:mi%,andj:li%. From:

jG+1)=57-j=1-1+8-8+28-1=1(1+1)+3/4+25-1
we then see that

l I+3

2§-I:—(1+/<c):{ (41 Whenj:{ 1
2

Changing to the Pauli spinor representation, ¢, (¢, r) Y, (fo), the radial equation for r ¢, (e, r)

is (1), but with
l((a—v(r))Q—“ (r) —U<T)+(1+m)”(r)> ()

c? 2 r r

subtracted from the potential, v (7).

The relativistic terms are seen to have their origin in the regions close to the nuclei where the ve-
locity of the electron is high. Hence, they increase with increasing probability that the electron
is near the nucleus; that is, with increasing Z (approximately oc Z2) for a given ni-shell, and
with decreasing n and [ for a given Z. The first term in Eq. (4), which is caused by the increase
of the electron’s mass with velocity, is always lowering its energy. The second term, which may
be interpreted as the correction of the electron’s potential energy due to its finite extent of the
order of the Compton wavelength h/mgc, raises the energy of s-electrons, but is negligible for
higher [. Those two first terms are by far the largest. They can be treated essentially exactly
by exchanging the radial Schrédinger equation (1) by the radial scalar Dirac equation, which
is like the perturbative Pauli equation (4), but without its last, SO-coupling term [13]. That
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Pt

S SWS r
0 i i >
Xs'
.- N4
X,'
MTO 7
-V A

Fig. 3: Energies, c54, and potentials, v(r) and vy(r), entering the radial Schridinger equa-
tion (1) for atomic and fcc Pt in respectively weak and solid lines. The potentials are lined up
close to the nucleus. MTO is the MT zero. S and SWS are respectively the MT and the WS
radius. The latter is denoted s in the following. 1 Ry=13.6 eV. From Ref. [15].

term, &S - i, is then added as in the Pauli Hamiltonian (2), but the parameter, & (¢), is obtained
accurately from the proper two coupled radial Dirac-equations [14]. The transition-metal band
edges and the SO coupling parameters for the nd-bands shown respectively in Figs. 7 and 10 in
the next section were calculated using the radial Dirac equations.

Finally, a brief reminder about the many-electron wavefunctions and energies of atoms: The
configurations given in the Periodic Table specify the occupations of the open ni-subshells.
Due to the 2(2{+1)-fold m- and o-degeneracy of such a shell, several Slater determinants cor-
responding to the various possible occupancies of m and o may be formed for this configuration.
Since the Hamiltonian is invariant to all rotations, the proper linear combinations of Slater de-
terminants are those which correspond to definite values of 17, f)z, S 2 and S’Z, and the energy
of such an L-S term, designated 25+ s independent of Mj and Mg. The terms differ in
energy by intra-atomic Coulomb energies, i.e. eVs. The (2L+1)(25+1)-fold degeneracy of a
term will be lifted by the SO coupling, in the presence of which L, S, J, and M, rather than
L, S, My, and Mg, are good quantum numbers. Here J is the quantum number for the length
of J = L+ S. An atomic level is thus designated by the symbol 2t L, ;, and the levels of a
given term form its multiplet structure.

For a given configuration the state of the lowest total energy usually follows from the three
Hund rules which dictate that one should first choose the maximum value of S consistent with
the Pauli principle, then the maximum value of L, and finally the minimum value, |L — S|, of J
if the shell is less than half full, and the maximum value, |L + S|, of J if the shell is more than
half full.
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3 Band structures of the elemental metals

Referring to Walter Harrison’s textbook [4] for a more comprehensive view, I shall concentrate
on the elements in the left part of the periodic table. This part includes the one with d- and f-
electron elements. They become either superconducting (“itinerant’) or magnetic (“localized”)
at low temperature. A table reorganized in such a way that this separation becomes clearly
visible and exhibits the elements of particular interest, namely those (Ce-Pr, Pu-Am, Mn-Fe,
Rh-Co, Pd-Ni) around the border line, was reproduced as Fig. 1 in Richard Martin’s lecture
notes and discussed there [16].

3.1 Separating structure and potential

The structures of the alkali, alkaline earth, transition, noble, rare-earth, and most actinide metals
are close- or closely packed with 12 (fcc, hep, dhep) or 8 (bcc) nearest neighbors at ambient
temperature and pressure. The Wigner-Seitz (WS) cells are regular polyhedra with 12 or 8
faces and — as “seen” by an s-, p-, or d-electron with at most 4 orbital lobes — they are almost
spherical, and so is the crystal potential, V(r), inside a WS cell. If we approximate this potential
by a superposition of spherically symmetric potential wells, v(r), centered at the atomic sites:
Vir) &~ Ypo(lr R
sphere inscribed the WS cell, this forces the crystal potential to take the form of a muffin-

), each well can have short range. If we force it to vanish outside the

tin (MT). Such potentials are used to generate the basis sets in the Korringa-Kohn-Rostocker
(KKR) and (linear) augmented plane-wave (L)APW methods of band theory [5, 17]. By being
able to handle slightly overlapping potential wells, muffin-tin orbitals (EMTOs, LMTOs, or
NMTOs) are, individually, more accurate than APWs [18].

The full lines in Fig. 3 show v(r) and vg(r) for the MT potential in fcc Pt, lined up near the nu-
cleus with the weak lines showing those potentials in a neutral Pt atom. In elementary, closely-
packed solids where the WS cells are neutral and nearly spherical, v(r) bends over towards the
value of the self-potential, —2/s, because the charge which in the neutral atom was outside the
WS sphere is compressed into it [19]. Adding now the centrifugal repulsion, we see that v,(r) —
rather than confining p4(¢54, ) as in the atom— develops a barrier through which the 5d states in
the solid can leak out, thus causing the atomic 5d-level to broaden into a band (cross-hatched).
To understand the details of this, we need to consider how (e, ) depends on ¢ in the neigh-
borhood of the atomic eigenvalue, ¢,,;, as dictated by the radial equation (1) and the shape of
vy(r). This is illustrated in Fig. 2 of Ref. [18]. The aim is to find the energies for which we can
join linear combinations of partial waves, > o, (¢, 7g) Vi (TR)Crim [nOtation: rp =r — R
and rp = |rp|], with different /m and R smoothly across the boundaries of the WS cells and
thus form solutions of the Schrodinger equation for the solid. If it is a crystal with one atom
per cell, the linear combinations in neighboring cells separated by a translation t should merely
differ by the Bloch phase exp(ik - t). This is how Wigner and Seitz posed the band-structure
problem, but it proved difficult to solve in that way. However, the generalized WS rules, used in
the renormalized-atom approach [19], stating that there will be a band of [-character extending
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Fig. 4: Bare canonical d-bands, i.e., the eigenvalues of Sgiym: rim (K) , for the hep structure

with c¢/a = /8/3. From Ref. [12].

from the energy, B;, where ¢;(r) comes in flat to the WS sphere, i.e., ¢j(B;,s) = 0, to the
energy, A;, where ¢;(r) has a node at the sphere, i.e., ¢;(A;, s) = 0, have proved quite accurate
and most useful.

The atomic-sphere approximation (ASA) [20] solved the problem to the extent that charge- and
spin-selfconsistent — and thus DFT — calculations could be carried out. It specified anisotropic
k-dependent boundary conditions for the radial logarithmic derivatives on the WS sphere,

_ _ spi(e,8)
(e) = Diale,s)} = T )
by the set of linear, homogeneous equations
E m (Sl’m’,lm(k) - Pl/(€) 5l’l 5m’m>clm =0 (6)

for the coefficients, c¢;,,, of the local partial-wave expansions. In the diagonal of the secular
matrix are [-dependent, ever-increasing potential functions of energy, which are

Die) +1+1 _e—C

Pie) = 2(20+1) T~

5—0;]1_15—01 (7)

1+ = ,
{ A, me—V

in terms of the ever-decreasing logarithmic-derivative functions (5). In fact, dD;(¢)/de =
—(p?(e))/sp? (e, s), as follows from partial integration of (p(¢')| — V2 + v(r) — elp(e)) = 0
and ¢ — ¢. On the right-hand side of the approximation (7), the potential functions are
parametrized in terms of potential parameters for the center of the [-band, C}, its width, 4A;, and
its distortion, -, or, alternatively, the square-well pseudopotential parameters, V; = C; — A/,
and the band-mass parameters, y; and 7; (= 1 for free electrons), to be defined in Eq. (11).
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The matrix Sy, im (k) is the bare canonical structure matrix, which depends on the Bloch vector
k, but is independent of the energy and the scale of the lattice. Each diagonal block, Sy 1 (k),
can be diagonalized, once and for all, yielding the so-called canonical bands, Sj;(k), which
upon scaling via P, (¢) become the unhybridized [-bands, ¢;;(k). In Fig. 4 we show the ten
canonical d-bands for the hcp structure with two atoms per primitive cell, the most common
structure of the elemental metals. Obviously, the detail displayed here is way beyond the WS
rules, which merely state that the [-band extends from D; = 0 to —oo, which rescales to P,
extending from —2(2{+1)({41)/l to 2(2[+1), i.e., from —15 to +10 for the d-band, from —12
to 46 for the p-band, and from —oo to +2 for the s-band. This agrees surprisingly well with
the more accurate values taken at the edges of the canonical bands, albeit less well in the more
open bcc structure. This may be seen in Figs. 4 and 5, and in Refs. [8, 10-12]. The center of
gravity of a canonical band, i.e., its first moment integrated over the Brillouin zone, is zero, and
so is its average for any k-point, except for the canonical s-band, and for the p-bands at k=0.
Knowledge of the potential parameters, tables of which may also be found in Refs. [8, 10, 11]
and with most detail in [12], allows one to construct the unhybridized energy bands by placing
them at the respective energies, C;, scaling them by, 4;, and distorting them by ;. Finally,
the s-, p-, and d-bands belonging to the same irreducible representation (the numbers in Fig. 4)
should be allowed to hybridize by taking the off-diagonal blocks of the structure matrix into
account. This is illustrated in Fig. 6, but since the distortion of the s-band and its hybridization
with the p-band are relatively large, thus developing into a nearly free-electron like sp-band,
the unhybridized bands shown here were defined with respect to the screened structure matrix:
ST=8[1- 73]71. The quantities in this screening equation are matrices and vy is diagonal. In
the ~y-representation, the one-electron Hamiltonian takes the simple, orthogonal tight-binding
form [12,22]

H e rim (K) = N Arr St pim(K) V Ari + Crir Sr/g 01t St (8)

For completeness we have included an index, R, labelling the sites, R, of the atoms in the
primitive cell. For the hep structure considered in Fig. 4, the two sites are identical, so that the
potential parameters are independent of R, but the dimension of structure matrix is doubled.
The ASA brought the realization that the bewilderingly complication of the band structures of
d- and f-band materials is primarily of structural origin and can be expressed as canonical
bands or hopping integrals. The potential and, hence, the approximations for exchange and
correlation, merely decide the positions and widths of — and the hybridizations between — these
s-, p-, d-, and possibly f-bands. This partly explained why a standard potential construction
could work so well for Fermi surfaces and low-energy excitations [10,23]. The original KKR
method, has the form (6), but its structure matrix has long |R’'—R|-range end thereby depends
strongly on energy so that obtaining the band structure, ¢; (k), requires a complicated search
for the roots of a secular determinant.

The insight leading to the ASA (6) was that the relevant energies, €, are less than ~2 Ry above
the potential, —2/s, in the region between the atoms (Fig. 3), whereby the corresponding wave-
lengths, A = 27/k > 27/+/2 a.u., exceed typical interstitial distances in closely packed mate-
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FERMI SURFACE OF FCC Pd
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Fig. 5: Densities of states (DOS) for the bcc, fcc, and hep (c/ a=+/8/ 3) bare canonical d-

bands and their separation into e, and to4 projections for the bce (bottom left) and fcc (bottom
right) structures. From Ref. [8]. The open, heavy-hole FS-sheet in fcc Pd. The van Hove
singularities caused by the saddlepoints in this 5th band at P, and P,, lying respectively 2 and
13 mRy below e, bracket the large DOS peak at the top of the fcc d-bands. From Ref [15]. A
tiny hole pocket (not shown) caused by spin-orbit splitting at L existed in the calculation and
was observed later [21].

rials, and therefore need not be accurate. Similarly, partial waves with [ < 3 cannot distinguish
between touching and slightly overlapping MT spheres. The simplest choice was therefore to
join a solution of the Laplace equation smoothly onto the partial wave at the WS radius:

oi(e,r)  Di(e)+1+1 (f)l . ﬂ<f>—l—l

oi(e,s) 241 s 2041 \s

and then subtract the function which is irregular at infinity

(e,r) Dy(e)+I+1 (r\!
_ sk DGH ()] for 1< 9
xaler)=wles)y 1L . ©)
S (5) or r=zs

to obtain a regular function which decays as an electrostatic 2!-pole field. This is essentially
the 1st-generation MTO whose tail is trivial to expand around other sites, thus giving rise to
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Fig. 6: Bcc vanadium. a): Unhybridized s(dotted)-, p(stippled)-, and d(full)-energy bands,
Cy + A,S] (k). b): Hybridized bands. Here, v, = 0.425, 7y, = 0.0907, and 4 = 0.0095. From
Ref. [12].

the canonical structure matrix. Expressed in real space as two-center hopping integrals between
two MTOs at distance d, with the z-axis chosen along the inter-atomic vector, R — R/, and M
being the common azimuthal quantum number,

(Mt 21 +1 20+ 1 s V41

For 1st-generation MTOs the two-center Slater-Koster integrals [24] take the factorized form
Vinne = VAR 1w Svim—m' vV Arim. For a general direction of the z-axis, e.g., the global z-axis
in a crystal, the bare structure matrix is given analytically in Ref. [14]. Using the real-valued

cubic harmonics listed on pp. 7.38/39 in Ref. [24], instead of the spherical harmonics, the bare
canonical two-center integrals are given in Table II of Ref. [25], which — with V};;; as given
above — is identical with those in Ref. [24].

The condition that a linear combination of MTOs solves the Schrodinger equation is then, that
inside any sphere R’ and for any I'm/, the sum of the zails from all other sites cancel the artificial,
regular Laplace solution in Eq. (9). Despite the extreme simplicity of expression (10), the long
range of the bare s- and p-MTOs (9) is for most purposes unpractical, and this is the reason why
screened Laplace solutions were chosen for the tails of the 2nd-generation MTOs [12,22].

Fig. 7 shows the behavior of the Fermi level and the DFT-LDA band edges, A4, By, Bs, and B,
across the 3d 4sp, 4d 5sp, and 5d 6sp series with respect to the zero of electrostatic potential in
the infinite solid. The sp-bands are so wide that their tops, A, and A, are beyond the frame
of the figure. The most significant trends follow from the filling of the subshells, like for the
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Fig. 7: Band edges in the elemental, close-packed (n—1)dnsnp metals. B, bottoms of the s
(red), p (green), and d (blue) bands. A, (dark blue) top of the d band. Er (black) Fermi level.
The filled part of the sp and d bands are respectively dotted and cross hatched. The zero of
energy is the electrostatic potential at the WS sphere. Lu rather than La was taken as the 3rd
5d metal. DFT-LDA and LMTO were used in the calculations. From Table III in Ref. [12].

elements (Figs. 1 and 2): First, and most dramatically, the filling of the ns band going from
the alkalis to the alkaline earths causing B, B, and B, to drop sharply and the ns orbital to
contract. Subsequently, the gradual development of the (n—1)d-band from being empty and
free-electron like in the alkali- and alkaline earths, to being an occupied semi-core band beyond
Cu, Ag, and Au, i.e., in Zn, Cd, and Hg. When going from the alkaline earths to the first tran-
sition metal, B, and B; move below the Fermi level, but while B, and B, continue to drop,
B, moves up again and more or less stays slightly above €, throughout the transition series.
The shape and occupation of the nearly-free-electron ns np-band thus stay fairly constant. The
Fermi level follows a parabolic, downwards curving trend which results from the combined
effects of filling-up the d-band and lowering its center of gravity. The internal work function,
—ep, differs by the surface dipole from the external work function, which experimentally in-
creases from 3.1eV in Y to 5.5eV in Pd, as an example, while —e merely increases by 0.4 eV
from 2.3 to 2.8 eV. The experimental ionization potential for atoms shown in Fig. 2 increases
from 6.5 to 8.5eV [26].

Included in the LDA energies in Fig. 7 is the solid-state effect that the filling of first the ns- and
then the (n—1)d-bands causes the lattice to contract (Fig. 8) and this, itself, causes the bands to
broaden. The broadening is most visible for the d-bands whose bandwidth, A; — By = 254,
and reaches its maximum at respectively V, Nb, and Ta. Going from one period to the next,
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Fig. 8: Equilibrium WS radii for the elemental alkali, transition, and nobel metals. Open dots
are the experimental values. The line and the full dots are the results [12] of LDA LMTO [14,26]
calculations. The open triangles are LSD calculations for Fe, Co, and Ni. From Ref. [12].

i.e., increasing n, makes the orbitals expand and with them, the lattice and the bandwidths.
Now, the energy of an electron, free with respect to a flat potential V; (= By) is purely kinetic,
and its band therefore scales like s. In Fig 9, we therefore plot for the 4d 5sp series the filled
free-electron bandwidth 82(8 r — V5), which is seen to be more constant than £ in Fig. 7. The
s*(C4 — Vi)-measure of d-band position, together with the inverse of the mass at the center
of the d-band, Eq. (11), clearly exhibit the drop and narrowing of the d-band with respect to
the sp-band. Fig. 9 finally shows the behavior of the square-well pseudopotentials V;, and the
inverse of the band masses, 7;, at the respective V;

1 1 1 1
= A1 = 55°¢; (G, 5) and T 3571 (Viys). (11)

These inverse masses are proportional to the respective probability amplitudes at the WS sphere,
i.e., between the atoms. Since the partial waves are normalized to unity in the WS sphere, this
means that, had the partial wave been as in the atom, the band mass would be proportional
to the (re)normalization integral over the WS sphere [19]. The bottom of the 5s-band lies
well above the 4 f-pseudopotential which, itself, is close to the potential ~ —2/s at the WS
sphere. Moreover, the 5s-mass is significantly smaller than unity and attains a minimum, as do
(V; — Vi) s* and (—2/s — V;) s?, near the middle of the series. This means that the 5s-electron
is excluded from the core region (orthogonalization hole). For a further discussion of this point
and other trends in the 4d 5sp series see Ref. [9].

The relativistic corrections (4) originate close to the nuclei and are negligible between the atoms.
But this does not mean that their effects in solids are the same as in atoms: In the ASA we
may, initially, normalize the solution, ¢; (g, ), of the radial equation to have the same behavior
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Fig. 9: Band positions relative to the bottom of the s-band, B;=V, in dimensionless units,
and intrinsic band masses, 7, and g4, on a reciprocal scale, in the 4d 5sp-series; see text.
Open circles from the Mattheiss-Slater [27] construction (from Ref. [8]) and full lines from

the LDA [26] (from Ref. [10, 12]). For Rb, St, and Ag, the LDA yield Fermi surfaces in better
agreement with experiments.

near a given nucleus, i.e., integrate the radial equation outwards with the same initial condition
regardless of the surroundings and the energy. In the solid, ¢; (¢, ) must then be (re)normalized
to inside the WS sphere [see, e.g., Eq. (11)], and this makes the magnitudes of the relativistic
effects larger in the solid than in the atom by a factor of approximately 1/ (1 — ¢,;), where
@ 1s the fraction of the atomic nl-electron which lies outside the WS sphere. This fraction is
about 0.5 for s-electrons and less than 0.1 for d-electrons. The partial-wave renormalization
furthermore causes the magnitude of the relativistic effects in the solid to increase from the
bottom (B;) to the top (A,;) of the band, and this increase is nearly a factor two! The width
of the [-band is thereby decreased by the relativistic shifts, but increased by the SO splitting.
When going beyond the ASA, such renormalization effects are described by the overlap of the
MTOs (see Fig. 3 in Ref. [18]).

Of the relativistic corrections, the shifts are the most important and they have been included in,
e.g., Figs. 7 and 9. The downwards shift of the center of the ns-band (due to the mass-velocity
minus Darwin terms) with respect to the center of the (n—1)d band (due to mass-velocity),
Chs — Cm—1)4» 1s about 15 mRy, 75 mRy, and 250 mRy in the middle of the 3d-, 4d-, and 5d-
series, respectively. As aresult, the number of non-d-electrons increases from 1.50+0.10 e/atom
in the 3d- and 4d-series to 1.75 £ 0.15 in the 5Hd-series. Here, the smaller/larger number refers
to the beginning/end of the series. Note also that the bottom, B, of the p-band is occupied in
the second half of the 3d- and 5d-, but not in the 4d-series.
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Fig. 10: Left: LSD [26] Stoner parameter, 1, at € calculated [12] with the LMTO method and
using the procedure of Janak [28]. Right: Spin-orbit coupling parameter £, (Cy) for the center
of the d-band in elemental transition metals as a function of Z*. Note that &, () increases by
about a factor 2 from the bottom to the top of the d-band. From Ref. [12].

The SO coupling parameters shown in Fig. 10 are typically one order of magnitude smaller
than the relativistic shifts. Moreover, for crystals with inversion symmetry, the SO coupling
cannot split the two spin bands and therefore gives rise to splittings of first order in £ only in
small regions of k-space near points of degeneracy. SO coupling is important near the top of
the d-bands where the bands have 5, character (see Fig. 5).

The abrupt increase in the size of the relativistic effects seen in Figs. 7 and 10 between the
2nd (Ba) and 3rd (Lu) 5d-elements is caused by the jump of Z due to the insertion of the 14
Lanthanides. All of those are, contrary to the case for the atoms (Fig. 1), trivalent 5d-metals
(4f"5d"6s?) with the exceptions of divalent Eu (4f76s%) and Ce (4f*5d*~" 6s?), whose a-y
transition was discussed by Richard Martin in last year’s lecture notes [16]. In this connection
it should be mentioned that the actinides are 5 f"6d' 7s?-metals whose 5 f-electrons are itinerant
in the first- and localized in the second part of the series.

In the 60ies and 70ies, energy bands computed using the standard, non-selfconsistent, Mattheiss-
Slater construction of the crystal potential [27] were found to give surprisingly good agreement
between experimental and computed Fermi surfaces, and useful optical spectra for nearly all
elemental metals in the 4d- and 5Hd-series [10]. When in the late 70ies and early 80ies it became
possible to perform selfconsistent DFT calculations [9, 10,29-31], it turned out that one and
the same local exchange-correlation potential [26] not only gave “bastard” bands which were
nearly identical with those obtained with the Mattheiss-Slater construction (see Fig. 9), but also
gave what DFT was designed for: good total energies, or rather: good total-energy differences,
e.g., lattice constants, structures, trends, and last, but not least, Car-Parrinello molecular dy-
namics [10, 12,31-33]. Towards the end of the 80ies DFT was accepted in a large part of the
condensed-matter community and rapidly spreading beyond [23].
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3.2 Force theorem, pressures, and structures

The cohesive properties (at 7=0) can be computed from the total-energy. But this provides
little insight, because it is expressed in terms of largely cancelling quantities, the selfconsis-
tently calculated Coulomb energies of the electron-electron and proton-proton repulsions and
of the electron-proton attraction, plus the kinetic energy of the electrons. However, the cohe-
sive properties only involve total-energy differences and these are given to first order by the
difference of the one-electron energies calculated for frozen one-electron potentials (i.e., the
difference of kinetic energies avoids double counting of the e-e interactions) plus the difference
of Madelung energies. This so-called force theorem was originally proved within the LDA in
Refs. [10,34,35]. With appropriate definitions it holds in general, but only to 1st order [36].

In the following, I shall illustrate this by application to pressure-volume relations and crystal
structures of the closely-packed elemental metals.

3.2.1 Partial pressures

Neglecting the zero-point motion of the nuclei, the pressure, P, which must be applied in order
to keep the crystal in equilibrium at a given volume, V, is the change of the total energy with
uniform compression (see top left part of Fig. 11). In terms of the equation of state, P (1), the
equilibrium atomic volume, Vy = (47/3) s3, is determined by P (V) = 0, the bulk modulus by
B = —dP /dInV)|,, and the cohesive energy per atom by

Econ = —/ Py = —/ 3PVd(lns),
Vo 50
where s is the equilibrium WS radius. With the force theorem, the pressure is most conve-
niently calculated by “peeling the skin off” the self-consistent, cellular potential, moving the
frozen potentials together in the compressed structure, and recalculating the sum of the one-
electron energies. To the change of the latter, should finally be added the change of electrostatic
energy between the cells. L.e.

occ

_ dEy de; (k) dMad
37DV:_dlns __; Slns Olns’ (12)

where ¢ indicates the derivative for frozen potentials in the first term and frozen charge densities
in the second [36]. For closely-packed elemental solids, the latter may often by neglected so
that only the one-electron energies remain.

In the ASA (6), only the logarithmic-derivative functions (5) change because they must be re-
evaluated at an infinitesimally smaller WS radius. What happens to the band edges, B; and A,
may be understood from the bottom left part of Fig. 11, where the bonding and antibonding
partial waves, ¢;(B;,r) and ¢;(A;, r), are shown for cases where B; and A, lie above the value
vi(s) of the effective potential at the sphere (dotted) and where they lie below (full) [see Fig. 3].
In the dotted case, the region between the atoms is classically allowed so that, according to
the radial Schrodinger equation (1), ry;(e,r) curves towards the r-axis, whereas in the full,
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P=-d.E/dV

Fig. 11: Top left: Total and partial pressure-volume curves (schematic). The bulk modulus is
the slope of the curve, the equilibrium volume is the intersection with the volume axis, and the
cohesive energy is the area below the curve from the intersection to infinity. Bottom left: Radial
wave functions (normalized for r — 0), (1), at the bottom (B;) and top (A;) of the l-band.
The dotted/full lines are for cases where B; and A, are above/below the effective potential, v;(s),
at the WS sphere. The sign of the partial pressure, Py, is indicated. Right: Partial pressures
calculated with LDA LMTO [12] for the 5sp 4d and 6sp bd series as functions of the percentage
deviation from the experimental WS radius at zero pressure. The calculated deviations are
indicated by “th”. From Ref. [12].

classically forbidden case, r¢; (g, ) curves away from the axis and the electron must tunnel out
of the WS sphere in order to get to a neighboring atom.

Now, under compression we need to re-install the bonding/antibonding boundary conditions
at s—ds and to use the fact proved below Eq. (7), that the logarithmic derivative is an ever-
decreasing function of energy. From Fig. 11 we see that if s is classically allowed, the slope
¢,(By, s —ds) is positive, so that in order to re-install the zero-slope condition, we must increase
the energy, i.e., the bottom of the [-band goes up upon compression, and this means that it adds
to the pressure, P;(B;), i.e., will tend to press the nuclei apart. This is the case for electrons
in bonding states at the bottom of broad bands such as s and p, because their centrifugal re-
pulsion vanishes, or is small, and because the bandwidth is proportional to [—dD;(¢)/de] " =
sp?(e,5)/{¢?(e)), the probability of being at the sphere. If, on the other hand, the interstitial
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region is classically forbidden, ¢)(B;, s — ds) is negative and the bottom of the [-band there-
fore goes down in energy upon compression. Its contribution to the pressure is negative, i.e.,
the bonding electrons at the bottom of narrow bands are attractive, they tend to keep the nu-
clei together. This is the case for transition-metal d-bands. At the top of an /-band, the slope
¢, (A;, s — ds) is always negative, so that in order to re-install the ¢;(A;, s) = 0 condition, we
must always increase the energy, and this means that the antibonding electrons at the top of an
[-band are always repulsive, i.e., press the nuclei apart.

The right-hand side of Fig. 11 shows for the metals in the 4d- and 5d-series the partial pressures
as functions of the percentage deviation of s from the experimental low-temperature values. The
values where the total pressure vanishes, the theoretical WS radii, are indicated by arrows. The
experimental and theoretical absolute values were shown in Fig. 8. The picture of the bonding
emerging is that the d-electrons contract the crystal against the repulsion from the “more free”
sp-electrons. This attraction increases until the bonding states in the lower part of the d-band
are full and filling of the antibonding states in the upper part starts. In Au, the d-electrons are
seen to be repulsive (hard core repulsion) while in Ag, they are still attractive. We also note that
the bulk moduli in the 6sp Hd-series are larger than those in 5sp 4d-series. Had it been possible
to decompose the pressures according to an spd-set of local orbitals, rather than partial waves,
the small attractive f-pressures would have been associated with the tails of these orbitals.

The ASA pressure relation was originally derived from the virial theorem and we can get to
the form given by Pettifor [37] by using the radial Schrodinger equation (1) to express the
derivative, d D;(¢)/d In s, of the logarithmic-derivative function (5) as

s (W/)/ NGO L (S‘P/)Q - (5 - w<s))52 + D(e) (D(a) + 1).

¥ ¥ ¥ ¥

Note in passing, that since D;(D; + 1) = (D; + 1+ 1)(D; — 1), the contribution to the pressure
by not only electrons at the bottom, B;, but also at the center, C;, of the band, and at the energy,
V}, of the square-well pseudopotential is proportional to ¢ — v;(s). Now, the energy, &;(D),
corresponding to the boundary condition D at s, i.e., the function inverse to D,(¢), is

dale) _ SDi(e) (le(g)>—1
dlns dlns de

= (e~ u() £ + (D) + )DI(E) )5 @i e, )

where (g, ) is normalized to 1 in the WS sphere. Multiplication by the /-projected DOS and
integration up to the Fermi level yields Pettifor’s pressure relation. The form (12) is more intel-
ligible and, using the Hamiltonian (8) or the full LMTO version, requires the J In s-derivatives
of the potential parameters given analytically in, e.g., Ref. [12].

3.2.2 Structures

The structural sequence for the non-magnetic transition metals at low temperature and ambient
pressure is: hep (Sc, Y, Lu), hep (Ti, Zr, Hf), bee (V, Nb, Ta), bee (Cr, Mo, W), hep (Te, Rs), hep
(Ru, Os), fce (Rh, Ir), and fce (Ni, Pd, Pt). Already in the late 60ies [39], it had been pointed out
that this reflects a trend in the sum of the one-electron energies, but the force theorem made the
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Fig. 12: Left: (a) First moment of the canonical d-band density of states in Fig. 5 as function of
its occupancy, ng. Note that negative values are upwards so that the curve resembles that of the
cohesive energy. (b) The bce-fcc and hep-fece structural differences, now with positive moments
upwards. From Refs. [30, 10]. Right: Structural energy differences calculated by LDA-LMTO
for the 4sp 3d, 5spdd and Gsp 5d series at the experimental equilibrium volumes and plotted as
functions of the calculated number of d-electrons. From Ref. [38].

computational procedure accurate and more generally applicable. Now, if we assume that the
difference between the closely-packed structures, at conserved atomic volume, is a 1st-order
effect, we can use the force theorem with the same atomic-sphere potential in all structures,
and if we use the ASA, the Madelung energy vanishes because the spheres are neutral. If we
finally neglect the s- and p-bands and consider merely the bare, canonical d-bands, the structural
energy difference in units of A, is simply the difference between the 1st canonical moments,

S(na) S(na)
/ SNy(S)dS, with ng = / Ny(S)dS,

shown to the left in Fig. 12 as a function of the number, n4, of bare, unhybridized d-electrons per
atom. The canonical densities of states, V;(.5), were shown in Fig. 5 and S(n,) is the canonical
Fermi level. As mentioned before, the 1st moment of a bare canonical band always vanishes
when the band is full. Had N,(.S) in Fig. 5 been rectangular, the first moment would have been a
parabola resembling the behavior of the cohesive energy as a function of the d-band filling [40].
But now, the structural differences shown at the bottom of Fig. 12 clearly reproduce the observed
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structural sequence. The characteristic two-peak structure in the bcc DOS, makes this structure
stable for materials with the Fermi level in the gap between the peaks. By properly including
the s- and p-bands and the hybridization with them, as well as the Madelung- and the so-called
combined-correction to the ASA, i.e., by doing proper LDA-LMTO calculations, Skriver [38]
obtained the results shown in the right-hand panel. Independent, exhaustive LAPW total-energy
calculations [41] for merely bcc and fcc Cr, Mo, and W agree within 2 mRy with Skriver’s
results, thus confirming his approach. But also the ten-times-smaller energy differences between
the hep and fec metals, having merely different stackings along (111) and, hence, V;(.5)-shapes,
give structures in agreement with experiments. Skriver also considered La, Ce, and Lu, as well
as Th and Pa. In fact, of the 39 non-magnetic cases studied, only for Na, Au, Yb, and Pa, the
correct structure was less stable than the one calculated.

Using the same methodology as Skriver, McMahan and Moriarty studied the pressure-induced
phase transitions between the closely-packed structures of Na, Mg, Al, and Si, and found these
transitions to be driven by the hybridization of the occupied sp-bands with the bottom of the
3d-band moving down with pressure. Earlier, and in a similar way, Duthie and Pettifor [42]
had explained the Lanthanide structural sequence: hcp, Sm-type, double-hcp, fcc, observed for
decreasing atomic number and increasing pressure as a result of the increasing population of
the falling 5d-band.

3.3 Band magnetism

The generalization of DFT to a spin-DFT [26, 43] was a first step in “helping” the density
functional, through symmetry breaking, to treat exchange and correlation more accurately than
in the LDA, which merely uses the xc-energy density, €,.(p), calculated for the homogeneous
electron gas as a function of its density. In spin-DFT, the independent variable is the space-
diagonal matrix element of the first-order density matrix, p(ro,ro’), and the self-consistency
condition for the one-electron potential in the Schrédinger equation, which generates the density
as:

p(ro,ro’) = 0(cr — er) i (ro) Pr(ra’) (13)
k

is given by
V(ro,ro’) = Veu(ro,ro’) + Vo (r) + Vie(ro, ro'). (14)

Here, V., is the Coulomb potential of the protons plus an external spin-dependent potential,
such as: —sgn(o)pupH with sgn(I) = =, from a uniform magnetic field, V- is the classical
Coulomb potential from all electrons, and V,.(ro, ro’) is the exchange-correlation potential. In
case the potential (14) has translational symmetry, the state-label % is ¢k. The density generated
self-consistently from this potential minimizes the total-energy functional.

In its local approximation (LSD), spin-DFT uses ¢, (p+, p;) for a homogeneous electron gas
subject to a homogeneous magnetic field which creates a density, p = py + p;, and a spin
density, m = p+ — p,. The corresponding exchange-correlation potential is diagonal in spin and
equals O(p €xc(pr, py)]/Ops = paco(pt, py). Expansion around the non spin-polarized values,
pr = p, = p/2, i.e., in powers of m yields €,.(pr, p;) = €xe(p) + €2.(p) m?/4 + O(m?), and,
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hence, for the exchange-correlation potential
e 1 (0,) = faclp) £ p ln(p) 2+ O(m?). (15)

Here, 1, and €] (p) are both negative, so that increasing m = p; — p; lowers the potential seen
by a T-electron and rises it for a |-electron, i.e., exchange tends to align the spins. This leads
to Hund’s 1st rule for degenerate levels (an open shell) in atoms and since the Pauli principle
prevents multiple occupation, level-separation works against spin-polarization.

3.3.1 Ferromagnetism

For a para- or ferromagnet (without SO coupling) in the presence of a uniform magnetic field,
which provides the Zeeman splitting +.53H, the band-structure problem decouples into sepa-
rate Schrodinger equations (14), one for each direction of spin. By filling the states to a com-
mon Fermi level (13) and solving selfconsistently, the zero-temperature spin-magnetizations,
m = (m(r)), the uniform susceptibilities, updm/dH, and magnetic contributions to the cohe-
sive properties may be computed [30].

This was done in the mid-70ies using the ASA [29] and the results were interpreted in terms of
Stoner theory with the exchange constant, /, obtained from the Stoner equation: Cyyy — Cyp =
ml + 2upH using the computed magnetization and splitting of the centers of the d-bands.
Gunnarsson [44] used the spin-splitting of the xc-potential to order m in Eq. (15) and treated it
by 1st-order perturbation theory on top of the paramagnetic bands. Hence, the band-splitting is

eji(k) — (k) = (Wpc(r)| —p(r) eep(r)] m(r) [u(r)) + 2usH ~ ml + 2upH.  (16)

In the last approximation, the jk-dependence of [ was neglected. Janak [28] evaluated [
from essentially the same expression with the expectation value taken as the average over the
paramagnetic Fermi surface. This is appropriate when subsequently filling the exchange-split
bands (16) to a common Fermi level in order to get, first, the magnetization and, then, the
splitting, m /N (er), by dividing m by the paramagnetic DOS per spin. Equating this split-
ting with the approximation (16), yields Stoner’s expression for the exchange-enhanced spin-
susceptibility

X = pupm/H = 2/ﬁBN(gF)(1 - [N(EF)>_1. (17)

The values of I obtained for Fe, Ni, Rh, Ir, Pd, and Pt from LSD ASA calculations of Cy; — Cyy
[29,30] and from approximation (16) agree within a few percent. The trends apparent in Fig. 10
were explained by Gunnarsson [44] for the late transition metals plus V, and by Janak [28] for
the entire 3d and 4d series, although in considerably less detail. The dominating trend that
decreases with increasing Z and, hence, with increasing p, is due to ¢,. being dominated by
€z o p'/3, so that the kernel behaves like —pe” oc p~2/3 = (47/3)%/3r2, which decreases

S?
with p. For understanding that in a given series, [ rises again until it drops sharply at the noble

"
xTc

metals, we use the ASA, i.e., take —p(r) €/ [p(r)] and m (r) to be spherically symmetric, and
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expand ¢ (r) on the FS in partial waves. Since only partial waves with the same [ contribute
to I as defined in (16), we get

I~ 3/0 (Ts(r)/r)2<cy(rgpsp(sp, r))2 +(1- a)(rgpd(gp, r))2>2d(7"/s), (18)

leaving out constants and using €, instead of €.

The form (18) with @ = 0 is the one discussed by Gunnarsson for the transition metals [44].
He showed that the factor (r,(r)/r)?, apart from its general decrease with Z, for Z given and r
increasing, increases outside the last core np-shell, i.e., for 2 0.3s, and peaks for r ~ 0.8s.
This peaking is the combined result of the general increase of r¢(r) with r and the filling of the
nd-shell, whose charge-density peaks for r < 0.5s. One factor (7p4(ex, r))? in (18) comes from
|4k (r)|? and the other from m(r)/m. The product, (rpq(ep,7))?, is very strongly peaked at a
value r < 0.5s, which moves towards the edge of the np-shell as the Fermi level moves towards
the top, Ay, of the d-band (Fig. 7) where (r@q(Aqg,7))* vanishes smoothly for r approaching s.
This behavior of the integrand (r,(r)/r)? (rpq(er,7))* explains the increase of I through the
second half of a transition series (Fig. 10).

Prior to the filling of a d-shell, i.e., for the alkali-, alkaline-earth, and rare-earth metals, (r,(r) /r)?
merely increases monotonically with r, once it is outside the core, and its value at the WS sphere
is approximately given by nr3(s) = 1, where n =1, 2, 3 is the number of valence electrons
(Fig. 19 in Ref. [12]). The contribution to I of the sp-electrons is taken care of in Eq. (18)
by @ = Nyy(er)(Nyp(er) + Nale F))_l, the relative sp-character on the Fermi surface. For
nsp = n = 1 and 2, the factor (rgpsp(e P, r))4, is the only one relevant, and it is fairly constant
in the outer part of the WS sphere. The decrease of / for n increasing from 1 to 2, thus follows
the factor- 2%/% decrease of r2(s). How, upon entering a transition series, this decreasing trend
is taken over by the increasing trend at the end of the series, is described by Eq. (18) with «
decreasing from 1 to 0 and 7,(r) developing the above-mentioned d-peak. Finally, the relatively
low [-values for the noble metals is due to the sp-character on the FS jumping from about 10 to
50% for Cu and Ag, and to 70% for Ag.

If we use the approximate Stoner equation (16) for a ferromagnet, the condition for spin self-
consistency 1is that the integral over the paramagnetic DOS (per spin) over the energy range
ml + 2 pH equals the magnetization m. Since the number of electrons, ny + 1|, must be kept
constant, m/2 spins must be moved from above the paramagnetic Fermi level, e, to below.
This is illustrated in the left-hand panel of Fig. 13 using the unhybridized, canonical bece d-DOS
shown in Fig. 5, which is a good approximation for the d-projected DOS, Ny(¢), in paramag-
netic bee Fe (see Fig. 7 in Ref. [8]). Insight to the workings of this self-consistency condition
is provided by the construction from Ny (¢) of a function, N (n,m), which is the DOS per spin,
averaged around the Fermi level corresponding to an occupancy of n/2 spins, over a range
corresponding to m spins. lL.e.: for an assumed m, we move the Fermi level up and down in
the rigid DOS until the integral is respectively increased and decreased by m /2. With A being
the splitting between these two Fermi levels, N(n,m) = m//\. This band-structure function
is shown as a function of m at the bottom. Since, for paramagnetic Fe where 1,=6.5, cp is a
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Fig. 13: Left: Stoner construction for ferromagnetism using the canonical, bcc d-DOS in Fig. 5
for Fe. Dotted/full line: I = 0/65mRy (from Ref. [12]). Right bottom: Canonical fcc N (nq, m)
for varying ng as functions of m. The dots are at the crossing with 1/I at normal pressure. The
reason why M., is not exactly 10 — ny is that the d-projected DOS for fcc Pd, rather than
the fcc canonical d-band in Fig. 5 was used [30]. Right top: Slater-Pauling curve showing the
magnetization, m, as a function of d-band occupation, ng. The full curves were calculated with
the procedure shown to the left and below using the experimental structures (hcp taken as fcc)
and with I and ng interpolated between the values calculated for Fe, Co, and Ni. Experimental
values were obtained for the pure metals and intermetallic alloys (e NiCu, + CoNi, - FeCo,
(-] NiFe fcc, B NiFe (bcc), x FeCr). From Ref. [30].

bit below the big bcc DOS peak, N4(6.5,m) starts to increase from N(gp) for m increasing,
but as soon as £ has passed above the top of the peak, N (n,m) drops and eventually hits the
plateau caused by the t,, states at the top of the d-band (see Fig. 5). N finally vanishes when
all my. ~3.5 holes at the top of the d-band are filled. Knowledge about the interaction, /, and
with H=0, allows us to find the selfconsistent value of m as the solution of: N (n,m) = [1.
We see that I ~67 mRy does not suffice to split €| beyond the edge of the t5, plateau and ¢y
below the bottom of the pseudogap. So Fe is not, like fcc Ni and hcp Co, a strong ferromag-
net, but has a moment of m=2.2 pg/atom with 54% e, character [8], as may be imagined from
Fig. 5 and which is in good agreement with the experimental 53%. Similarly, for fcc Ni the
Stoner condition with /=73 mRy and n,4=8.7 yields a moment of 0.68 yp/atom with only 24%
eg-character, also in agreement with the experimental 19% [45]. The canonical fcc N (8.5, m)
shown in Fig. 13 at the bottom to the right (turned by 90° with respect to the bec N(6.5,m) to
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the left) is approximately the one appropriate for Ni, and the dot marks the crossing with 71,
In the right-hand, upper part of Fig. 13, we show in full line the ferromagnetic moments, m,
as functions of ng4, calculated as shown on the left-hand side using the experimental structures
(hep taken as fcc) and with I and ny interpolated between the values calculated for Fe, Co,
and Ni. This so-called Slater-Pauling curve is compared with experimental values (dots) for
the pure metals and intermetallic alloys. So-called strong ferromagnets are those with e split
above the top of the d-band and thus have m = 10 — n,4. The late fcc and hcp metals have high
I-values (Fig. 10), and the high peak in the d-DOS at n4=8.5 (Fig. 5) keeps the average DOS,
N (ng,m) , above I~ for all m < 10 — ny and for n, decreasing from 10 to about 7.2.(Fig. 13
bottom right). At that point, I~* gets above N (ng, m) for all m. This drop of m happens also
for the real alloys, but at a slightly larger n4. For n, decreasing below 7.3, the structure changes
from fcc (hcp) to bee and the Fermi level enters the large peak in the bcc DOS and thereby
makes N (ng, m) reach above I~!. By ny=6.5, we have the situation of bec Fe illustrated to
the left in the figure. For ny decreasing further, 1! increases and c moves down-hill on the
low-energy side of the large peak, whereby N (ng4, m) flattens out, and by ng ~5.2, it is entirely
below 1.

With pressure, mainly the band-width parameter A, in the Hamiltonian (8) changes; increasing
approximately like s~° (note the difference between A, and the exchange splitting A). This
means that if N (n,m) refers to the canonical S- or S7-scale, the self-consistency condition
becomes: N (n,m) = Ay(s)/I, whereby the N vs. m curves at the bottom of Fig. 13 become
pressure vs. m curves (see Fig. 5 in Ref. [30]). Under pressure, bcc Fe thus looses its moment
gradually. Had we constructed N (6.5,m) using the hcp and fcc DOS curves shown in Fig. 5,
N would with m increasing from 0, start off from a somewhat lower value than for bcce Fe,
but then stay constant, because the canonical DOS for the hcp and fcc structures are fairly flat
around n,=6.5, until dropping to zero near 3.5. For fcc and n4=6.6, this is shown in the bottom
right-hand part of Fig. 13. This means that, since for hcp and fcc Fe N(n, 0) is slightly larger
than A;/I at normal pressure, this changes as A, is increased by a slight lattice compression,
and the moment vanishes abruptly (hcp) or within a small pressure range (fcc) (Figs. 4-6 in
Ref. [30]).

Had it not been for its ferromagnetism, Fe would not have been bcc, but hep like Ru and Os
with ng ~ 6.5. This is clearly seen in Fig. 12 on the right-hand side and at the bottom to
the left. The top-left “bond-energy” curve can be used for each direction of spin in bcc Fe
to realize that its bond energy, the value at n; = 6.5 of the chord connecting the values at
6.5 F m, 1s lower (the sum of one-electron kinetic energies is higher) than those of hcp and fcc
paramagnetic Fe. The energy gain comes from the exchange energy, —m?*I /4. Compression
reduces m as explained above, and the point where gain of exchange energy equals the cost in
kinetic energy gives the critical value of the moment for which the structural phase transition
occurs. The observed phase transition from bcc ferromagnetic to hcp non-magnetic Fe, occurs
at a pressure of 100 kbar when m and s have both been reduced by a few per cent. (Actually,
the stability of ferromagnetic bcc Fe over non-magnetic hep Fe is marginal and depends on the
DFT used [46]).
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The loss of kinetic energy associated with magnetism may in Stoner theory be described as
contribution to the pressure given by:

_(SIHAC[
dlns

m /d / 1
3PiamagnV = / mem — (m*I 4+ 2upH) . (19)
0

ON (n,m)  jia

Here, —§In Ay/6Ins ~ 5 and ;' = s2A, was shown in Fig. 9. From Fig. 8, we realize that
the magnetic metals do have relatively large WS radii (open dots), but that LSD calculations
(open triangles) for Fe, Co, and Ni only account for a fraction of these anomalies.

Turning now to fcc Ni under pressure, we need the canonical fcc NV (8.7, m)-curve, but shall
use N (8.5, m) which is shown at the bottom right-hand side of Fig. 13 as a proxy. We see that
the dot marking its crossing with A, /I at zero pressure, can be raised by the large factor ~2.4,
before reaching the peak at m ~0, which is the one in the canonical DOS caused by the saddle-
points P, and P, in the Sth band (Fig. 5). 2.4 is the factor by which the d-bandwidth (oc A,)
can be increased before an fcc ferromagnet (FM) with 8.5 d-electrons looses its moment. Since
Ni under pressure keeps its fcc structure, it also keeps its moment up to several Mbars because
dln Ay/dIns ~ —5, B ~2Mbar, and 0B/0P ~4 [29].

If we now increase the saturation moment from the 0.6 up of Ni (0.8up for the proxy) by
decreasing the number of d-electrons, i.e. moving up the Slater-Pauling curve in Fig. 13 and
the Fermi level moving down the low-energy side of the canonical fcc DOS peak and into the
u-shaped valley in Fig. 5, the fcc N (ng4, m)-curves loose their peak and become flat once the
valley is entered. This happens when n; ~8. From the values of N (ng,0), we see that the
bottom of the valley is reached when ny; ~7.4, and that by ~6.6 the Fermi level has moved
up so high on the low-energy side of the valley that the DOS exceeds A,/ and a FM with a
low moment becomes stable. The large-moment FMs exist as long as the high DOS peak at
ng =8.6 continues to raise the average N (ng4, m) above Ay/I, which happens until n; falls
below 7.3. The 8 2 ny = 6.5 region is that of the Invar alloys which keep their atomic volume
constant over a useful range of temperatures. In the early 60ies, this was explained as the
effect of competing large-moment large-volume and low-moment low-volume states [47]. With
pressure, the A,/ I-dots move up their respective fcc N (n4, m)-curves in Fig. 13. We see that
the initial slope, —dm /dP, stays constant until n,=7.4, but that the pressure where the moment
disappears in a Ist-order transition, corresponding to the A,/I-line touching the maximum of
N (ng, m), falls rapidly as we move away from Ni.

On exhibit at the entrance to the mineralogical museum in Copenhagen is a 20 tons iron-nickel
meteorite found at Cape York in Greenland. It consists of a bce and an fce phase with a common
orientation throughout the entire meteorite, which therefore seems to have been a single crystal
in the mother asteroid. The fcc phase (taenite) has been found to be an simple, ordered FeNi
alloy consisting of alternating (100) layers of Fe and Ni, which disorders by heating to 750K
for 50 hours [48]. This demonstrates that the meteorite has not —since its formation in the parent
planet— been reheated to a temperature above 730 K for longer than 50 hours.

Attempting to get “insight” to the properties of the Earth’s inner core, we [49] performed a
proper LSD calculation for taenite resulting in Fig 14. In the ferromagnetic DOS, we see the 1
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Fig. 14: Results of LSD LMTO calculation for fcc FeNi (taenite). Left: Number(A)- and den-
sity(B) of states per FeNi. Fe(C)- and Ni(D)-projected DOS. Right: FM magnetization and

Pressure as functions of the relative deviation of the WS radius from its experimental value at
1 kbar. From Ref. [49].

and | fcc peaks, split on either side of €5, and we also see that the Fe(C)- and Ni(D)-projected
DOS share these peaks, but with the dominant weight on Fe, because C; lies higher- and A is
broader in Fe than in Ni. Most remarkable: The FM magnetization stays robustly above 2 g
for pressures up to 5 Mbar (causing a 15% compression of s). Using, instead, the rigid-band
picture and N (7.7, m) in Fig. 13, m would drop significantly already at a 20% reduction of
Ay/I, i.e. at a mere 4% reduction of s. So apparently, taenite is special. We were fascinated by
the thought that the earth’s core could be a ferromagnet, but 40 years ago we did not know how
to treat fluctuations at high temperatures.

For more recent LSD calculations of the spin and orbital moments in Fe, Co, and Ni, see
Ref. [50].

3.3.2 Spin spirals

One may go beyond collinear spin-polarization by allowing the direction of spin-quantization
to depend on r, or simpler and more relevant for magnetic order, on the site, t. Let us consider
the case where all spin-quantization axes lie in the same plane, i.e., not on a cone. Provided that
spin-orbit coupling (causing magnetic anisotropy) is neglected, it does not matter which plane
we take. We choose the zy-plane and let ¢ (t) give the direction of spin on site t. With the
matrix for hopping from site t and spin o to site t’ and spin ¢’ being A0, in the global spin
frame, it becomes:

7 )
Moo =4 T cos M isin M D
boisin 2 g o) o(t)

in the local frame. Here, h¢y could be the ASA Hamiltonian (6), H,),, . before Fourier-

summing it to k-space. Including the exchange splitting, A (t), the total one-electron Hamilto-

! tlm>
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nian in the local frame is therefore

Hta,t’a’ T i/
T 2G4 cos LB isin Q0@ |
\L 7sin Mhtt’ %(&y -+ cos whtt’

hoo is the on-site orbital Hamiltonian. A (t) is an orbital matrix, which is approximately diago-
nal, with A in the d-block, possibly with different e, and ¢,, elements, and zero in the sp-blocks.
With A positive, T will be the majority spin.

If the sites, t, now form a lattice and all atoms are equivalent, i.e. we have 1 atom per transla-
tional cell, then hyyy = h (t' —t). If also A (t) and ¢ (t') — ¢ (t) are translationally invariant,
i.e. equal to respectively A and ¢ (t' — t), then the Hamiltonian, Hy, v, = H (t' — t)
translationally invariant and therefore diagonal in the Bloch representation

00’7

A (k),,, 1 l
0 -2 —|— >, et cos ¢(2t) h(t) iy, e*tsin @h (t)
{ i Z ekt s ¢(2t h(t) S+ 3, eteos @h (t)

The hopping matrix, & (t) becomes h (k) , e.g. Hy,,. ;. (k) , in the Bloch representation. For a
spin spiral of wave-vector q,

o(t)=q-t, (20)
we therefore get
215[ (q7 k)a‘,o" T *L
0 —A+h(k+q)+h(k) h(k+q)—h(k)
I h(k+q) —h(k) A+h(k+q)+h(k)

where we have redefined k to have its origin at —q/2. This representation in which the local
exchange splitting, /A, appears in the diagonal and the hopping difference in the off-diagonal,
is the natural one when A is large and q is small. However, a unitary transformation brings the

Hamiltonian into the simplest form

Hak) (t-0/vV2 0+ /V2
(t-H/NV2  h(k) 2 , 1)
T+ /V2 2 h(k+q)

where the paramagnetic bands are in the diagonal and A is in the off diagonal. For small A,
this form is the natural one.

We recapitulate: All spins have been chosen to lie in the same plane, which in the absence
of spin-orbit coupling is arbitrary. In all planes perpendicular to q, all spins are identical, but
as we progress by t in the plane, they turn by the angle t - q. For q=0, we get back to the
FM Hamiltonian (but doubly degenerate). If in the xy-plane the lattice is square with lattice
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constant 1, g=(7, 0) gives an antiferromagnet (AF) with stripe-order and q=(7, 7) an AF with
checkerboard-order.

Incommensurability is no complication as long as SO coupling is neglected. We simply must
have the same Abelian group in configuration and spin space. In configuration space, the gen-
erators of this group are the primitive lattice translations. In spin space, they are the primitive
lattice translations, times turning the axes of spin quantization by a fixed angle: Subject yourself
(being either a charge or a spin) to such an operation, look around, and you cannot see that you
moved. It is of course essential that only the direction, and not magnitude of the magnetization
changes. The band structure in the presence of the spin spiral has lost the crystalline point-group
symmetry, but the number of states remains 1 per primitive cell and BZ, i.e.: the problem can
be solved for any q without increasing the size of the primitive cell. This is all not obvious and
I believe that Sadratskii was the first who realized it [51].

The reduction to the Stoner model has the conceptual advantage of cutting the self-consistency
loop into a band-structure part, which for a given spin order, q, site, and orbital-dependent
exchange-splitting field, A\, yields the site and orbital-dependent spin-moments, m (q), plus
a self-consistency condition which states that m (q) /A = I~'. The band-structure part gives
insight into the complicated static response, x (q) = m (q) /A, of the non-interacting system,
and not only in the linear regime [52].

3.3.3 Local exchange couplings

The spatial dependence of the magnetic coupling in metals, i.e. the change in total energy
upon turning the direction of one spin with respect that of a neighbor is needed to calculate
for instance Curie temperatures and magnon spectra. By considering infinitesimal spin rota-
tions rather than spin flips, Lichtenstein and Katsnelson could use the force theorem locally
and derived an elegant expression for the second derivative of the total energy in terms of the
one-electron Green function , [(5 —40) Srr O Oy — H Ezm, R l/m,] ' Their expression has be-
come a standard tool for complex magnetic systems and made it possible to simulate magnetic
properties of real materials via ab initio spin models [53-55].

3.4 Fermi surfaces and mass renormalizations

For the elemental metals in the 4d- and 5d-series the Fermi surfaces (FSs) calculated using LDA
(or Mattheiss-Slater) agree with de-Haas-van-Alphen (dHvVA) measurements of the extremal
areas of the cyclotron orbits on the FS to an accuracy better than what corresponds to a 15 mRy-
shift in the position of the d- with respect to the non-d bands [10]. For the fcc late 5d- and
4d-metals [15], the agreement is even beyond 5 mRy — and best for Pt and Pd where over 80%
of the DOS at the Fermi level, N (er), is contributed by the large, Sth-band d-hole sheet shown
in Fig. 5, the same, which in combination with the larger Stoner I (Fig. 10) and the smaller
3d-bandwidth is responsible for the FM in fcc Ni.

Pd is nearly ferromagnetic and its uniform, static spin-susceptibility (17) is enhanced by a
Stoner factor ~10, over the Pauli value, which is proportional to N (er) like the electronic-
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specific heat coefficient. In the late 60ies it had been suggested [56] that such ferromagnetically
correlated, paramagnetic (PM) spin fluctuations would be detrimental for the singlet Cooper
pairs formed via the electron-phonon interaction and, hence, could be the reason why Pd does
not become a superconductor at low temperature like e.g. its neighbor Ir. Moreover, the inter-
action of the conduction electrons with these spin fluctuations would lead to an enhancement of
the electronic mass and specific-heat coefficient, initially estimated —using a spherical FS— to
be a factor 4. Comparison of the measured specific-heat coefficients with N (ey) for the above-
mentioned calculated band structures gave mass enhancements of 1.37 for Ir, 1.44 for Rh, 1.63
for Pt, and 1.66 for Pd [15]. Experimental results for the cyclotron masses (energy-derivatives
of the extremal areas on the FS) did not exist for Ir, and dHvA for Rh only gave masses for the
smaller orbits. They exceed the calculated band masses by factors around 1.1, except for the
largest orbit where the mass enhancement was 1.3. So, presumably, the mass-enhancement for
the large, 5th-band sheet, which for Rh and Ir is I'-centered and closed, is the 1.44 obtained
from the specific heat. Also for Pd, no masses could be detected from orbits around the Sth-
band sheet, but only from a smaller d-like sheet and the large sp-like sheet. In all those cases,
the masses exceeded those calculated by factors 1.5-1.7, which is consistent with the factor 1.66
obtained from the specific heat. For Pt, masses from several orbits on all three sheets could be
measured and were found to be enhanced by factors of 1.44, 1.45, and 1.54 for the orbits on the
sp-sheet, and by 1.30, 1.68, and 1.72 for those on the large d-hole sheet; thus consistent with the
specific heat enhancement. In the 80ies, this was supported by more detailed experiments and
analyses [57]. In conclusion, a mass enhancement of ~1.4 was attributed to the electron-phonon
interaction (A, ~0.4) [58]. This agreed with McMillans estimate for the superconductor Ir and
with rigid-MT calculations of A, in the early 80ies, and with S.Y. and D.Y. Savrasov’s DFT
linear-response calculations [59] in the mid 90ies. The remaining mass-enhancement in Pd was
attributed to the PM spin fluctuations (A._s¢ ~0.25). The results of the first spin-fluctuation cal-
culation using LDA bands to calculate e.g. x (q,q’,w) [60] and of Savrasov’s linear-response
calculations from the late 90ies [61] agreed with this small value.

For the exchange-split FS of ferromagnetic bce Fe, dHVA experiments [62] found surprisingly
good agreement with the FS calculated with LSD [63], e.g., the sum of- and difference between-
the numbers, 14+=5.08 and n;=2.93, extracted from the extremal areas agree closely with the
number of electrons, 8, and Bohr magnetons, 2.12. The mass-enhancements, found to range
between 1.5 and 3.0, were larger than for, e.g., Pd.

4 Post 1986

The discoveries beginning in 1986 of high-temperature superconducting materials (HTSCs)
which without doping are AF insulators —as is the case for cuprates— or AF metals —in case of
iron pnictides and chalcogenides— caused enormous interest in the role of AF-correlated spin
fluctuations as mediators of the superconductivity [64—67].

In the ruthenates, depending on the distortion of the RuOg-octahedra building these corner-
sharing perovskites [68, 69], not only AF- but also FM spin fluctuations exist. This was shown
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by Mazin and Singh by demonstrating, first, that the diverse magnetic properties of the 3D
ruthenates, StRuO3, CaRuO3, and Sr;YRuOg follow from the Stoner band-picture as conse-
quences of differences in oxygen positions and Ru-O-Ru hopping paths (Ca makes the oxygen
octahedra rotate and Y blocks the paths). In these materials the detailed lattice structure is thus
crucial for the magnetic properties. Next, they found 2D Sry,RuQOy, to have strong FM spin fluc-
tuations causing susceptibility- and mass renormalizations, as well as a critical temperature for
triplet p-wave-pairing superconductivity, which agreed quantitatively with observations. The
subsequent experimental observation of AFM in CayRuQy, lead Mazin and Singh to calculate
the susceptibility of SroRuO, for all g-vectors. That revealed competing AF spin fluctuations
(confirmed later by neutron scattering), and concomitant singlet d-wave pairing. This, finally,
led them to suggest that the actual superconducting ground state of SroRuQy 1s determined by a
competition between the p- and d-wave-pairing states [70].

4.1 ARPES

The intensive interest in HTSC lead to a development of angle-resolved photo-electron spec-
troscopy (ARPES) which, by the end of the millennium, was able to observe single-particle ex-
citations from the occupied bands with 2-meV accuracy and 0.2° angular resolution and thereby,
in some people’s view, obviated the need for band-structure calculations. But of course, ARPES
has problems of its own, such as surface-, final-state, and matrix-element effects [71].

After much smoke had cleared, the LDA FSs predicted a decade earlier for the HTSCs in their
normal state usually turned out to be correct, e.g. for the YBa;Cu30O; FS with sheets from the
two plane-bands and the chain-band [72-74]. This being settled —more or less— the challenge
was —and remains— to observe how the bands get from kr, where they agree with the LDA,
but have a smaller, renormalized slope to join the LDA bands again, deeper down, below the
Fermi level. These are the effects of the real part of the self-energy describing the interactions
with e.g. phonons and spin-fluctuations. The imaginary part produces broadening. The mass
renormalization is a measure of the strength of the interaction, and the energy over which this ¢-
shaped anomaly (kink) occurs, is determined by the energy-spectrum of the interacting boson.
For phonons, this energy is the Debye energy, for spin-fluctuations it is wider, but less well
known. And then, there are competing phases. To observe and understand what happens to the
anomaly when entering the superconducting state is the holy grail, so let us therefore leave the
HTSC and return to Pd.

For fcc Pd, it has been possible with polarization-dependent, high-resolution ARPES to study
the self-energy effects of the sp-like band along /'K, where the large d-sheet (Fig. 5) is avoided
[75]. The anomaly was found to be 20 meV below £, in agreement with the Debye energy,
and the renormalization of the Fermi velocities were found to yield \.,=0.3940.05 in agree-
ment with the above-mentioned, previous studies. For this sp-like band, it was estimated that
Aee ~0.02. Analysis of the anomaly indicated a possible contribution from PM spin-fluctuations
down to 100450 meV below €5, and that \._s; ~0.06 for the sp-like band.
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4.2 Static and dynamical mean-field approximations

LSD worked surprisingly well for the elemental metals. Even for the actinides and the transition-
metal oxides, CaO through NiO, it reproduced the onset of antiferromagnetism and the asso-
ciated large lattice expansion upon passing the middle of the series [34]. But LSD failed to
reproduce the proper band gap, by an order of magnitude in MnO and NiO, and FeO and CoO
were even metals! However, it was not until 5 years later when LSD was applied unwisely to
the Mott insulator NiO [76], and another 4 years when it failed to reproduce the antiferromag-
netism —a ground-state property— in undoped La,CuO, —I being ~5 times too small- that the
failures became widely recognized [77].

This then gave birth to the self-energy-corrected (SIC) LDA [78], a proper DFT which, however,
gave bad bands, and the LDA+U which, like LSD, helped the functional, but by using Hubbard
U instead of Stoner [ in a static mean-field approximation [79, 80]. Values of U, the properly
screened, on-site Coulomb integral, had previously been calculated by constrained LDA [81,82]
for use in the Anderson impurity model whose Coulomb repulsion is merely on the impurity
site [83]. LDA+U works successfully for insulators with spin- or orbital order [84—87], but the
description of (finite-temperature) paramagnetic Mott-insulating states, or of spectra of corre-
lated metals are entirely out of reach. This problem is related to the dynamical nature of electron
correlations not accounted for in static mean-field approximations.

In 1989, Metzner and Vollhardt [88] had observed that the single-band Hubbard model with
Coulomb repulsion, U, between two electrons on the same site and integral, ¢, for hopping
between nearest-neighbor sites becomes far more tractable, while preserving much of its inter-
esting correlation physics, if taken at infinite dimensions (after appropriate scaling). Moreover,
the correlation energy in the weak-coupling limit turns out to be nearly the same for D=00, as
for D=3. Hence, the D=oco-Hubbard model seemed to be not only simple, but also realistic.

(Although two decades earlier, I had set out to provide many-body theorists with a simple way
to obtain realistic band structures and had exploited, that in metals there are usually far more
neighbors than lobes in a d-orbital, had I come across Ref. [88], I could not have cared less.
This is the danger of having no training in many-body physics).

Georges and Kotliar [89] soon realized that the D=oco-Hubbard model can be mapped ex-
actly onto the Anderson impurity model —supplemented by a self-consistency condition for
the energy-dependent (dynamical) coupling to the non-interacting medium. Hence, the quasi-
particle peak of the Hubbard model may arise self-consistently from the Kondo resonance of
the impurity model [90]. So what they achieved was to construct a mean-field picture of the
Hubbard model which becomes exact as D — oo, and to provide an idea about how to solve
the D=oo-Hubbard model. The immediate question was whether the D=oco-Hubbard model
at half filling exhibits a metal-insulator Mott transition in the high-temperature, paramagnetic
phase, i.e. whether, upon increasing U, the quasiparticle peak will develop into a gap by trans-
fer of weight to the lower and upper Hubbard bands. The affirmative answer was found within
months by Georges and Krauth who solved the Anderson impurity problem numerically and,
independently, also by Rozenberg, Zang, and Kotliar. This dynamical mean-field approximation
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(DMFT) is what eventually opened the door for theoretical treatment of correlated electrons in
real materials [91, 92].

(Although we had, for the impurity model, been computing realistic Coulomb integrals and
hybridization-functions, and for alloys had been computing band structures using the coherent-
potential approximation [93], we did not get the idea to combine them).

By suggesting the so-called LDA++ scheme, Lichtenstein and Katsnelson [94] proposed how
model Hamiltonians of strongly correlated materials could be derived from DFT and thereafter
solved by techniques like the Hubbard-I approximation or DMFT [95]. Together with an inde-
pendent, simultaneous contribution by Anisimov, Kotliar et al. [96], this work marks the birth
of the LDA+DMFT scheme which brings numerical LDA realism to DMFT [97].

But since that is at the heart of this series of autumn schools, I will proceed with a short de-
scription of a few of the applications in which I happened to be involved.

4.3 Transition-metal oxides (TMOs)

The TM sp-orbitals are far more extended than its d-orbitals, and in the oxides, the former
therefore hybridize stronger with the O 2p orbitals than the latter. This pushes the TM sp-bands
up, above the top of the d-bands, and can formally be neglected. For most transition-metal
oxides, the d-bands lie completely above the O 2p bands (see Fig. 2), and the hybridization
between them splits the d-bands into e.g. t5,- and e,-subbands [69, 98].

4.3.1 Wannier Orbitals

Since it makes the chemistry and physics intelligible, and because DMFT requires a small basis
set of correlated single-particle orbitals [100], it has become customary to project out of the
Rydbergs-wide DFT Band structure a set (or sets) of so-called maximally localized Wannier
functions, which span for instance the O 2p and the TM d-bands, and, hence, have the TM sp-
orbitals folded down into the tails of mainly the O 2p orbitals, or merely the e,-band with the
tails of the O 2p- as well as those of the sp- and ?,-orbitals on the TM neighbors folded in.
We prefer to generate such Wannier orbitals (WOs) directly, as symmetrically orthonormalized,
minimal basis sets of NMTOs [18]. These are like linear MTOs (LMTOs), which use a linear
{¢ (1), ¢ (r)}-expansion of the energy dependence of the partial waves. If the downfolding
is massive and the range of the MTOs therefore long and their energy dependence strong, the
expansion needs to be of higher than linear order, hence of order NV > 1.

The WOs can also be used to form intelligible tight-binding (TB) models [98, 101]. For the
HTSCs, we [102] for instance found the empirical trend (Fig. 4 in Refs. [103] or [104]) that
the transition temperature, 7. ,,.x, for optimal doping increases with the ratio t'/t between the
2nd and 1st-nearest-neighbor hopping integrals in a massively downfolded, half-full one-band
model (Cu d°~*). The connection between ¢/t and the chemistry, i.e. the structures and com-
positions of the 15 different families of HTSCs whose ¢'/t are shown in the figure, we have
understood: These hopping integrals are between effective Cu 3d,2_,» orbitals sitting on a
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square lattice with primitive translations (1,0) and (0, 1) , and with each Cu connected by oxy-
gens at (3,0) and (0, 1) . The ¢-hop is along x, from d,2_,2 at (0,0) to d,2_,2 at (1,0), via O
ps at (3,0), or equivalently, along y. The ¢-hop is from (0,0) to (1,1). In this description,
all orbitals (partial waves) are thus folded down into one, effective Cu d,2_,2 orbital. But this
orbital does, of course, have tails of O 2p, at (+3,0) and of O 2p, at (0,+3), to which the
hopping in an up-folded three-band model is antibonding pdo. The ¢’ hop is “around the corner”
on the square CuO,, lattice, and proceeds via a so-called axial orbital which is a particular hy-
brid of Cu 3d3,2_1, Cu 4s, apical O 2p,, and whatever the latter bonds covalently to, such as La
5ds,2_1. Note that the TB Hamiltonian is now up-folded to have four orbitals. Apical oxygens
are those forming the apexes of the elongated CuOg octahedron, and the '/t trend is caused
by differences in this elongation, i.e. distance to apical oxygen, and in what the 2p,-orbital on
the latter binds to out there in the “doping” layers. But the physics, the correlation with 7. .,
remains to be understood or disproved.

In the cuprates the center of the Cu 3d band is only a few eV above that of the O 2p bands and
the hopping between the two is so large that they form a common band. The strongest hopping
integral is pdo and it creates for the CuOs plane a bonding-, a non-bonding-, and an antibonding-
band spanning about 8 eV in the LDA. 1t is the latter band which the above-mentioned ¢, ¢', t”
model describes.

4.3.2 Metal-insulator transition in V,03

The theoretical Mott-transition is the one in the single-band Hubbard model investigated by
Georges and Krauth, and by Rozenberg, Zang, and Kotliar. But the DMFT+LDA NMTO cal-
culations in which I have been involved, of experimentally observed metal-insulator transitions
in TMOs, all dealt with multi-band systems where the isostructural (not-symmetry breaking)
metal-insulator transition was basically the opening a gap between occupied and unoccupied
bands by moving them apart.

V03, for instance, undergoes an isostructural phase transition from a paramagnetic metal (PM)
to a paramagnetic insulator (PI) upon raising the temperature from 20° C to about 400°, the
transition temperature depending on the Cr-content in the 1% range. All V atoms and all O
atoms are equivalent, and since each V brings in 5 electrons and each O has two holes to be
filled, there remains 2 electrons per V. The VOg octahedra are nearly perfect and since the
pdo interaction is stronger than the pdr interaction, the more antibonding V 3d-like e, level lies
above the less antibonding V 3d-like t5, level. As a consequence, the electronic configuration
is V2 ;- All three orbitals hop to their neighbors, and with 4 formula units per primitive cell in
this corundum structure, the LDA band structure is a solid mess of 12 bands, spread over 2.5
eV and 1/3 filled; a metal (see Fig. 15).

There is a slight displacement of the V ions along the 3-fold [111] axis, away from the centers
of their octahedra, so that the distance between a vertical (=111) V,-pair whose octahedra in
this corundum structure share a (111) face, is slightly longer than the distance between the
centers of their octahedra. The zy, yz, and xz orbitals therefore rehybridize into one orbital,
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Fig. 15: The V503 story (see text). Three first panels: Experimental PM structure at 20° C.
Ist panel: LDA hopping integral between effective ay, (light) and ej (dark) orbitals, —0.25 eV
(upper left), and between a4 orbitals on the vertical pair, —0.49 eV (upper right). LDA ty
bands with- (lower left) and without (lower right) all a,4-ej hops. 2nd panel: Input Hamil-
tonian, DMFT output Hamiltonian, energy-linearized quasiparticle (QP) Hamiltonian and its
band structure. 3rd panel: DMFT spectrum. 4th panel: Experimental PI structure at 400° C.
LDA hopping integral between vertical pair, =0.41 eV (upper). LDA ay4-ey unhybridized band
structure (lower). From Ref. [99].

(zy +yz +22) /V3 = 322, — 1, of symmetry a;, and two degenerate orbitals of symmetry
eg, called e7, whereby the ¢y, level is split into an upper a;, and a lower, doubly degenerate e
level. But this trigonal crystal-field splitting is 0.3 eV, an order of magnitude smaller than the
bandwidth. At the /" point, the center of the Brillouin zone, where a;, and eg cannot mix, the
4 a1, levels are raised with respect to the 8 e, levels by the 0.3 eV. The pure a;,- and e7- band
structures, obtained by settting all hopping integrals between a4, and e, orbitals to zero, shows
that the bottom of the a,, and the top of the e, band are at I, so that their distance, 2.0 eV of
which the trigonal splitting contributes —0.3 and the hoppings 2.3 eV, can be read off the fully
hybridized LDA bands.

The on-site Coulomb repulsion, however, prefers by 3.J = 2.1 eV to have one 1 electron in each
ey orbital, and none in the a;, orbital. And this is basically what our DMFT calculation [99]
at 100° C provides: It, first of all, “spin-polarizes” the bands and moves the |-weight to a very
broad, incoherent upper Hubbard band lying U = 4.2 eV above the partly occupied T-band. For
the latter, it then enhances the crystal-field splitting from 0.3 to 1.85 eV, whereby the a,, bands
essentially empties into the e band; the bottom of the former merely dips a 0.15 eV below the
top of the latter.
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With the splitting almost as large as the bandwidth, the a,4-¢, hopping is strongly reduced,
whereby the dispersion resembles that of pure LDA a4, and e, bands. But on top of this, there
are quasiparticle renormalization by factors 2.5 and 5 for respectively the a;,- e7-bands, and,
finally, inside the ef-band there is strong e-e scattering which makes it incoherent. The metallic
quasiparticles are those on the small a,, sheet of FS.

Upon increasing the temperature across the metal-insulator transition, there is an increase of
the so-called umbrella distortion which changes the LDA band structure. In particular, the
distortion makes the effective ddo hopping integral between vertical V, pair decrease from
—0.49 to —0.41 eV, whereby the distance between bottom of the a1, and the top of the ef LDA
bands, is reduced from 2.0 to 1.7 eV. A Coulomb-enhanced crystal-field splitting of 1.85 eV
would thus suffice to separate the bands. Sure enough, the DMFT calculation with the new
LDA bands for the high-temperature structure, but the values of U and J unchanged, yields a
small, insulating gap. This, we felt, demystified what for more than 30 years was considered
the Mott transition.

4.4 Elemental metals

The e-e interaction effects in V,Og are really drastic in comparison with those in Pd. Savrasov et
al. [105] recently returned to the problem of calculating the effects on the self-energy, X' (w, k) ,
from the interaction with the paramagnons in Pd and included the k-dependence by combining
the LDA with the fluctuational exchange (FLEX) approximation. By including ladder diagrams,
FLEX can describe spin-fluctuations, in contrast to quasi-particle self-consistent GW (QSGW)
approach (see below). As the results turned out to have only a small k-dependence, they were
compared with those of LDA+DMFT, and found to be in better agreement with experiments,
yielding A=0.1-0.3 for U=1-2 eV.

From ARPES for ferromagnetic bcc Fe, it was concluded in 2010 [106] that previous estimates
of the d -band narrowing due to many-electron effects were too large due to neglect of SO-
splitting in the LSD calculations, and of final-state transitions plus final-state broadening in
the photoemision analysis. As a result, many-electron effects seem to narrow the d-band by
merely 10%. In accord with the measured cyclotron masses [62] and the LSD calculations,
the renormalizations of the Fermi velocities are in the range 1.5—3, presumably with A., ~0.4
like for Pd, and a similar contribution from the electron-magnon interaction. However, whereas
the two latter are expected to extend down to respectively 40 and 300 meV below e, the self-
energy anomaly was observed down to at least 500 meV, and finally attributed to many-electron
effects.

The quasi-particle self-consistent GIW (QSGW) approach which has been most successful in
describing weak, but k-dependent correlations, was recently applied to bcc Fe and fcc Ni by
Schilfgaarde et al. [107]. For Fe, the agreement with the available FS data from dHvA was
perfect, and the mass enhancements and the ARPES were well described. Due to its X' (w)
lacking k-dependence, DMFT does less well for ARPES. QSGW gave a 25% narrowing of the
d-bandwidth, but that may have been due to neglect of SO splitting as suggested in Ref. [106].
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For Ni, the PM part of the QSGW bands were in excellent agreement with experiments, but
the exchange splitting was overestimated by a factor 2, even more than in the LSD, and the
moment was overestimated by 20% and, hence, much worse than in the LSD. This problem is
known for itinerant magnets, the iron pnictides, in particular. This failure was ascribed to the
inability of GW to treat spin-fluctuations, and it was demonstrated by use of QSGW +DMFT,
that a reasonable, simple cure is to add an external magnetic field adjusted get the moment right.
The approach by Mazin et al., who adjust the Stoner /, is at least based on Morya’s fluctuation
theory [108].

Friedel once asked me about the real-space reason for the double-peak in the bcc DOS, which
for instance is crucial for the martensitic transformation in steels. As seen in Fig. 5, the reason
18 not a separation of e,- and ty4-characters. But what is seen in this figure, is that in FM bcc Fe,
the FS has mostly ¢, character (the 7-sheet exclusively) and the big peak mostly e, character.
This was recently found to have consequences for the real-space exchange interactions [109]:
The 1y, states are itinerant and determined by FS nesting, while the e, states form localized
moments which must be treated by DMFT. Most important was the subsequent insight [110]
that for both fcc and bec structures, and throughout the 3d series, the exchange coupling between
an e, orbital and a t,, orbital on a near neighbor vanishes.

Most recently the local magnetic moments in Fe and Ni at ambient and Earth’s-core conditions
were studied [111] using an arsenal of methods, in particular DMFT. At normal pressure, the
Curie temperature of Fe comes out about 30% too large while that of Ni is slightly too low. The
authors (re-)discovered the van Hove singularities in fcc Ni and concluded that without these, Ni
would not be a strong-coupling quantum magnet. Moreover: “The most important implication
of our results for Ni comes from the observation that even at a pressure of hundreds of GPa
(Mbars), the position and shape of these sharp features in the DOS do not change dramatically.
Ni remains in its fcc structure up to even larger pressures and its magnetic moments, though
smaller, are much more robust than those of Fe”.

Well, in the process of substituting / with U, and static- with dynamical mean-field theory,
insights from canonical band theory were apparently forgotten. In the end, Al may take over.
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1 Introduction

Were it not for the electron-electron (e-e) interaction in many-electron systems such as atoms,
molecules and solids, we would not observe fascinating phenomena such as superconductivity,
phase transitions, magnetism and many others. At the same time, it is this electron-electron
interaction that makes solving the many-electron Hamiltonian exceedingly difficult. Solving the
many-electron problem is perhaps one of the general goals in condensed matter theory. Direct
methods for solving the many-electron Hamiltonian by, e.g., expanding the many-electron wave
function as a linear combination of Slater determinants, are however not very fruitful when the
number of electrons is large (~ 10%?), which is the case in real materials. The number of
Slater determinants required for a reasonably accurate solution becomes enormously large and
unfeasible to handle in practice.

One successful approach for handling the many-electron problem is to first identify a subspace
of the full Hilbert space in which e-e interaction plays a decisive role in determining the physical
properties of interest. The basic idea is to treat the e-e interaction explicitly within the limited
subspace whereas the influence of the rest of the Hilbert space is accounted for in a mean-field
approximation. Thus the many-electron problem is reduced to a subspace and fortunately the
size of the relevant subspace is in many cases relatively small compared to the full Hilbert space.
However, the reduction of the many-electron problem to a limited subspace entails the need to
renormalize the e-e interaction resulting in an effective interaction. Physically, the renormaliza-
tion of the e-e interaction arises from the screening processes that have been eliminated when
reducing the many-electron problem to the limited subspace.

A well-known example of an effective many-electron Hamiltonian is the Hubbard model [1],
which in its simplest form is given by

H=—tY cle,+UY ngn. (1)

i#j,0 i
The first term describes electron hopping with the same spin ¢ from site j to site ¢ whereas the
second term describes the interaction of electrons of opposite spin when they are on the same
site 2. The Hubbard model was introduced by Hubbard, Gutzwiller, and Kanamori at about
the same time in the early 1960’s as a phenomenological model to describe localized or semi-
itinerant 3d states in transition metals. It is physically feasible that the bare e-e interaction is
screened so that the on-site component of the screened interaction is the most important. The
Hubbard model is well suited to study the electronic structure of strongly correlated systems
in which on-site electron correlations are strong, due to the localized nature of the 3d- or 4f-
orbitals. The model describes the competition between the kinetic energy represented by the
hopping term and electron repulsion represented by the U term. For the half-filled case (one
electron per site), as U becomes larger than ¢ it is energetically more favorable for the electrons
to be localized on their respective sites in order to avoid the large repulsion arising from having
two electrons on the same site. As U increases further, each electron is locked on its site and the
system turns into a Mott insulator. Since the Hubbard model is phenomenological, it is common
practice to treat U/t as a parameter.
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In the simplest form there is only one orbital per site but in general there can be several orbitals
per site so that the hopping parameter ¢ and the effective e-e interaction U (the Hubbard U) are
matrices instead of single numbers

1 /
_ o T oo n ot T
H = E tRiR'j CRicCR/jo T B § ijkl(R‘7 R') CRiocCR/jo' CR ko’ CRIo - (2)
Ri,R/j,0 R,R/ijkl,o0’

A set of localized orbitals {pr;, } defining the annihilation and creation operators are assumed.
The subscripts R and 7 label the site and the orbital, while o denotes the spin variable. The
parameters i‘;‘,;; (R, R’) are the matrix elements of the effective e-e interaction U(r, r’)

T(R,R) = / drd’r’ opi(v)ory; (1) Ur, 1) oron(r)ppa(x). )

We have assumed that the effective interaction is static and orbitals with the same position
variable belong to the same atomic site. In general U depends on four atomic sites.

In the last couple of decades there has been an increasing interest in combining the Hubbard
model with realistic band structure calculations in order to study the electronic structure of
strongly correlated materials from which various physical properties can be derived. Each ma-
terial is then characterized by hopping parameters {g; g/, Which determine the underlying one-
particle band structure, and by gg; (R, R’), which determine the effective e-e interaction. The
hopping parameters can be determined from realistic band structure calculations, commonly
done within the local density approximation (LDA) [2], by a tight-binding fit. However, it is
much less obvious how to determine the effective e-e interaction. If we wish to make quantita-
tive predictions about the physical properties of a material, it is necessary to compute the matrix
U from first-principles, rather than treating it as an adjustable parameter. A model Hamiltonian
with adjustable parameters runs the risk of producing certain properties in good agreement with
experiment not for a theoretically justifiable reason but rather due to a fortuitous cancellation
between an inappropriate choice of the parameters and inaccurate theoretical approximations
employed in solving the model.

The purpose of this lecture is to describe a systematic way of determining the effective e-e
interaction corresponding to a chosen subspace into which the many-electron problem is down-
folded. The method is quite general and it yields U(r, r’; w) so not only local but also non-local
matrix elements can be extracted. Moreover, the method delivers a frequency-dependent U,
which encapsulates the dynamics of the screening processes determining the effective e-e inter-
action in the chosen subspace. The resulting effective interaction can be used in a model Hamil-
tonian or in an effective-action formalism, which is then solved by using many-body techniques
such as dynamical mean-field theory (DMFT) [3] and quantum Monte Carlo methods.

2 Theory

The determination of the Hubbard U has a long history. Perhaps the earliest attempt was made
by Herring [4] who defined U as the energy cost of transferring an electron between two atoms
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in a crystal. If F(N) is the energy per atom in the initial configuration with N electrons,
removing an electron from a given site costs E(N — 1) — E(N) and putting the removed
electron to another site costs £(/N + 1) — E(N) so the total cost is then

U=[E(N+1)—E(N)] + [E(N—1)— E(N)]
= FE(N+1)—-2E(N)+ E(N —1). 4)

We are usually interested in U associated with localized orbitals such as the 3d-orbitals of
transition metals or the 4 f-orbitals of the lanthanides. If n, labels the occupation number of a
3d-orbital, treating it as a continuous variable we may write Eq. (4) as
B 0’E

U=—.
on?

(&)

The change in the total energy associated with the change in the occupation number is given by
0F = e40n,4, where ¢4 is the orbital energy, so that U can be expressed as the change in the
orbital energy with respect to the occupation number:

I 0 (8E):85d‘ ©)

- 8nd 0nd Bnd

Early calculations of U for transition metals using this formula were made by Cox et al. [5].
The eigenvalues are calculated for the three different configurations 3d"4s!, 3d"+14s%, 3d" 1452
by solving an atomic problem self-consistently with an appropriate boundary condition at the
Wigner-Seitz sphere boundary to mimic the atomic environment in the crystal. The change in
the atomic wave function from configuration 3d"4s! to configurations 3d"™14s% and 3d"'4s>
captures, respectively, the effects of screening arising from adding and removing an electron
from the 3d-shell. The result shows an almost linear increase across the 3d-series from 1.3 eV
for Sc to 3.3 eV for Ni. A similar approach was also employed by Herbst [6] to compute U for
the 4 f-series.

A constrained LDA (cLDA) approach was later introduced by Dederichs et al. [7] who used it
to compute U for Ce. The total energy as a function of the 4 f occupation number is given by

() = win { Elp(e)] + vy (| Pros(e) =) | ™

where Rg is the radius of the Wigner-Seitz sphere, ny and py are respectively the occupation
number and density of the 4 f-orbital and vy is a Lagrange multiplier corresponding to the con-
straint that the occupation number of the 4 f-orbital is given by n . The Lagrange multiplier v
can be interpreted as a constant projection potential that acts only on the 4 f-orbitals. The con-
straint only applies to the 4 f-electrons while other electrons (spd) within the atomic sphere as
well as in the neighboring cells can relax in the self-consistency cycle to minimize the total en-
ergy. By calculating E(n) in Eq. (7) as a function of n; around the unconstrained equilibrium
value the Hubbard U can then be computed using the formula in Eq. (5).

The cLDA method can also be formulated using the supercell approach in which the constraint
is implemented by cutting off hopping integrals from the 3d/4 f-orbitals in the central atom in
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the supercell to neighboring atoms, thus fixing the number of the 3d/4 f-electrons, while other
electrons can relax and screen the 3d/4 f-electrons [8]. Hybertsen et al. [9] and Cococcioni
and Gironcoli [10] improved the cLDA method by taking into account the change in the kinetic
energy, the latter based on linear response theory.

In this note, we will describe a different method based on the idea that the effective e-e inter-
action in the chosen subspace corresponding to the model Hamiltonian must be such that when
it is screened by the electrons in the model, it reproduces the fully screened interaction of the
real system. This suggests that screening channels associated with the model must be removed
when computing U [11].

2.1 Screening and screened potential

The underlying concept common to methods for determining U is screening. Consider a many-
electron system such as a solid in its ground state and let us apply a time-dependent external
field Vey(r,t). We wish to study within linear response theory how this external potential is
screened by the electrons in the system. The external field induces a change in the electron
density, which is given by

P (1) = / 't R(r, vt — 1) Vi (v ), 8)

where R(r,r';t —t') is the linear density response function, which depends only on the relative
time ¢ — t’ since the Hamiltonian of the system is assumed to be time-independent, and it is a
property of the system, independent of the applied external field V.. The induced density pj.q,
in turn, generates an induced potential

Vina(r, 1) = /dgr’v(r —1') pima(r', 1), 9)

where v(r — r’) = 1/|r — r'| is the Coulomb interaction. The total potential or the screened
potential is then given by
‘/scr(ra t) - %Xt(r7 t) + ‘/ind(r7 t) . (10)

Using Vinq in Eq. (9) and pinq in Eq. (8) we find
Vier(r, 1) = Vi (1, 1) + /d?’r/v(r — 1) pina (v, 1)
= Vi (r, ) + / d*r’ v(r — 1) / " dt R(x' 2"t — ) Vi (). (11)

It is convenient to work in frequency space by using the Fourier transform defined according to

dw

fw) = / dEf(H)  and  f(t) = / (O} (12)

Since the second term in the last line of Eq. (11) is a convolution in time, applying the Fourier
transform to Eq. (11) yields

Vier (P, w0) = Ve (1, w) + /dgr’d3r’/v(r — 1) R(r' 1" w) Ve (v, W) (13)



3.6 Ferdi Aryasetiawan

Regarding Eq. (13) as a matrix equation we have
Vier(w) = [1+ vR(w)] Vext (w) , (14)
which allows us to identify 1 + vR(w) as the inverse dielectric matrix

e Hw) =1+vR(w). (15)

2.2 Screened Coulomb interaction

We can now apply the general formulation in the previous section to write down the screened
Coulomb interaction. As the external field we consider the instantaneous bare electron-electron
interaction

Vext (rt, v't") = v(r — ') 6(t — 1), (16)

where we treat (1, t') as parameters. Without loss of generality we may set ¢’ = 0. This external
field can be interpreted as an instantaneous Coulomb potential at point r arising from a point
charge located at r'. Its Fourier transform is given by

Vext(r, 5w) = v(r —1') . 17)

Since p
5 t— t/ — _(A) 7iw(t7t’) 18
t-t) = [ Gre, (18)

the external field v(r—r’) (¢ —t') can also be regarded as a superposition of harmonic potentials
with a common strength v(r — r’). From Eq. (13) the screened Coulomb interaction, which we
now call IV, fulfills the equation

Wir,r';w)=v(r—1")+ /d3r1d3r2 v(r —ry) R(ry,ro;w) v(rg — 1)
= /d?’r” e, w) v — 1), (19)

where we have used the definition of the inverse dielectric matrix in Eq. (15). In other words,
W (r,r';w) exp (—iwt) is the screened interaction of the external field v(r — r’) exp (—iwt).
The screened Coulomb interaction W plays an important role in Green function theory since it
determines the self-energy, e.g., in the Hedin equations [12—14].

We may introduce a polarization function defined as

Pina (T, 1) = /d3r’dt’P(r, vt — ) Vi (v, 1), (20)

1.e., as a response function but defined with respect to the screened potential given in Eq. (10).
We therefore have from Eq. (8)

Pind = R‘/ext = P‘/scr =P (‘/ext + Vgnd)- (21)
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Since
‘/ind = VPind = 'URV:sxt (22)
we obtain
RVixy = P (14 vR) Ve - (23)
Since V. is arbitrary, we find
R=P(1+vR) = Pe . (24)

In terms of the polarization function the screened interaction in Eq. (19) can then be written as
W =v+vRv=v+vPe'v=uv+vPW. (25)

Solving for W we find
W =[1—-vP] o, (26)

which allows us to identify the dielectric matrix as

e=1—vP. 27

2.3 Linear density response function

The exact expression for the linear density response function (hereafter referred to as response
function) was derived by Kubo using time-dependent perturbation theory [15]. It can also be de-
rived more conveniently using Green function theory in the interaction representation described
in the Appendix. The exact expression for the time-ordered response function is given by

iR(1,2) = (Y| Apr (2) Apu (1)[Wo) Otz — t1) + (Yo Apr (1) Apu (2)[Po) O(tr —t2), (28)
where we have used the notation 1 = (ry, t1), etc., ¥, is the many-electron ground state and
Apu(1) = pu(1) — p(1) (29)
is the density fluctuation operator in the Heisenberg picture
App(r, 1) = e Ap(r)e 1, (30)

H is the Hamiltonian of the many-electron system, assumed to be independent of time.
The Fourier transform of the response function is given by (see Appendix)

b (Yol Ap(r) [Wn) (W] Ap(r)[Po) (Wl Ap(r') W) (W] Ap(r)[P0)
R(r’r’“)_z{ w— E, + By + i1 B w+ E, — Ey—in

€Y

n

where H|W,) = E,|¥,). The term n = 0, corresponding to the ground state, is zero since
(Wo| Ap(r) o) = 0.
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2.4 Random phase approximation

For real materials it is virtually impossible to compute the exact response function, so in practice
we must resort to approximations. The most successful approximation is the random phase
approximation (RPA) developed by Bohm and Pines in the 1950’s [16]. The RPA was originally
derived from the equation of motion for the density fluctuation. Some years later Gell-Mann
and Brueckner derived the RPA using a diagrammatic technique. It was later recognized that
the RPA can be regarded simply as the time-dependent Hartree approximation, which can be
seen most clearly within Green function theory described in the Appendix.

In the RPA, it is assumed that the density response of the many-electron system to an external
perturbation is the same as the response to the screened potential, V.. = Vx4 Ving, but as if the
system is non-interacting. Thus, if P° is the non-interacting response function corresponding
to some mean-field approximation for the many-electron system, then schematically

Pind = R‘/ext - PO(‘/ext + Vgnd)‘ (32)
Since Vipg = vping = VRVt and Vi 1s arbitrary, we obtain
R=P°+ P%R. (33)

It is the same equation as Eq. (24) except that P has been replaced by P°. The time-ordered
non-interacting response function is given by (see Appendix)

B OCC unocc fZ] r I‘) f@](r r)
P(r,r';w) 222 (w—i— (ej—ei—1i0) w—(g5—ei—10))’ (34)

where
fi(r, 1) = i (x)05 (r) ] (v, (x'). (35)

It can also be obtained from the exact expression for the response function in Eq. (31) by using
non-interacting many-electron states (single Slater determinants). The factor of two accounts
for the two spin channels in the paramagnetic case and for a spin-polarized system we add
up the polarization from each channel. {v;,¢;} are the eigenfunctions and eigenvalues of the
non-interacting system, which are commonly chosen to be those of the LDA.

In practice both the polarization function and the response function are expanded according to

P(r,r’;w) ZBI‘O‘ Pop(k,w)Bys(r r'), (36)
kag

where { By, } is a set of (two-particle) basis functions fulfilling the Bloch theorem
Bia(r + T) = e*T By, (r). (37)

For example, By, (r) = expli(k + G)-r], in which the label v denotes the reciprocal lattice vec-
tor G. Another example is a product basis [14] based on the linear muffin-tin orbital (LMTO)



Effective Electron-Electron Interaction 39

method [17]:

Bua(r) =Y ™ Thry(r — T), (38)
T
bra(r) = XRL(r)XRL (L), (39)

where ygry is an LMTO centered at atom R with angular momentum L and o = (L, L'). Tt
is worth noting that the basis { By, } is by construction complete for P and R, but it is not in
general complete for 117. As can be seen in Eq. (19), to expand 1/ a complete basis for the bare
Coulomb interaction is needed.

2.5 The constrained RPA method

Our aim is to determine the effective e-e interaction among electrons residing in a given sub-
space, which can represent a partially filled narrow band across the Fermi level typically orig-
inating from 3d- or 4 f-orbitals found in strongly correlated systems. The physical assumption
is that when the effective e-e interaction is screened by electrons residing in the subspace, the
resulting screened interaction should reproduce the screened interaction of the full system [11].
If P is the polarization of the full many-electron system the screened interaction is given by

W =uv+ovPW. (40)

Let P be the polarization of the subspace such as the 3d- or 4 f-band in the Hubbard model.
We refer to this subspace as d-subspace and the rest of the Hilbert space as r-subspace. We
require that

W =U+UP'W (41)
— (1-UPH) U 42)

which defines U as the effective e-e interaction in the d subspace. It is given by
U=w(1-pPw)" 43)

Within the RPA, P = PV as given in Eq. (34) and P is given by the same expression except that
the single-particle wave functions are restricted to those of the d-subspace. Eq. (43) provides
an operational means for computing U.
Alternatively, U can be written in a physically more transparent form. The total polarization
can be decomposed according to

P=priypr, (44)

which is illustrated in Fig. 1. From Eq. (26) we have [11]

(1—-wvP)™

=(1—vP" — de)

((1 —oP") (1-(1- UPT)*lde))_l v
(1-(1—vP")” UPd)_l(l —oP")7!
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Polarisation: P= Pd + Pr

A
: Pri
.

Fig. 1: Schematic illustration of the definitions of P* and P". The former is confined to tran-
sitions inside the d-subspace whereas the latter contains both transitions inside the r-subspace

as well as between the d- and r-subspaces.

Upon comparison with Eq. (42) we can verify that U

U=(1-vP)
U=v+vPU

(45)
(46)

which is consistent with the interpretation of U as the effective e-e interaction in the d-subspace

since the bare interaction v is screened by P", which consists of those polarization channels that

do not include the channels within the d-subspace.
Similar to the screened interaction W in Eq. (19) we may write

U=v+vR"v,
where R" satisfies

R" =P+ PR,
R =(1—-Pv) P

Writing out in full in position representation we obtain

Ulr,v;w) =v(r—1') + /d37“1d37"2 v(r —r) R'(ry,ro;w) v(rg — 1').

Expanding R" as in Eq. (36) we obtain

Ulr,r;w) =ov(r—1') + Z Cra(r) R 5(k, w)Crpg(r'),
kapg

47)

(48)
(49)

(50)

D
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where
Cxa(r) = /d37“1 v(r —ry) Bya(ry) . (52)

The constrained RPA (cRPA) method provides an effective e-e interaction as a function of posi-
tions (r, r’) and frequency w from which matrix elements of U, both local and non-local, needed
as input in a model Hamiltonian can be extracted. Since the d-subspace usually corresponds to
a partially filled narrow band across the Fermi level, as illustrated in Fig. 1, P¢ contains the
metallic screening whereas P" = P — P? which determines U, contains no metallic screening
so that U 1is intrinsically long range since the screening is incomplete, similar to the screened
interaction in semiconductors and insulators.

2.6 'Wannier orbitals

In most applications involving strongly correlated systems, we need to define a set of localized
orbitals defining the annihilation and creation operators in the model Hamiltonian.The choice
of localized orbitals is arbitrary. For example, they could be a set of pre-processed linearized
muffin-tin orbitals (LMTO) [17] or a set of post-processed maximally localized Wannier or-
bitals [18] constructed from Bloch eigenstates generated from a band structure calculation. The
Wannier function with band index n at cell R is defined by

|oRn) = % /B . &k e Ry (53)

where (2 is the cell volume and |¢Sﬁ)) is a linear combination of the eigenfunctions of a mean-
field Hamiltonian

In practical implementations, the Kohn-Sham wavefunctions are usually used for |¢)y,,). In
the maximally localized Wannier function scheme, the coefficients U,,,,,(k)’s are determined by
minimizing the extent of the Wannier orbitals [18]

2= ((ponlr®pon) = {onlt|00n)*)- (35)

After defining a set of localized orbitals we now compute the matrix elements of U in these
orbitals. From Eq. (51), taking the matrix elements of U as defined in Eq. (3), we obtain

TH(R, R w) = o7 (R R) 4+ (0rioil Cua) Rig(k, ) (Cugloiomen),  (56)
kafg

where Cy,, is defined in Eq. (52) and

Ui (R R w) = /dSTd:S?”’@Ei(r)SDE/j(r/)U(r,r';w)WR/k(r/)SORz(r)- (57)
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2.7 cRPA for entangled bands

For isolated bands the Wannier orbitals are well defined and they reproduce the bands. However,
in many applications it may happen that the narrow bands which are to be modelled are not
isolated so the Wannier orbitals are not unique. For this case, we optimize U,,,(k) with m
limited to the states inside a chosen energy window. For a given k-point the number of bands
is equal to or larger than the number of m. The Wannier functions are more localized the larger
the energy window, since optimization is done in a wider Hilbert space. The band structure
{ékm, £xm } computed using these Wannier orbitals will not in general reproduce the original
band structure. {@/;km} define the d-subspace and we introduce the projection operator [19]

P = [them) ($rem - (58)

We define the r-subspace as follows:

|¢kn> - (1 - Pk)wkn>a (59)

where {9, } are the original Bloch states. The states {¢y, } are not orthonormal but they are
evidently orthogonal to the d-subspace. The one-particle Hamiltonian is now calculated using
{ﬁkm} and { ¢y, } as basis functions, but as an approximation, the coupling between the d- and

H = Hag 0 : (60)
0 Hrr

r-subspaces is set to zero

where H;; is the Hamiltonian matrix calculated in the d-subspace, which is already diagonal,
{z/?km} and H,, is calculated in the subspace of {¢y,, }.

The total polarization function is then computed from the new disentangled band structure ob-
tained from the Hamiltonian in Eq. (60) and P¢ is computed from {&km, €xm }- It would seem
reasonable to use the total polarization function P calculated from the original band structure
but this procedure leads to oscillations in U at low energy due to the presence of low-lying
polarizations not completely eliminated from P when calculating P" = P — P

3 Examples

In the following we will describe applications of the cRPA method to some real materials to
illustrate what information can be extracted from the calculations.

3.1 Cubic perovskite SrvO;

As a first example, we consider a prototype of a correlated metal, the cubic perovskite SrVOs.
This example has been considered before in Ref. [20] but it is included here since it provides an
ideal illustration for the cRPA method. As can be seen in Fig. 2 the ?5,-bands cross the Fermi
level and are well isolated from other bands. These three ¢5,-bands form the d-subspace, which
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4 4

Fig. 2: The LDA band structure of metallic SrVOs with cubic perovskite structure. The red lines
correspond to the three ty4-bands which define the d-subspace and are isolated from the rest of
the bands [20].

Fig. 3: The maximally localized Wannier functions of SrVO3 centered at vanadium of xy, yz,
or xz character. If the horizontal and vertical directions are respectively assigned to be the x
and z axes the shown Wannier function corresponds to xz character. The red (blue) represents
the positive (negative) contour. (Green sphere = strontium, white sphere = oxygen). Left figure:
The Wannier orbital is constructed from the vanadium t,,-bands only. We note that the Wannier
function has tails on the oxygen sites. Right figure: The Wannier orbital is constructed from the
vanadium (to, + €,)- bands and oxygen p-bands, which makes it clearly more localized on the
vanadium site compared to the one on the left figure [20].

corresponds to the Hilbert space of the Hubbard model. One of the Wannier orbitals constructed
from these ¢54-bands is shown on Fig. 3 (left). If the d-subspace is extended to include the e4-
bands and the oxygen p-bands, the Wannier orbitals of ¢,,-symmetry become more localized,
as can be seen on the right figure of Fig. 3.
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Fig. 4: Illustration of how the on-site Hubbard U = UZZ(R, R; w) depends on the choice of the

d-subspace indicated by the legends in the figure. The subscript i labels one of the ty4-orbitals
(ry, yz, or xz) and R labels the vanadium atom. W is the fully screened interaction. The
definitions of the models are summarized in Table 1 below. The left and right figures correspond

respectively to the real and imaginary parts of U [20].

The on-site Hubbard U as a function of frequency for several choices of d-subspace is illus-
trated in Fig. 4. Several conclusions can be drawn from examining the imaginary part of 11/
and U. Im (W) exhibits several sharp peaks, which correspond to collective excitations in the
system. The peak at 2 eV arises from collective charge oscillations (plasmons) of electrons in
the t54-bands whereas the peak at 15 eV corresponds to a plasmon excitation of electrons in the
whole system. In the ?5,-model and other models, the peak at 2 eV disappears, which confirms
the interpretation of it as a collective excitation of the ¢,-electrons since polarizations within
the t54-bands are excluded in the models. We can also conclude that the 15 eV plasmon is dom-
inated by the oxygen p-to-vanadium 3d transitions since this peak disappears in the dp-model
in which p-to-d polarizations are excluded. The p-to-e, polarizations are apparently stronger
than the p-to-t, polarizations since in going from the ?5,-model to the (tgg + p)-model, the
plasmon peak at 15 eV is greatly reduced. As can be seen on the left of Fig. 4 the real part of
U becomes increasingly constant as the d-subspace is enlarged and eventually it will approach
the bare Coulomb interaction value, as expected.

Table 1: Definitions of models

model: tag d tog+p dp
d- subspace: | Vo, | V (tag +e5) | ViggtOp | V (g +€-)+Op
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Fig. 5: LDA band structure of LasCuQ,. The green dashed lines are the bands obtained from

the Wannier orbitals and represent the d-subspace. Left figure: one-band model (anti-bonding
O pyy-Cu d,2_,2). Right figure: Emery’s three-band model (Cu d,z2_,2 and O p, p,) [21].

3.2 Undoped cuprate La;CuQy,

The LDA band structure of La,CuQy,, the parent compound of a prototype of high-temperature
superconductors, is displayed in Fig. 5. The relevant bands arise from the copper d,:_, orbital
and the two oxygen p, and p, orbitals on the CuO, plane in which superconductivity is believed
to originate. Since the bands to be modelled are not entirely isolated, the disentanglement
procedure described in a previous section has been applied and the bands generated from the
Wannier orbitals do not completely reproduce the original LDA bands.

The effective one-band model consists of a single orbital of d,2_,» character at each Cu site.
The three-band model includes also the two in-plane Wannier orbitals of O p,/p, character.
Although the conduction bands in the two models look very similar the Wannier orbitals cor-

responding to the Cu d,2_,2> character are actually very different. In the one-band model the

—y
Cu-centered Wannier orbital is constructed from a few bands close to the Fermi energy, which
leads to more delocalized Wannier orbitals than in the three-band model, in which more states
are used to construct the Wannier orbitals. In the one-band model there is a one-to-one corre-
spondence between the conduction band and the Wannier orbital of d,2_,2-character spanning
the d-subspace, while in the three-band model the conduction band is the antibonding com-
bination of the p- and d-states and the two valence bands are the bonding and nonbonding
combinations. The main d-weight is in the conduction band but there is also a small d-weight

in the valence bands.
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Fig. 6: The Hubbard U for La;CuOy for the one-band model (left panel) and the three-band
model (right panel). Uyq and Uy, are respectively the on-site U on the copper and oxygen sites
and U, is the off-site U between the copper and oxygen sites [21].

The Hubbard U for the one- and three-band models are shown in Fig. 6. It is to be noted that
in both models, only transitions within the conduction band are excluded when calculating U.
From the point of view of cRPA, the d-subspace is spanned by the conduction band only. The
strong peak at 9 eV can be traced back to p-to-d transitions corresponding to the collective
charge oscillation of the oxygen p-electrons. It is interesting to note that the peak is not present
in U,,, indicating that the collective excitation has its main weight on the copper site [21]. A
comparison between the left and right panels of Fig. 6 suggests different magnitudes of U for
the two models. The reason for the larger magnitude of Uy, in the three-band model is due
mainly to the more localized Wannier orbital. In the full three-band model in which the oxygen
p-orbitals are treated as part of the d-subspace, the magnitude of U will be even larger since
p-to-d transitions are excluded when computing U.

Noteworthy is the significant size of the off-site U,q, which evidently should not be neglected.
It may, however, be sufficient to treat the effects of U, at the mean-field level.

3.3 Early lanthanides series

As a further example, the static U corresponding to the 4 f-bands of the early lanthanides series
is shown in Fig. 7 (left) together with experimental estimates from XPS and BIS spectra. The
cRPA values tend to be lower than the experimental estimates but noticeably follow the trend
across the series rather closely and especially the jump at Eu and Gd is correctly captured [22].
The lower cRPA values are most likely due to the well known LDA problem in describing
the band structure of the 4 f-series. Gadolinium may serve as an illustration for the problem
with the LDA. In Fig. 8 the LDA 4f density of states is compared with that of the LDA+U,
the latter is known to be in good agreement with the experimental photoemission and inverse
photoemission data. As can be seen, the LDA exchange splitting separating the occupied and
unoccupied 4 f-bands is severely underestimated. Since the LDA 4 f-bands are too close to the
Fermi level, cRPA calculations based on this LDA band structure overestimate screening and
result in too small U. Indeed, when the band structure is calculated self-consistently within
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Fig. 7: Left: The average diagonal matrix element of the fully screened interaction W and the
Hubbard U for the lanthanides at w = 0. W' is calculated both using the original states (W,,iq)
and the disentangled states (W ;s). The experimental data are estimations of U from XPS and
BIS spectra. The inset shows the average diagonal element of the bare interaction across the
series. Right: The average exchange matrix element of the fully screened interaction (W?), the
partially screened interaction (.J) and the bare interaction (v*) for the lanthanides [22].

Spin up (LDA+U) Spin down (LDA+U) LDA

Fig. 8: LDA+U band structure, density of states (DOS) and partial f-DOS (blue) for gadolin-
ium. The calculations were done using the parameters U = 12.4 eV and J = 1.0 eV.
The experimental exchange splitting is approximately 12-13 eV. The displayed directions are
%(1, 1,1) —» I' — (1,0,0). For comparison, we also show the partial f-DOS from a spin-
polarized LDA calculation [23].

VAL

the LDA+U scheme, the cRPA value increases significantly and in better agreement with the
experimental estimate [24]. This illustrates the importance of the one-particle part of the model
Hamiltonian in capturing the correct Coulomb correlations.

In Fig. 7 (right) the exchange J across the series is also shown and compared with the bare
values. It can be seen that the common procedure for approximating .J by its unscreened atomic
value is quite reasonable. This is as anticipated since the exchange interaction, which does not
contain a [ = 0 charge component, is relatively immune to screening.
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Since the 4 f-bands are entangled, as can be seen, e.g., in the case of gadolinium, the disentan-
glement procedure described above is also applied here. To measure quantitatively the quality
of the disentangled band structure, the fully screened interactions computed using the origi-
nal and disentangled band structures are compared in Fig. 7. With the exception of Eu, the
small difference between the two indicates that the entangled band structure provides a good
representation of the original band structure.

4 Summary

The reliable determination of the Hubbard U based on a realistic band structure of a given
material has become feasible, allowing for a first-principles study of the electronic structure of
strongly correlated materials. Theoretical calculations of the Hubbard U eliminate uncertainties
and ambiguities associated with treating U as adjustable parameters. By analyzing the effects of
the individual screening channels on the screened interaction, we can discern which screening
channels are important, providing valuable physical insights and a guide for constructing a
model Hamiltonian.
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Appendix

A Response functions from Green function formalism

The response functions can be derived from Green function by introducing a probing time-
dependent field ¢(r, t) that couples to the charge density. In the presence of a time-dependent
field it is convenient to work in the Dirac or interaction representation. In this representation
the Green function is defined as, with the notation 1 = (ry, ¢;) etc.,

(WolT[%D(})%(Q)H%)
(Wo| S|W0)

iG(1,2) = 61)

where ¥ is the many-electron ground state, 1& p is the field operator in the interaction picture
@@D(r, t) = ethqﬂ(r)e_th, (62)

where H is the many-electron Hamiltonian without the probing field (r,¢). It is worth not-
ing that in the interaction picture, the field operator does not depend on the probing field .
The time-ordering operator I’ chronologically orders the field operators so that the operator
containing the earliest time stands farthest to the right. S is the scattering operator

~

S = Up(oo, —0), (63)

where U is the time-evolution operator in the interaction picture

t
UD(t,t/) = Texp (—z/ dr qB(T)) , (64)
tl
and
66 = [@rptr.0) o). (©5)
The Green function satisfies the equation of motion
(@% — h(l)) G(1,2) — /d3 X(1,3)G(3,2) = 6(1 —2), (66)
1

where h is the one-particle part of the Hamiltonian that includes the probing field ¢ and the
Hartree potential Vj

1
h = —§V2 + Vs + Vi + . (67)
The time-ordered linear density response function is defined as
dp(1)
R(1,2) = —=. (68)
( 5 (2)

It is advantageous to work with the time-ordered response function since we are not restricted
to t; > t9, as in the case of the retarded version, so the functional derivative can be taken freely.
The charge density can be obtained from the diagonal element of the Green function

p(1) = —iG(L,17), (69)
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where 17 indicates that ¢; = t; + 1 where 7 is a positive infinitesimal. When taking the
functional derivative of GG with respect to the probing field , only the scattering operator S is
affected since the field operator in the interaction picture is independent of . The functional
derivative of S with respect to ¢ is given by
5 _ 0 pexp <—¢/d1 (1) go(l)) = T (5*,3(2)) . (70)
0p(2)  p(2)

The response function is then

s seaan s (E|T(Se0)|e)
A2 =50 = e D (v]3]0)
_ i |r(Se@im)|7) i(7|T(Siow)|e) (2| T(She)|7)
e ol
(71)
After taking the functional derivative of the density p(1) = —iG(1,1") with respect to the

applied field ¢, we set ¢ = 0. This implies that S = 1 and the Dirac field operator becomes the
Heisenberg field operator. We obtain the time-ordered linear density response function

iR(1,2) = (¥|Apu(2) Apur(V)[¥) 0(t2 — t1) + (W[ Apr (1) Apr(2)|¥) 0(t — t2),  (72)
where the density fluctuation operator is given by
Apr (1) = pu(1) — p(1). (73)

To obtain the response function in the frequency representation we first insert a complete set
of eigenstates of H in between the density operators and use the definition of the Heisenberg

iR(1,2) = Z <lI/ wn> <y7n
3 ),

= (W] Ap(ra) ) (W] Ap(ry) W) e~ Fn B0 (1, — 1)

operator, yielding

iﬁtz Aﬁ( )e—thQ 6iﬁt1 Ap’*(rl)e—iﬁh

gv> O(ts — 11)

th1Ap ) —iHt; ez‘I:ItgApA(rQ)e—iI:Itg

%> O(t, — L)

) (| Ap(ry) [F) (B] Ap(ro)[Tp) e P F) =16ty — ty) (74)

Performing the Fourier transform [dr exp(iwT)R(T), where 7 = t; — {5, yields

foN (Yol Ap(r) [Wn) (Wn| Ap(r)[Po) (Wl Ap(r') W) (W] Ap(r)[%0)
R<r>rvw>—2{ w—F, + o+ i W+ B, — Ey—in - (75)

n
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The corresponding retarded response function, the well-known Kubo’s formula, is given by

ret(r /N (Wl Ap(r) [Wn) (Wn| Ap(r)[Po) (Wl Ap(r') W) (W] Ap(r)[%0)
R (r,rw)—Z[ w—F, + Eytin ot B, — Eot i :
(76)

which, in contrast to the time-ordered one, has all poles in the lower half plane. The response

n

function gives information about the excitation spectrum of the system: Im R(w) has peaks
whenever w = E,, — Ly, corresponding to the N-particle excitation energies.
If there is no magnetic field, i.e., if time-reversal symmetry is obeyed,

(W[ Ap(r') W) (] Ap(r) o) = (Yol Ap(r) [¥n) (W] AD(r')[ W) (77)

is real so that R satisfies
R(r,v";—w) = R(r,r’;w), (78)

R(r,r’;w) = R(r',r;w). (79)

The response function R is the time-ordered response which differs from the retarded response
R**. The two are related as

Re R(w) = Re R™"(w), (80)
Im R(w)sgn(w) = Im R*"(w), sgn(w) = w/|w|, (81)

valid for real w.

Compared with the original derivation of Kubo, the Schwinger functional derivative technique
provides a simple way of deriving the response functions. We have derived the Kubo for-
mula specifically for linear density response function. However, the method is applicable to a
more general response function since any expectation value of a single-particle operator in the
ground state is expressible in terms of the Green function. Moreover, higher-order density re-
sponse functions can be readily worked out. For example, calculating the second-order density
response function given by

R(L2,3) 3p(1)  GR(1,2)

T 503002 | 60() (82

1s just a matter of inserting 65 /¢ at the appropriate places.

In reality, we must resort to approximations for the response function. A commonly used ap-
proximation is the RPA which can be derived from the equation of motion of the Green function
in Eq. (66). We obtain after multiplying both sides of the equation by G !

(ia% - h(l)) §(1—-2)—%(1,2) = G(1,2), (83)

Since .
h=—§V2+Vext+VH+go (84)
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we find 5G-1(1,2) SVa(1)\  65(1,2)
— 8 5(1-2) (6(1—3) 4+ = )— ’ (85)
=002 (-9 + 505 -2
We wish, however, to calculate 0G /d, which can be obtained by using the identity
6G71(1,4) G (4 2>
dd | ————2LG4,2)+G (1,4 '~ ) =0, (86)
/ ( 0p(3) 2 Y 0 (3)
which follows from taking the functional derivative with respect to ¢ of
/d4 G71(1,4) G(4,2) = 6(1 — 2). (87)
From Eq. (86) we find
0G(1,2) / 0G71(4,5)
=— [d4d5G(1,4 G(5,2). (88)
5o(3) WS 2
The response function is then
dp(1) O0G(1,17) / 6G71(3,4)
R(1,2) = — =% =—i———F—— =1 [d3d4G(1,3 — G(4,17). (89)
250~ W) S )
Using Eq. (85) with §X/d¢ = 0 yields the RPA
oVu(3
R(1,2) = —i/dB d4G(1,3)6(3 —4) (5(3 —-2)+ 5;((2))) G(4,17)
| 6VH(3>>
=—1[d3G(1,3)[d(3—2)+ G(3,1%). (90)
i (-2 + 583 661
Identifying the polarization function as
P(1,2) = —iG(1,2) G(2,17) o1
and using
Va(3) = / d40(3 — 4) p(4) 92)
we obtain the RPA equation
R(1,2) = P(1,2) + /d3 d4 P(1,3)v(3 —4) R(4,2). (93)
Using the convolution theorem, the Fourier transform of the polarization function becomes
d !/
P(r,r;w) = —i/;G(r,r/;w + )G, ;). (94)
T
If we use a non-interacting Green function,
0fp oy N UnYn() RS ey ()
G<r’r7w)_;w—€n—ié+;w—€n+i5’ ©3)

and perform the frequency integral, we obtain the expression in Eq. (34). The RPA is sometimes
referred to as the time-dependent Hartree approximation because when calculating the response
function only the change in the Hartree potential with respect to the probing field is taken into
account whereas the change in the self-energy, 6.X/d¢, is neglected.
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4.2 Marcus Kollar

1 Introduction

In this Lecture the foundations of dynamical mean-field theory (DMFT) for interacting electrons
will be reviewed along the following route. As already described in the Lecture of D. Vollhardt,
the first step involves the limit of infinite lattice dimension, d — oco. We will discuss this
limit for fermions in Sec. 2. The resulting scaling of hopping parameters with d then makes
the effect of electronic interactions in Hubbard-type models more manageable, as discussed in
Sec. 3. Namely, the Feynman diagrams contributing to the Green function in perturbation the-
ory simplify, and as a result the self-energy becomes local, i.e., independent of momentum. The
derivation of DMFT is then completed by mapping Hubbard-type models in infinite dimensions
to single-site impurity models with a self-consistency condition (Sec. 4), which have the same
self-energy but can be solved numerically. Note that other derivations of this last step are avail-
able [1-5]. Note also that the present lecture notes draw largely on a previous presentation [6].

The Hubbard model is the simplest model for describing the physics of correlated electrons,

1.e., electrons which do not behave independently due to their Coulomb interaction. For a single
band it can be written as

H=H,+ Hy, (1a)

Hy =ty clyCis = Y 2k Choro (1b)
ijo ko

Hi=U ) myny, (10)

where t;; is the hopping amplitude from site 7 to j, and the dispersion relation &y, is its Fourier
transform; for our purposes we will assume a tight-binding form. For each doubly occupied
site the Hubbard interaction U is contributed to the energy of a state. To describe the electronic
structure of correlated materials, more complicated models and methods are typically needed,
e.g., involving several bands as obtained from density functional theory, including more com-
plicated on-site interactions, taking retardation effects into account, reconciling a calculated
charge distribution with the model parameters determined by it, nonlocal and nonequilibrium
effects, and so on. For these topics we refer to the other Lectures in this book. In these contexts,
as well as for (1), the goal and spirit of DMFT is to provide a controlled starting point for a
reliable treatment of interactions and the induced electronic correlations.

2 Fermions in the limit of infinite lattice dimension

We begin with the limit of infinite spatial dimensions, d — oo, as introduced in Ref. [7]. First
the three-dimensional simple cubic lattice is generalized to the d-dimensional hypercubic lattice
in order to obtain the corresponding tight-binding dispersion for nearest-neighbor hopping. The
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hypercubic lattice simply has the unit cell basis vectors

61:(170,0,...,0),
es = (0,1,0,...,0),

e; = (0,0,0,...,1). 2)
A nearest-neighbor hopping amplitude ¢;; and corresponding dispersion then have the form

—t if Ri—Rj:j:en,
0 otherwise,

d
€ = —2t Z cosk; . 4)
i=1

We will proceed in two ways to obtain the corresponding density of states (L: number of lattice
sites)

p(w) = %Z (w —ek) . 5)

A succinct technique is to employ the central limit theorem for probability distributions [7]. One
defines random variables X; = /2 cos k; in terms of independent random variables k;, which
are independently and uniformly distributed in the interval [—, 7. Since X; has zero mean and
unit variance, the random variable X; = \/% Zle X, converges in law to a normal distributed
random variable X, again with zero mean and unit variance. Here convergence in law means
that the distribution function of X; converges to the normal distribution exp(—z2/2)/v/2m. If
we then consider the density of states p(c) as the distribution function of the random variable
V2dt X 4, we see that a finite density of states is obtained only if we scale the hopping amplitude
is proportional to d~/2 for d — co. We thus have, replacing the sum over the first Brillouin
zone in (5) by an integral in the thermodynamic limit,

d°k 1 g2 t.
- —_— —_ = — [ f —
p(e) /(27T>d d(e —ex) onlE exp[ th] or ¢ Norh (6)

where ¢, is independent of d. We thus obtain a Gaussian density of states with finite variance,

and hence also a finite kinetic energy per lattice site. With the scaling ¢ o< 1/ V/d the kinetic
energy and the Hubbard interaction energy thus remain of the same order of magnitude in the
limit d — oo and hence in competition with each other. Fig. 1 depicts several densities of states
for different d, showing the approach to a Gaussian for large d.

Alternatively, one can follow the idea of the proof of the central limit theorem, which uses
Fourier transforms of probability distributions. We thus consider the Fourier transform of
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Fig. 1: Density of states for hopping on hypercubic lattice for several d, compared to the Gaus-
sian that is obtained in d — oo. From Ref. [2].

p(e) [8], which separates into independent factors for each dimension,

d

. Ak rdk ist,
@(S) - /d5 e'®® P(5) = /(27T)d etk = % eXp (_ m COS k)

— 00 -

9st, \ @ 1252 1\1¢ 252 1
:JO(m) :{1‘ 2 *O(ﬁ)} :e"p[‘T”(a)] @

Here Jy(z) is a Bessel function, which has been Taylor expanded, integrated, and reexponenti-

ated. Performing the inverse transform yields

o0

de ;.. 1 g 1
o) = [ #(5) = 5o exp[—z—w@(aﬂ’ ®)

—00

By keeping more terms in the Taylor expansion of the Bessel function one can derive further
terms in an asymptotic series in powers of 1/d [8].
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We conclude that the nearest-neighbor hopping amplitude must be scaled with 1/ v/d to obtain
a meaningful large-dimensional limit. More generally, each hopping amplitude ¢,, must be
scaled proportional to 1/+/Z,,, where the coordination number Z,, denotes the number of sites
which are connected to a given site by ¢, e.g., Z; = 2d for nearest-neighbor hopping and 7,
= (2d — 1)2d = (Z — 1)Z for next-nearest-neighbor hopping on the hypercubic lattice, and
so on. The density of states for a more complicated hopping matrix can also be obtained. For
example, for nearest-neighbor and next-nearest-neighbor hopping a singularity develops at one
of the band edges [9]. A general mapping can be constructed between the hopping matrix on
the hypercubic lattice and its density of states [10, 11], which also to determine the hopping
amplitudes for a given density of states.

A conceptual and practical drawback of a Gaussian density of states is that it extends up to in-
finite positive and negative energies €. For other generalized lattices, such as the face-centered-
hypercubic lattice [12] (which is asymmetric and has one finite band edge) or the hyperdiamond
lattice [13] (for which the symmetric density of states vanishes at € = 0), the bandwith is also
infinite. One of the few lattices with finite bandwidth for nearest-neighbor hopping is the Bethe
lattice, i.e., an infinite Cayley tree of which each node has Z nearest neighbors. This recursively
defined lattice (which is not a periodic crystal lattice) has a semi-elliptic density of states with
a finite bandwidth in the limit Z — oo for scaled nearest-neighbor hopping t = t,. /v/Z,

\/A4t2 — e?

— for |e] < 2]t

pBethe(E) - 27Tt* .
0 otherwise

€)

For comparison, for finite coordination number Z, the density of states reads ppeme z(€) =
PBethe (€) / [% — #%] These results can be obtained, e.g., with recursive methods (see
Refs. [14, 15] and references therein), which can also be used to find the density of states for
longer-range hopping or to construct a set of hopping parameters yielding a given density of

states.

It is rather typical for tight-binding dipersions in infinite dimensions to lead to one or both
band edges at infinite energy. This is a qualitative difference to a finite-dimensional system
which always has finite band edges for finite hopping amplitudes. In practice one therefore
regards the simplifications following from the infinite-dimensional limit (discussed below) as
independent of the dispersion, and simply uses the density of states of the finite-dimensional
system of interest in the calculations. This is justified in particular for single-particle quantities
into which only the dispersion € enters in infinite dimensions (but no detailed dependence
on k). If necessary one can use one of the procedures, i.e., for the hypercubic [10] or Bethe
lattice [14], to construct a set of hopping amplitudes that realizes a given density of states of
a finite-dimensional lattice. Any density of states with finite bandwidth can be represented in
infinite dimensions in this way, although long-ranged hopping amplitudes are typically required.
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3 Consequences for many-body theory

The scaling of hopping amplitudes with negative powers of the dimension (or coordination
number), discussed in the previous section, leads to simplifications in the many-body theory for
Hubbard-type models such as (1). However, these simplifications will not hold at the Hamil-
tonian level, but rather at the level of Green functions and effective actions. We, therefore,
first review some definitions and basic concepts of many-body theory that are essential for the
formulation and understanding of DMFT.

3.1 Green function, spectral function, self-energy, quasiparticles

The simplest dynamical quantity which measures the equilibrium properties of a correlated
electron system is the electronic Green function [16—18]. A Green function GG 45 is defined as an
expectation value of operators A and B taken at different (real or imaginary) times in a thermal
state, i.e., with density matrix o< exp(—G(H —puN)) corresponding to the temperature 7'=1//,
or possibly the ground state. Hence it measures the probability amplitude for a propagation of
a particle or hole excitation in an equilibrium state if A and B are annihilation and creation
operators. Note that this involves eigenstates of the Hamiltonian that differ by one in particle
number, and which can describe quite different physical states in the presence of interactions.

In finite-temperature problems one uses the imaginary-time-ordered (fermionic) single-particle
Green function G,3(7), i.e., we put A = ¢, B = cE, with «, [ being general momentum or
site indices, including also spin and orbital quantum numbers. For imaginary-time Heisenberg

operators A(7) = e™ Ae=H™ (so that AT(7) # (A(7))"), one defines

(co(T)ch(0)) 7> 0

Go T:—TTCQTCTO = —
o0 =—(remdon =4 _ 20

(10a)

= —Gup(T+p) for — <7 <0. (10b)

(Note that in Ref. [17] the prefactor —1 is not part of the definition.) The dependence only on
time differences and the anti-periodicity (10b) follow from the cyclic properties of the trace and
the fermionic anticommutation relations. The so-called Matsubara Green function Gs(iw,,) is
obtained by Fourier transforming,

B
Gopliwy,) = / dr Gop(T) €7, (11)
0
+oo
Gap(1) =T > Gapliw,) e 7, (12)

with fermionic Matsubara frequencies iw,, = 277(n + 1/2). An explicit expression for the
Green function can be obtained by inserting the complete set of eigenstates of the Hamiltonian.
One then obtains the spectral representation

Gopiwy) = / "l AL(”), (13)

o lwp —w
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with the spectral function A,z(w) given by its so-called Lehmann representation as

Aap(@) = 7 S (ulchlm)(mleyn) (e PP —e95) 6w — (B, — Bn)), (4
n,m

where Z is the partition function and F), eigenvalues and |n) the eigenstates of H —uN. We note
that in particular A, (w) > 0. In practice the spectral or Green function can be evaluated via the
Lehmann representation only for sufficiently small systems, i.e., when the many-body energy
eigenvalues and eigenstates can be obtained directly. For a finite system, the spectral function
(and Green function) consists of a finite sum of delta functions, but in the thermodynamic limit
these functions typically become continuous just like the non-interacting density of states.
The spectral function occurs not only in the finite-temperature Matsubara Green function, but
also, e.g., in the retarded Green function,

wh(w) = / ) (15)

. 70
o wHi0t—w

which corresponds to a Green function in the time domain that involves real-time Heisenberg
operators. From the pole structure it follows that

Aupl) = =~ T GEh(s). (16)
and that the retarded Green function can be obtained from the Matsubara Green function by
analytic continuation from iw,, to w + i0". (The advanced Green function, which is not dis-
cussed here, corresponds to the replacement of iw,, by w —i0") Note that in a Matsubara Green
function this replacement may only be done at the very end of a calculation, because the anti-
periodicity in imaginary time must typically have been at work first. In view of the spectral
representations (13) and (15) on often writes G,3(w) for both the Matsubara or retarded Green
function, with the understanding that the argument is either iw,, for the former or w + 0" for
the latter, and hence is never purely real.

The indices a, f3, . . . represent lattice site or momentum k, as well as spin index o (and possibly
orbital or band index). The real-space and momentum-space Green functions are related by a
Fourier transform. Of particular importance is the local Green function

Giw(a}) = G0<w) = %Z Gkg<w) s (17)

Ajig(w) = Ap(w) = —% Im G, (w +i07), (18)

where translational invariance has been assumed, e.g., as in (3).
For non-interacting particles, with Hamiltonian Hy—uN = Y, (e, —pt) ch¢,.,.» the free Green
function Gfgf) (w) and the free density of states p(c) are obtained as

O,y 1
G (W) = R (19)
1
pw) = AV (w) = 7 E d(w —eg) . (20)
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For interacting systems the self-energy Xy (w) is defined as the difference between free and
interacting reciprocal Green functions:

Cro(W) ™ = GD(W) ™ — Do (w) (21a)

oo () = L

. 21b
W p—ep — Yo (w) (210)

For a translationally invariant system the Green function and self-energy are diagonal in mo-
mentum space. It can also be useful instead to use a matrix notation in site indices, G, (iw,) =
(G)ij.om etc., for which

G'=GO1'_ ». (22a)
G=G"Y+GY2G. (22b)

Eq. (21) or (22) are referred to as the (lattice) Dyson equation.

Without interactions, single-particle excitations simply correspond to the creation or removal
of a particle in an eigenstate of Hy, and as such they propagate freely through the lattice. This
perfectly sharp excitation occurs as a d-function in the free spectral function (omitting spin
indices for now),

A (W) = 6w+ p—er) . (23)

The situation in a many-body system with interactions is different: adding a particle or hole to
an eigenstate does not give an eigenstate again, but rather a massive superposition of eigenstates.
As a consequence, particle or hole excitations will usually be damped and have a finite lifetime.
This is encoded in the complex (retarded) self-energy Xy (w), in terms of which the spectral
function becomes

Ar(w) = T (w+p—ep — Re Xg(w))? + (Im Dy(w))? @4

This reduces to a d-function only if Im Y (w) — 07. On the other hand, if Im X (w) is finite
and not too large, the maxima of Ay (w) are located approximately at the zeros w = Ej, of

w4 p—ep—ReXg(w)=0. (25)

In the vicinity of £ the Green function can then be approximated to lowest order as

Gr(w) = — EkZ:(zETZ)(Ek)—l ’ (26a)
Z(w) = [1—Re Zp(w)] ™, (26b)
Ti(w) = [~ Zp(w) Im D (w)] 7, (26¢)

where Zj and 7 play the role of a quasiparticle weight and lifetime. In analogy to the non-
interacting case, the maxima Ej of Ag(w) yield the electronic dispersion, i.e., the relation
between crystal momentum and excitation energy, although this maximum may be quite broad.
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A reliable quasiparticle picture is guaranteed in a Landau Fermi liquid close to the Fermi sur-
face, i.e., near w = 0, because then Re Y (w) is linear and Im Xy (w) quadratic in w for small
frequencies at zero temperature. Near w = 0 this leads to

Ex = Z3,(0) (er, — 1 + Re 54,(0)) 27)

i.e., a linear relation between non-interacting and interacting dispersion. However angle-resolved
photoemission (ARPES) nowadays provides a means to measure Ay (w) (times the Fermi func-
tion) even deep below the Fermi energy with high accuracy (see, e.g., Ref. [19]). Therefore the
resonances given by (25) are relevant even if these excitations are not as coherent as low-energy
excitations near the Fermi surface in a Landau Fermi liquid.

3.2 Hubbard bands and the Mott transition

Let us consider the atomic limit of the Hubbard model, i.e., no hopping, ¢;; = 0. The Green
function then becomes momentum-independent and reads

N_g 1—n_,

at w) = + ,
ko () wH+pu—U wHp

(28)

which corresponds to a spectral function with two J-peaks separated by an energy U, and the
system is insulating, as there is no hopping at all. Next let us consider the situation for small
hopping ¢;;. Compared to the atomic limit the ¢-peaks in the spectral function will broaden,
i.e., two subbands develop, the Hubbard bands. The nature of these subbands is quite different
from that of one-electron bands in non-interacting systems. For example, the upper Hubbard
band describes charge excitations on top of the filled lower Hubbard band. If the hopping is
increased further, or the Hubbard interaction U decreased, these Hubbard bands will eventually
overlap and the system will become metallic at a critical value U, on the order of the bandwidth.
This correlation-induced metal-insulator transition does not break translational invariance and
is called the Mott transition [20].

When starting from the atomic limit, a standard but unreliable method to capture the Mott
metal-insulator transition is the so-called Hubbard-1 approximation. Here one uses the atomic
self-energy, obtained from (28),

n_o(1—n_,)
w+pu—U(l-n_,)’

Tho(w) =Un_o + U (29)
in the Dyson equation (21), which provides the Green function. However, this ad-hoc approx-
imation exhibits several unphysical properties (discussed, e.g., in Ref. [21]). Starting from the
weak-coupling side, a simple, rough picture of the Mott transition is provided by the Gutzwiller
wave function (see [22] for a review), which describes a Mott insulator at half-filling when U
becomes so large that all doubly occupied sites are projected out: this is the so-called Brinkman-
Rice transition. These approximate understandings are quantitatively rathe inaccurate. Indeed,
one of the successes of DMFT has been its description of the Mott metal-insulator transition in
the infinite-dimensional Hubbard model, as discussed in Sec. 4.4 below.
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3.3 Diagrammatic perturbation theory

The self-energy, according to (22), represents the contribution to the (inverse) Green function
which is due to interactions. The perturbation theory for these quantities can be organized
effectively into Feynman diagrams as follows [16—18].

Feynman diagrams for single-particle Green functions (for arbitrary quadratic f, and two-
particle interaction /) are built from the following pieces:

— non-interacting Green function line G\, (30a)
>- ------ < = interaction vertex, (30b)
= full (interacting) Green function line G . (30¢)

The perturbation expansion in /; then produces a series of diagrams (unlabeled [17], and ar-
rows omitted throughout) for the Green function

0 le

_ = —— 4 —— — ~+

—

(3D
We will not review the diagrammatic rules here, but we note that each Green function line comes
with a Matsubara frequency (or imaginary time) argument and a momentum (or site) argument,
energy and momentum conservation holds at the interaction vertices, all variables of internal
lines are integrated over, while the variables of external lines are held fixed.
Since some parts of the diagrams are repeating, one defines so-called proper self-energy dia-
grams, which are “one-particle irreducible” (i.e., cannot be cut in two pieces by cutting a single
solid line) and have their external vertices amputated, which means that the non-interacting
Green functions, which would normally be connected to external vertices, are omitted (because
they already occur in other parts of the diagram). Some examples are:

0 0 0 o

I I I | | (32)
* \ p) \ 7
proper proper not proper proper
The Dyson equation (21) can be expressed with Feynman diagrams as
_ () (33)

= —_— —+ { Y f—>

where the self-energy now has the following expansion,
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@:1+;+\:,+: L (34)

which, combined with (33), recovers (30).

This perturbation series for the self-energy has so far been written in terms of free Green func-
tions, i.e., X depends on the function G() in the sense that the whole matrix G (iw,,) for all
frequency arguments enters into X. In other words, £ = £[G)] is a functional of G°). The
diagrams for £[G")] still contain self-energy insertions in their internal lines, i.e., some inter-
nal parts of the diagrams repeat which have already been enumerated. One can thus proceed to
construct the so-called skeleton expansion which instead uses full (interacting) Green function

lines G
@: A S S ST (35)

The diagrams in the skeleton expansion X[G| no longer contain self-energy insertions on the

Green function lines so that each self-energy diagram does not occur more than once.

3.4 Power countingin 1/d

The consequences that the scaling in the limit d — oo has for many-body theory [8, 23] is best
discussed in terms of the Feynman diagrams for Green functions and the self-energy discussed
above, in particular using the skeleton expansion.

We first consider the d dependence of G, (w) in the limit d — oo, for scaled hopping ampli-
tudes

t =t d-3lIRi—R;ll (36)

Here ||R; — R;|| is the fewest number of lattice steps that connect R; to R; on the hypercubic

lattice, and hence proportional to the number of sites connected by the hopping amplitude ?;;,

so that (36) has the correct scaling. By our construction the kinetic energy is finite in the limit
d — oo, which can be expressed in terms of the Green function,

Ekin,a = Ztij<cjacja> = Zt” /% GijU(CU) (& 0" — O(do) . (37)
tJ ij oo
Here the double sum yields a contribution of order Ld!/l®~Fll. Hence we conclude

Gijo(w) = O(d 2B Rilly Giin(w) = O(d°), (38)

i.e., the off-diagonal Green function decays rapidly with distance, which leads to simplifications
for the Feynman diagrams.
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3.5 Local self-energy

For the discussion of the self-energy we will work with so-called Hugenholtz diagrams instead,
which combine direct and exchange diagrams into a box vertex [17]. However, for the Hubbard
interaction there are no exchange diagrams anyway. We thus replace

i,g> ..... —<z',—a = Ungng, :):( (39)

again omitting the arrows on the diagrams. We can then write the skeleton expansion as

@_B_JF_DED_JFA&JFW (40)

The skeleton expansion has the property that any two vertices are joined through Green function
lines via at least three independent paths. Namely, suppose there is only one such path; then the
diagram is one-particle irreducible, a contradiction. If there are only two paths, then they must
run through a diagram part which is a self-energy insertion, which is also a contradiction.

Now consider an arbitrary diagram (in position space, so that the interaction vertices are labeled
by lattice site vectors), in which two internal vertices labeled by ¢ and j appear,

(41)

Let us hold 7 fixed for the moment. We now compare the case j # ¢ with the case j = 1.
Suppose j # i. As discussed above, there are three independent paths from the vertex ¢ to the
vertex j. The Green function lines on these paths can thus contribute at most O(d*%“Ri*Rﬂ'“)
(or even less if there is another intermediate site ]2, on a path). Although the summation
over j contributes a factor of order O(d/®i~®ill), on the whole, any skeleton diagram is thus

—%llRi—RjH)

suppressed at least by a factor O(d . As an example, consider

(42)

Even if the boxes without labels correspond to site 7, there are three lines connecting ¢ with j
and only one summation over j.

By contrast, for j = 7 the Green functions are of order O(d"), and there is no summation. We
thus conclude that only the case ¢ = j contributes in the limit d — oo, i.e., all diagrams in
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the skeleton expansion X[G| have the same lattice site label at all their internal and external
vertices. Hence the self-energy is site-diagonal (“local”),

Eija(w) = 5z'j Ziia(w) = 5z'j Ea(w) ) (43)
or, equivalently, momentum-independent in k space,
Yo (w) = Xp(w) . (44)

Furthermore, the self-energy X, (w) is a functional only of the local Green function G,(w),
because all internal vertices in the skeleton expansion have the same site label.

The simple form of the self-energy has some immediate consequences also for the Green func-
tion (22), namely

1 (0)
o g == - ZO’ . 45
Gro(w) R RT— Gl (w (W) (45)
Summing over k gives us the local Green function as
d?k 1
Go(w) = 46
() /(27T)d wHp—ep — Zp(w) (46)

(e}

B p(e)
_/dWW+u—EU(W)—€' @

—00

The last equation thus provides a relation between the local self-energy and the local Green
function. It involves only the dispersion via the non-interacting density of states. This relation
is one of the ingredients of DMFT, as discussed below.

4 Dynamical mean-field theory

As seen above, the self-energy becomes site-diagonal and thus momentum-independent in the
limit d — oo. The last step is now to actually construct the functional X, [G,] [1-3, 24, 25],
which will complete the derivation of the DMFT equations.

4.1 Path-integral representation

Green functions for many-body systems may be represented in a path integral representa-
tion [17]. The partition function and the imaginary-time-ordered Green function for the fermionic
Hamiltonian H ({c! }, {c,}) can be written in terms of functional integrals over Grassmann vari-
ables

7 — Tre BUH-1N) _ / D(6:.(7), balr)) exp(A) (48)
b (B)=—0a(0)

Gl =5 [ D60) 6a(r)50) explA), 9)
d’a(ﬁ):*Qﬁa(O)
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with the action
B
A= / dr [} 65 (B — 1) 6 + H({OL} {6a1)| - (50)

Note that the Grassmann fields ¢},(7) and ¢, (7) are independent (i.e., they are not complex or
Hermitian conjugates of each other, even though they represent creation and annihilation oper-
ators) and antiperiodic boundary conditions are imposed on the latter. Path-integral expressions
such as (49) and (50) are actually just abbreviations for limits of expressions that are discretized
in imaginary time 7. We refer to Ref. [17] for details.

4.2 Mapping onto effective impurity models

It is now possible to construct an effective single-site action which matches that of the Hubbard
model in infinite dimensions [24]. For this purpose let us consider an action, A = A; + A,,
consisting of a quadratic part and an interaction, which only involves one lattice site

B B
A= [ir far 30606, (e = Y calin) Gution) i), (St
0 0 o n,o
B
Ay = —U/dT i (T)ey(T)e (T)ey(7), (51b)

0
with some as yet unfixed “free” Green function (G '),.» = G5 (7, '), which also depends only
on imaginary-time differences.

We can calculate the imaginary-time-ordered Green function of the single degree of freedom c
from the action (51), and Fourier transform to Matsubara frequencies. This is abbreviated as

Ga(iwn) = <Ca<iwn)cz—(iwn)>A[g] . (52)

Correspondingly, we define the impurity impurity self-energy % via the impurity Dyson equa-

tion,

Gzp*—ﬂ . (53)

Now consider the diagrams in the skeleton expansion of x G],

YG = . + L PR : : o 54)

in which of course only the single site of (51) occurs. However, since the local Hubbard inter-
action is the same both for the lattice Hubbard model and the single-site action, this skeleton
expansion is exactly the same as that for the Hubbard model (35), i.e.,

26 - =(q]. (55)

This shows that the self-energy skeleton functional X, |G| can be obtained by solving the
single-site problem (51). In the next section we discuss how to choose G, appropriately.
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4.3 Dynamical mean-field equations

Putting everything together, we arrive at three DMFT equations, which determine three un-
knowns: the local Green function G, (iw, ), the dynamical mean field (or Weiss field) G, (iw,,),
and the local self-energy X, (iw,):

G (iwn)= (¢, (iwn)c, (iwn)) Aig); (DMFT-1)

Go(iwn)= [Goliwn) ™" = Fyiwn)] (DMFT-2)
o p(€)

G, (i) = / de PR S e g (DMFT-3)

Note that the self-consistency equation (47) provides precisely the needed relation (DMFT-3)
to fix the Weiss field G,. This ensures that one solves the correct single-site problem, i.e., the
one which corresponds to the Hubbard model on a lattice with density of states p(¢).

A typical iterative solution then proceeds a follows: Start with some Weiss field G,,, obtain G,
from (DMFT-1), determine )/, from the impurity Dyson equation (DMFT-2), calculate GG, from
the self-consistency equation (DMFT-3), obtain G, by using (DMFT-2) again, and repeat until
convergence is reached.

One can check that the DMFT equations reproduce the correct non-interacting and atomic lim-
its. (i) In the non-interacting case we have U = 0 and thus X, (iw,) = 0. Furthermore it
follows from (DMFT-3) that then G, (iw,) = G (iw,). Finally (DMFT-2) gives G, (iw,) =
G, (iwy,), and this agrees with (DMFT-1) for U = 0. (ii) On the other hand, in the atomic
limit we have t;; = 0 and ¢, = 0, i.e., p(¢) = (). From (DMFT-3) we obtain G, (iw,) =
liw, + p — X, (iw,)] 7L, and (DMFT-2) yields G, (iw,) ™! = iw, + p, i.e., G, (7) = =0, + p,
which agrees with (DMFT-1) for ¢;; = 0.

For a given non-zero value of the Hubbard interaction U the Green function obtained from the
local action (51) clearly represents the most difficult of the DMFT equations. To obtain the
impurity Green function from it, a dynamical single-site problem must be solved, usually with
numerical methods. For finite temperatures quantum and thermal averages this can be stochas-
tically sampled with quantum Monte Carlo (QMC) methods. The older Hirsch-Fye QMC al-
gorithm [25-27] uses a fixed imaginary time-grid, whereas the more effective continuous-time
(CT) QMC [28-30] samples creation and annihilation of particles at arbitrary imaginary times.
Methods that also work for zero temperature include exact diagonalization (ED) [31-33], the
numerical renormalization group (NRG) [34,35] and the density-matrix renormalization group
(DMRG) [36,37]. Several of these methods are discussed in the other lectures of this book. A
number of perturbative or semianalytic methods is also available [1].

To use these “impurity solvers”, the single-site action (51) is often not used directly, but rather
an impurity problem defined by a Hamiltonian is considered, usually by constructing a single-
impurity Anderson model (SIAM)

Hgiam = Z €¢ CLZU%U + Z Vi (azaca + C(T,aéa) +U cicTcIc$ . (56)
lo lo
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Fig. 2: Zero-temperature spectral function for the homogeneous phase of the Hubbard model

on the Bethe lattice with nearest-neighbor hopping and bandwidth W = 4|t,| at half-filling,
evaluated with NRG. From Ref. [34].

Here the fermions ay, represent a non-interacting bath which hosts the interacting fermion c,.
This bath can be at once integrated out from the action which represents Hgian, because this

involves only Gaussian (path) integrals. The resulting action is then precisely of the form (51),
with

1 [ AWw)
1/ . 2

n) = Wn - = [ dw—"—", Alw) = Vid(w —eo), 57
G, (iwy) = iw, + p W/wzwn—w (w) W;Z (w—ey) (57)
where A(w) is called the hybridization function. In the DMFT iteration cycle one must now
find the parameters V; and ¢, that allow a self-consistent DMFT solution. Then the SIAM has
been determined which properly represents the infinite-dimensional Hubbard model in DMFT.
For reference we note that the self-consistency equation (DMFT-3) yields a simple relation for

nearest-neighbor hopping ¢, on the Bethe lattice with density of states (9),
Go(iwy) = iw, + p — 2G(iw,) . (58)

This relation and generalizations for other types of hopping are discussed in Refs. [1,10,11, 14,
15].

4.4 Results for the Hubbard model

Some aspects of the spectrum and the DMFT phase diagram of the Hubbard model were dis-
cussed already in the Lecture of D. Vollhardt. Fig. 2 shows the zero-temperature spectral
function for the homogeneous phase of the Hubbard model on the Bethe lattice with nearest-
neighbor hopping and bandwidth W = 4|t,| at half-filling, evaluated with NRG. Three values
of U are shown, one in the metallic phase (three peaks in the spectral function), one close to
the critical value U, and one for the insulating phase (with gap in the spectral function). At the
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Fig. 3: Quasiparticle weight Z for the half-filled Hubbard model on the Bethe lattice (with
t., = 1) in DMFT. Crosses +: NRG; squares: ED; crosses x and circles: QMC extrapolations,
lower gray line: 2nd order perturbation theory in U, upper gray line: 4th order perturbation
theory in U. From Ref. [10].

Fermi energy the spectral function has the same value for all U in the metallic phase; this is a
consequence of Luttinger’s theorem [8]. In the metallic phase the weight of the central peak is
proportional to the Fermi liquid quasiparticle renormalization factor Z (see (27)), whereas the
outer two peaks are the developing Hubbard bands. Note that the energy resolution of NRG
is best near the Fermi surface, i.e., near w = 0. Higher-resolution DMRG calculations have
shown that there is actually a more pronounced substructure at the inner edges of the Hubbard
bands close to U, [36,37], which has been attributed to the effective interaction of so-called
doublon-holon pairs [38].

Fig. 3 shows the renormalization factor Z in the limit of zero temperature obtained with various
methods. It starts from Z = 1 for the non-interacting case and decreases as U is increased,
corresponding to the decreasing width of the central peak in the spectral function and an in-
creasingly flatter dispersion. At U,, the half-filled system undergoes a Mott metal insulator
transition, i.e., it becomes localized and Z vanishes accordingly.

4.5 Results for the Falicov-Kimball model

The Falicov-Kimball model is a simplified version of the Hubbard model, in which only one of
the two spin species is mobile (relabeled as d;), while the other (relabeled as f;) is not. For this
model the Green function can be derived explicitly from the DMFT action [39]; higher-order
Green functions can also be obtained [40,41]. The Hamiltonian reads

H=Y tydid;+E; Y fIfi+UY didflf. (59)
i % %
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Fig. 4: Spectral function of itinerant d electrons for the Falicov-Kimball model in DMFT for

nearest-neighbor hopping on the Bethe lattice, homogeneous phase, ng = ny = 1/2, and
U =0.5,1.0, ... 3.0. From Ref. [39].

i.e., the d electrons are moving against a background of static f electrons, whose configuration
is chosen such that it optimizes the free energy. In principle this makes the model quite com-
plicated, as one needs the spectrum of H for all the possible f configurations. In dimensions
d > 2 it is known that at half-filling on a bipartite lattice checkerboard order of the f electrons
appears in the ground state and persists up to a finite critical temperature [42]. Here we consider
only the homogeneous phase in DMFT for simplicity.

Since there is no hopping amplitude for the f electrons, the DMFT self-consistency yields at
once Q;l = —0- + pu+ Ey, as explained above for the atomic limit. The DMFT action is thus
given by

B B
A= /dT /dT'd*(T) Gy (r, ) d(r)

B B8
n / dr ()@, — u+ Ep) f(r) — U / dr d*(1)d(r) f* () £ (7). (60)

Now the f electrons can be integrated out at each lattice site, i.e., they are in the atomic limit
(cf. Sec. 3.2). This leads to

Gq(iw,) = (d(iw,)d" (iw, = : + - , 61
lin) = {dlion)d () a = G s (61)
which must be solved together with the other two DMFT equations
: [ de pa(e)
G n) — s 62
aliton) /z’wn +p— Xy(iw,) — € (62)

Gd(iwn)il = Qd(iwn)*l — Ed(zwn) . (63)



Foundations of DMFT 4.19

This set of equations determines the d-electron Green function G4(iw,,) for any density of states
pa(€). Analytic continuation to real frequencies shows at once that the spectra in the homoge-
neous phase are independent of temperature. Note that this no longer holds in the checkerboard
phase). Fig. 4 shows the spectral function A,(w) for several U for the Bethe lattice (with
nearest-neighbor hopping ¢, = 1). In particular there is a Mott metal-insulator transition taking
place at U, = 2; for larger U a band gap develops. Nevertheless, the transition is qualitatively
different from that in the Hubbard model. For example, for the Falicov-Kimball model it can
be shown from the low-energy form of the self-energy that for 0 < U < U, the metallic state is
not a Landau Fermi liquid; as a consequence, the spectral function is not pinned at the Fermi
surface.

It is also possible to solve for the d self-energy as a functional of the d Green function, i.e., for
the skeleton expansion Xy[G 4] [21]

U 1 U 1  Ung
Tallon) = 5 = 5o s * \/(5 - 2Gd(iwn)> T i) 64

which is independent of the density of states p(¢). Note that in contrast to the Hubbard model,
for the Falicov-Kimball model the skeleton functional is in fact only a function of the Green
function, i.e., X4 (iw, ) depends only on G4(iw,) at the same Matsubara frequency.

5 Summary and outlook

In this lecture we reviewed the foundations of dynamical mean-field theory for the infinite-
dimensional single-band Hubbard model, i.e., the scaling of hopping amplitudes, the local na-
ture of the self-energy, and the mapping onto a dynamical single-site problem in an effective
bath which has to be determined self-consistently. Some of the numerical approaches to the
effective single-site problem, also for the multiband case, are discussed in the other lectures in
this school. Also, important generalizations beyond single-site DMFT to clusters and beyond
local self-energies are discussed there, which are important for the accurate description of in
fact finite-dimensional systems. DMFT therefore leads not only to nonperturbative numerical
solutions to Hubbard-type models in infinite dimensions, but it is also a robust starting point for
approximate theories of finite-dimensional systems.
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1 Introduction

Cluster extensions of dynamical mean-field theory (DMFT) are popular approximation schemes
developed for systems of interacting electrons on low-dimensional lattices with local inter-
actions to get access to their thermal equilibrium properties and to their single-electron excita-
tions. This topic came up soon after the development of dynamical mean-field theory [1-4] and
has been reviewed in a couple of papers [4—6]. Important milestones defining the field begin
with the proposal for a dynamical cluster approximation (DCA) in 1998 [7], a cluster exten-
sion formulated in reciprocal k-space. The real-space perspective was emphasized in 2000 [8]
with a cluster DMFT approach applied to the two-dimensional Hubbard model. Its formal
framework is the cellular dynamical mean-field theory (C-DMFT), suggested in 2001 [9]. An
alternative simplified cluster approach, the variational cluster approach (VCA) was introduced
in 2003 [10]. All cluster approaches rely on a number of basic concepts, such as the many-body
problem, lattice-fermion models, the mean-field idea, and the DMFT itself.

The many-body problem is a complexity problem. For a classical or quantum system consisting
of a few particles the fundamental equations of motion can be solved analytically or at least
numerically with machine precision. Condensed-matter theory, however, is confronted with
many-particle systems, in particular with quantum systems with a macroscopic number of elec-
trons. In these cases, to aim at the complete information on the microscopic degrees of freedom
is a meaningless concept, and a quantum-statistical approach must be employed. Most of the
experimentally accessible macroscopic system properties are described by thermodynamics in
a phenomenological way and are derived from the underlying laws of microscopic fundamental
interactions by statistical physics. The thermodynamics of a macroscopically large system of
valence electrons is completely determined by a thermodynamical potential F'(T", i, z), which
depends on temperature 7', the chemical potential i, and other macroscopic control param-
eters x. Its direct computation via ' = —T'In Z(T, u, z) from the grand partition function
Z(T, p,x) = Trexp(—B(H(x) — uN)) (with 5 = 1/T, kg = 1) is practically impossible for
generic Hamiltonians H (z) since the trace is actually a high-dimensional sum over a Fock-space
basis. Hence, approximations are inevitable.

DMEFT and its cluster extensions aim at a description of strongly interacting electron sys-
tems. The presence of interactions prohibits a simple factorization of the partition function,
Z =11, Z, into simple partition functions Z, for the different one-particle degrees of freedom,
which is known from the textbook treatment of the noninteracting Fermi gas. The Coulomb
interaction, which is the relevant type of interaction for almost all interesting properties of con-
densed matter, must be regarded as “strong”, meaning that a perturbative theoretical approach
is expected to fail. On the other hand, strongly interacting electron systems are highly interest-
ing. Interactions are responsible for many famous collective quantum effects which only show
up in interacting quantum Fermi systems in the thermodynamic limit. Some examples are the
Kondo effect, i.e., the collective screening of a magnetic moment by a mesoscopically large
number of valence electrons in states close to the Fermi energy [11], collective magnetism, i.e.,
the collective order of magnetic moments below a characteristic transition temperature [12, 13],
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Fig. 1: Left: Spin configuration of the Ising model on the square lattice. Middle: Ising spin in
a mean field. Right: Configuration of an Ising-spin cluster in a mean field.

unconventional high-temperature superconductivity [14, 15], or interaction-induced Mott insu-
lating behavior [16]. The essence of those effects is captured with surprisingly simple lattice
fermion or effective spin models, such as the Hubbard and the Heisenberg model, the Kondo-
lattice model, the periodic Anderson model, other multi-orbital lattice models etc.

The mean-field approach to strongly interacting lattice fermion models is borrowed from the
simple Weiss theory of the Ising model, see Fig. 1. For the Ising model with nearest-neighbor
exchange J between spin S; = +1 on the D = 2-dimensional square lattice with L sites, the
left panel shows one of the 2% spin configurations which must be summed over in an exact
computation of the partition function. Note that the number of configurations increases expo-
nentially with L. The middle panel sketches the idea of a single-site mean-field theory. It takes
a local point of view and picks a representative spin .S; at site ¢ which experiences a fluctuat-
ing local field ~ J Z?ZDl S; created by the spin exchange with its 2D nearest neighbors. In
the mean-field approximation, this fluctuating local field is replaced by a constant mean field
B.g. Note that, due to the central-limit theorem, this replacement can be justified in the limit
of infinite dimensions D — oco. The mean or Weiss field adds to a possibly nonzero physical
magnetic field B. Correspondingly, the exact Ising Hamiltonian is replaced by a mean-field
Hamiltonian Hyp = —(Beg + B) ), S;. This implies a dramatic simplification of the origi-
nal model as the partition function factorizes. One must merely solve the remaining impurity
problem, i.e., a single spin coupled to a mean field or “bath”. As the bath actually represents
the average nearest-neighbor spin configuration, it should be calculated from the thermal ex-
pectation value of S;. Hence, the solution of the impurity problem and the determination of
the bath must be done self-consistently, and the condition fixing the bath is therefore called the
self-consistency condition. A mean-field theory replaces a lattice model by an impurity model
where the impurity is self-consistently embedded in a bath.

Dynamical mean-field theory is in many respects the optimal mean-field theory for a lattice-
fermion model like the Hubbard model as a prototype. It self-consistently maps the original
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model onto a much simpler reference system which consists of a fermionic impurity, a Hubbard
site, for example, which is embedded in a continuum of fermionic bath degrees of freedom. It
is not surprising that this bath is much more complicated compared to the bath in the Weiss
theory of the simple classical Ising model and that fixing the continuous bath requires a quite
different self-consistency condition opposed to fixing a single number, namely B.g, in the case
of the Ising system. The formulation in fact requires a frequency-dependent one-particle Green
function and thus explains the term dynamical mean-field theory as opposed to the static Weiss
theory. The DMFT is a big landmark in the landscape of various mean-field-like approximation
techniques and serves as a point of orientation, as it combines a number of attractive features:
The theory is formally not restricted to certain parameter ranges, such as weak interaction, low
density etc. It works without internal inconsistencies in the entire parameter regime of the
model under consideration. In this sense, it is a nonperturbative theory. The DMFT can be
seen as the exact theory of the lattice-fermion model in a special limit, namely for an infinite-
dimensional lattice. This limit, however, must be defined carefully to keep the balance between
the one- and the two-body terms in the Hamiltonian. The power of DMFT very much results
from the fact that the according D = oo models are highly nontrivial with nontrivial phase
diagrams, excitation spectra, and also nontrivial real-time dynamics. Usually, however, it is
employed as an approximation to treat finite-dimensional lattice models. The DMFT is able
to describe spontaneous symmetry breaking and states of matter with collective order, such as
magnetism, superconductivity, charge order, orbital order etc. It is a beautiful and robust theory
on the formal level, which can be derived in various ways and starting from various setups.
Most importantly, however, DMFT has turned out as highly successful in practice, including
particularly applications to real materials which so far, on the conventional basis of density-
functional theory and the local-density approximation, could not be addressed properly since
strong electron correlations are essential for their observable properties.

Still, there are a couple of remaining problems which are related to the mean-field character
and the local nature of the theory. For example, while DMFT is able to describe phases with
long-range order, it insufficiently treats short-range correlations, particularly the feedback of
short-range magnetic correlations on the one-electron Green function. It can describe two-
particle correlation functions, such as the spin-structure factor or the conductivity but those
do not affect the self-consistent determination of the bath. This has decisive consequences for
the application to low-dimensional lattice models and can result in qualitatively wrong phase
diagrams. In fact, as will be discussed later, it can spectacularly fail for models in D = 2 dimen-
sions. Furthermore, the restriction to a single-site impurity implies that the DMFT cannot de-
scribe symmetry-broken phases with nonlocal order parameters, which unfortunately includes
unconventional d-wave superconductivity. DMFT also shares with all mean-field-like theories
the inability to predict the correct critical behavior in the parametric vicinity of second-order
phase transitions, it violates exact Ward identities and theorems such as the Mermin-Wagner
theorem [17]. Clearly, DMFT cannot be the end of the story as it is approximative when ap-
plied to a finite-dimensional lattice model. What is needed here is a systematic route starting
from DMFT towards the exact solution.
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One idea, and this is the theme of this review and lecture, is to extend the self-consistent embed-
ding of a single site to an embedding of a cluster consisting of several sites L.. This is displayed
in the right panel of Fig. 1. Without having detailed the precise form of a cluster extension of the
DMEFT, it is already clear that this is a systematic approach to the full solution. There is simply
no need for a self-consistent embedding of a cluster cut out of an infinite lattice-fermion model
if the cluster itself has infinite size. On the other hand, it is also obvious from the beginning
that the computational effort will drastically increase with increasing L.. The construction of a
cluster DMFT should therefore be guided by the goal to achieve fast convergence for L, — oo.
We will see that there is more than one way to perform this construction, and we will also see
some common intrinsic advantages and deficiencies of the cluster approach as such.

2 Lattices, reciprocal lattices, and superlattices

To develop the formal framework of cluster extensions of DMFT, we will first discuss some
geometrical issues. We start with a D-dimensional Bravais lattice spanned by the basis vectors
ai,...,ap. The points of the lattice are given by lattice vectors

D
R=R, =) i.a,, (1)
a=1
where i = (iy,...,ip) with arbitrary integers i, € Z. For each lattice, we have a reciprocal
lattice which is spanned by the basis vectors by, ..., bp. These are defined as the unique solution
of the linear system of equations
a,bs =21 0,5 . 2)

Points in the reciprocal lattice are given by reciprocal lattice vectors

D
G=G;=) jsbs, 3)
=1

where j = (ji,...,jp) With jg € Z. The parallelepiped defined by the basis a,...,ap is a
primitive cell C of the lattice, whereas by, ..., bp define a primitive cell of the reciprocal lattice,
a reciprocal unit cell RC. For their volumes we have the relation Vo Vi = (27T)D . Primitive
cells are not unique. Another reciprocal unit cell, with higher symmetry group, is the well-
known Brillouin zone (BZ2).
There is a symmetry between the original and reciprocal lattice. We immediately have the
identity

exp(iGR) =1, 4)

and the reciprocal lattice of the reciprocal lattice is the original lattice. The reciprocal lattice
can be used to expand a function f(x) that is lattice periodic, f(x + R;) = f(x), in a Fourier
series

flz) = Xijc ¢ | fo = Vic [aPr flayese, 5)
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| object, quantity | symbol, definition |  properties, relations
basis spanning the lattice a, a=1,...,D
volume of a primitive cell | V¢ = det({a.})
lattice vectors | R=R; = ) __ i,Q, o €7,1<i, <L,
basis vectors of reciprocal lattice bs a,bs = 2m0,p
volume of a reciprocal unit cell | Vg = det({b,}) Vre = (2m)P Ve
reciprocal lattice vectors | G = G; = jsbg Jjp € Z,GR € 277
basis spanning the superlattice a, a, = L.q,a,
volume of a superlattice cell | Vsc = det({a.}) Vse = L. V¢
superlattice vectors R=R, = Y outalo | ta€2,1<iy,<L/L.,
basis of reciprocal superlattice 55 6a55 = 27003
volume of a rec. superlattice cell | Vrpse = det({gj}) Vrse = (2m)P /Vse
reciprocal superlattice vectors G = CNT‘j =5 5 jggﬁ GR € 21Z
vectors spanning the system A, A, =Lya, = (L/L.o)a,
system volume V = det({A;}) V=LV
discrete wave vectors k kA, €217
volume element in k-space APk APk = (2m)P )V

Table 1: Overview of the various quantities defining the lattice and the reciprocal lattice, the
system volume and the k-space.

On a suitably defined Hilbert space of functions f(x), this expansion results from the fact
that the functions exp(iGx) form an orthonormal basis: ¢ [,d”re 6" 'S = jg . A
completely analogous construction can be made for functions g(p) with g(p + G;) = g(p).
While one is eventually interested in the properties of a lattice-fermion model, such as the
Hubbard model, on a lattice with an infinite number of lattice sites L, it is convenient to first
consider a finite lattice and to solve the problem for L < oo,

L:L1><"'><LD, (6)

and a certain finite number of fermions N, and finally to perform the thermodynamical limit
L — oo, N - oo withn = N/L = const. This raises the question of boundary condi-
tions. Excluding systems in a critical state, where system properties are infinitely susceptible
to small perturbations, the precise form of the boundary conditions does not matter in the ther-
modynamic limit. In the case of open boundaries, the system volume is spanned by a set of
vectors Ay, ..., Ap, such that the system volume is V' = det(A;, ..., Ap). We should impose
consistency constraints, A, = L,a,, to respect the underlying lattice structure.

Periodic boundary conditions are much more convenient. Here, we identify vectors o and
x + A,;. The geometrical perspective is that the macroscopic system topology is that of a D-
dimensional torus 7”. An equivalent point of view is that all real-space functions f(x) with
x € RP respect the conditions f(x + A;) = f(x) and, therefore, can be expanded in a Fourier
series, f(x) = >, exp(ikx) f, where the wave vectors k can be seen as the reciprocal-lattice
vectors of the real-space lattice spanned by A, ..., Ap. Hence, exp(ikA;) = 1, and the volume
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element in k space is APk = (27)P/V. This also implies that the number of k-points in the
reciprocal unit cell, Vzc/ AP, equals the number of sites in the system L, since

D
2m)P (2m)P Ve _ it 1 o

p, |
ATk = v Ve V L’

Some overview of the notations used and of the basic relations is given in table 1.
For cluster extensions of the DMFT, there is a third pair of lattice and corresponding reciprocal
lattice to be considered. The original lattice of L sites is tiled into L/ L. identical clusters with
a finite number of L. sites each. Each of the identical clusters has a cluster origin, which can
be chosen as a particular site in the cluster, such that all cluster origins are equivalent and form
a superlattice. We define the primitive vectors of the superlattice a,, for « = 1, ..., D, and we
impose consistency constraints, such as a, = L.,a, in the most simple case, to respect the
underlying lattice structure. Hence, the number of cluster sites is givenby L, = L. 1 X---X L. p.
The volume of the unit cell of the superlattice is given by Vse = det({a,}), and we have
Vse = LcVe = (L./L)V
The reciprocal superlattice consists of the vectors G = é => 5 jﬂgﬁ and is spanned by the
basis of the reciprocal superlattlce {bﬁ} with j = (j1, .. ] D) € ZP. The real- space consistency
constraints imply that by = bs/L. 3. We have exp(iGR) = 1, where R = = ,lalq
are the superlattice vectors. Furthermore, the number of reciprocal superlattlce vectors in the
reciprocal unit cell, Vze/Vrse, is given by L., since

(2m)” _ (2m)” Ve

RSC Ve Ve Ve re/ ()

Fig. 2 provides an example of a D = 2-dimensional lattice.

3 Discrete Fourier transformations

Figure 2 also demonstrates that any lattice vector
R=R+r 9)

can be uniquely decomposed into a vector of the superlattice R, i.e., the position vector to the
respective cluster origin, and a position vector 7 to the respective site in the cluster, referring to
the cluster origin. Note that there are L lattice points R, and L/ L, clusters with L, sites each.
Vice versa, for a given wave vector k there is the unique decomposition

k=k+G, (10)

where G are the reciprocal superlattice vectors. Note that in a reciprocal unit cell there are L
wave vectors k and L. reciprocal superlattice vectors G, and there are L /L. wave vectors k.
Let us consider the L x L matrix U with elements

1 .
U&k:_yf€MR7 k € RC, (11)
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Fig. 2: Example of a lattice/superlattice in D = 2 dimensions. Real space, left: A system
consisting of L = 36 sites on a square lattice with periodic boundary conditions. C: unit

cell. ai,as: basis vectors of the lattice. Lines: tiling into clusters with L. = 4 sites. Orange
sites: cluster origins, forming a superlattice structure of L/L. = 9 clusters. SC: unit cell of
the superlattice. ai,ay: superlattice basis vectors. Any lattice vector R can be decomposed
uniquely into a superlattice vector R and a cluster vector r. Ay, Ay: primitive translations
defining the periodic boundary conditions and the total system size. Reciprocal space, right:
b., by reciprocal basis spanning a reciprocal unit cell RC containing L = 36 k-points. A%k =
(2m)/V : volume element. The RC contains L. = 4 reciprocal supercells (RSC) with L/ L. =9
wave vectors k each. Their volume is Vrse = Vre/Le. Any wave vector k can be decomposed
uniquely into a reciprocal superlattice vector G and a wave vector k.

and the /L. x L/L. matrix V' with elements

1 = ~
Vaz = e’ ke RSC, (12)

k /L/L,

and the L. X L. matrix W with elements

1 e ~

W ~=——e%., GeRC. (13)

G
e VL

The unitary matrices U, V' and W define discrete Fourier transformations between the respec-
tive real and reciprocal spaces. We refer to the different transformations as the lattice Fourier
transformation (U), the superlattice Fourier transformation (V'), and the cluster Fourier trans-
formation (W). For example, one can straightforwardly prove that

RC
T ; e RIR %: UIZ,RUR,k’ = Ot I zk: ™ )= Zk: UR,kUIZ,R’ =orr (14)
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and thus, for some R-dependent observable Og,
1 , 1 4
Op=—=) ¢*B0p., Or=—=) e *RQ,. (15)
Vi s

Analogous relations hold for the other two cases. The formal structure of the proof is the same
in all cases. Although there is a one-to-one relation between R and (ﬁ, r) and between k and
(E, é), the lattice Fourier transformation U involving lattice vectors IR cannot be decomposed
into the superlattice transformation involving superlattice vectors R and the cluster transforma-
tion involving cluster vectors 7, i.e., U # VW = WV. We note that a quantity Ar gr which
is invariant under lattice translations Ry, i.e. Ar+r, r+rR, = AR r, is diagonalized by U':
(UAU )y = A(k) Spxr- A quantity Ag g/ which is invariant under superlattice translations
ﬁo as well as under cluster translations 7 (i.e., which is cyclic on the cluster), é RiRoR+Ro =
ARiro R+r, = AR r, s diagonalized by VW: (WTVTAVW)E&E,Z;, = Ak, G)0;, 70G &

4 Single-electron Green function

DMEFT and its cluster extensions are theories based on the single-particle Green function G g g/ (w)
which, at 7' = 0, for complex w # R (and using units with & = 1) is defined as

0> + <O O> . (16)
t

Here, cp , is the creation operator of an electron with spin projection o =T, | at lattice site R,

T 1

T
Cp  —————=C
R0 EO H R,o

C ———= Cp
R7JW+EQ—H R/ ,o

Gra(w) = <0

and cg,, is the corresponding annihilator. |0) is the ground state of the Hamiltonian H, and E|
is the ground-state energy. Note that 1/(...) stands for the operator inverse. We assume that H
is spin-independent, such that the Green function is diagonal in the spin-projection indices and
spin-independent. Furthermore, [ shall be invariant under lattice translations, cr , — Cr+Ry.o

and C}z - c; \Ro.o- Then, the Green function is invariant under lattice translations as well,

GRiRoR+R (W) = GrRr (). (17)

This implies that the matrix G(w) with elements G g g/ (w) is diagonalized by the lattice Fourier
transformation
(UTG(w) U = G(k,w) S - (18)

From the retarded Green function GV (w) = lim,~ o G(w + in) = G(w +i0T) withw € R
we obtain the spectral density

1
A(k,w) = ——ImG(k,w +i0"). (19)
T

This is a central observable which is related, for w < 0, to the k-resolved (angle-resolved)
photoemission spectrum (PES), and, for w > 0, to the inverse photoemission spectrum (inverse
photoemission, IPE). PES and IPE probe the occupied and the unoccupied part of the electronic
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structure in the vicinity of the Fermi energy (w = 0), respectively. With the help of the Dirac
identity, lim,\ o 1/(x + in) = P(1/z) — iwd(zx), we also have the expression

Anre (@) = (0|chy g 0w — By + H) e, |0) + (0]cp, 8w+ Bo — H) ko[ 0)  20)
for real w, and
o0 A , /
Grp(w) = / do “REE2 (“f ) 2D
. w—w

The simplest case is that of a noninteracting tight-binding model with Hamiltonian

Ho = Z tRR’ CTRO'CRIO" (22)
RR'c

Expressing the J-function in Eq. (20) as d(w) = (27)~! [ dt e=™*, using the Baker-Campbell-
Hausdorff formula, e Ae= = ¢~15 A for operators A, B and Ly A = [A, B], and the elemen-
tary commutator [cr,, Ho| = Y p tr.r CR/0» We find

Aw)=90(w-—-1), Alk,w)=10dw-—ek)), (23)

where €(k) are the eigenvalues of the hopping matrix t, i.e., the tight-binding dispersion. Here,
we discuss the case of electrons on a two-dimensional square lattice with hopping between
nearest neighbors only, i.e., tg g = —t if R, R' are nearest-neighbor sites. ¢t = 1 fixes
the energy scale. The dispersion is obtained by lattice Fourier transformation, ¢(k) dgpr =
(UTtU ) g, with

e(k) = —2t(cos k, + cosky). (24)

With this we obtain the noninteracting spectral density as displayed in Fig. 3 (left). A(k,w)
has exactly one d-singularity for each k in the reciprocal unit cell, e.g., in the first Brillouin
zone. There is a well-defined Fermi surface, given by all k-points in the BZ with vanishing
excitation energy: w = €(k) = 0. The band is half-filled. Different band fillings are obtained
by introducing a chemical potential 1 # 0 via the substitution Hy — Hy — uN, where N is the
particle-number operator.

The interacting spectral density Fig. 3 (right) looks quite different. The example shows A(k, w)
for the same tight-binding model but with an additional on-site Coulomb interaction

U
Hy = ; NReNR-—o (25)

of strength U, where ng, = CLJCRJ is the occupation-number operator. H = Hy + H; is
the famous Hubbard model [18-20] which frequently serves as a prototype for method devel-
opments. The computation of the spectral density in the interacting cases is, of course, by no
means trivial. The example shown here displays quantum Monte-Carlo data for the Hubbard
model on L = L, x L, = 64 sites from a study performed about 20 years ago [21]. Since then
we have seen various improvements of the QMC method but the infamous sign problem, which
prevents an efficient simulation of the model off half-filling, for example, is still unsolved in
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Fig. 3: Spectral function A(k,w) for the two-dimensional Hubbard model at half-filling along
high-symmetry paths in the first Brillouin zone. I' = (0,0), X = (7,0), M = (mw, 7). The
nearest-neighbor hopping is set tot = 1. Left: Result for U = 0. Here, A(k,w) = 6(w —e€(k)),
where €(k) is the tight-binding dispersion. Right: Quantum Monte-Carlo result for U = 8.
Figure adapted from Refs. [21,22].

general. At half-filling, however, the lattice QMC approach is very powerful. This is obvious
when comparing to exact diagonalization (ED) techniques, for example, which suffer from the
exponentially growing Hilbert-space with increasing system size. The enormous size of the
Hilbert space dimension for L. = 64 is way beyond what can be accessed by ED.

5 Local and nonlocal correlations

The results displayed in Fig. 3 have been computed for the Hubbard model at U = 8§, i.e.,
U = W, where W is the width of the noninteracting band, and ;1 = U/2, which enforces half-
filling, and a high inverse temperature 3 = 10. The example is very instructive as it embodies a
couple of famous many-body effects: First of all, it is obvious that the single-electron excitations
are gapped in the interacting case; there is no finite spectral weight in the vicinity of w = 0 and
thus no Fermi surface. This is a nice demonstration of Mott-insulating behavior, i.e., the system
is an interaction-driven insulator. The standard explanation is that, for strong U, each site of the
lattice is almost perfectly occupied by exactly one electron as the gain in kinetic energy ~ ¢ due
to delocalization of the electrons in the ground state is much smaller than the energy penalty
~ U that would have to be paid when double occupancies were created. An excitation of the
ground state carrying charge must therefore bridge a large gap of the order of U. This explains
the insulating character of the system.

Second, while there are well-defined and dispersing single-electron excitations visible, these
are not o-function-like but smeared out in energy to some degree. The intrinsic broadening of
the excitations is in fact due to their decay as mediated by the interaction. This lifetime effect is
clearly beyond the simple bandstructure picture. Quite generally, there are typically large ranges
in the (k, w)-plane, where the spectral weight is finite but where there are no well-defined peaks.
This “incoherent background” must be seen as the result of complicated decay products. The
initial excitation of the system affects a single electron only. The remaining final state 022710},
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Fig. 4: Schematic representation of the high-energy single-electron excitations of the half-filled
Hubbard model for strong U. The lower Hubbard band results from w < 0 (photoemission,
PES) excitations leaving a hole in the final state which propagates through the lattice. The
upper Hubbard band results from w > 0 (inverse photoemission, IPE) excitations leaving a
propagating double occupancy in the final state.

however, is not an eigenstate. It may decay in a high-order process, involving high powers
of Hy and H,, into states with many low-energy excitations of many electrons. The phase
space for such complex decay processes is not very much restricted by energy and momentum
conservation, it is huge, and thus one would expect a broad and featureless continuum.

Third, there are still some well-defined structures with high spectral weight. For example, there
are two “bands” with high spectral weight, one around /' at negative frequencies w ~ —6
(PES) and another one around the M points at positive frequencies w ~ —6 (IPE), rather
than a single band as in the U = 0 limit. These are the so-called lower (LHB) and upper
Hubbard bands (UHB), see Fig. 4. They are related to each other via the general constraint
A(k,w) = A(k+ Q, —w) with Q = (m, m), which results from particle-hole symmetry present
at half-filling and a bipartite lattice with nearest-neighbor hopping. Note that the bandstructure
paradigm cannot explain those “bands”: Irrespective of the form of Hj, there is exactly one (-
like) peak per k-point on the w axis. One therefore speaks about correlation-induced satellites.
Physically, the lower Hubbard band results from the propagation of the hole in the final state of
the electron-removal (photoemission) process. In the U — oo limit we expect that the final-state
hole propagates almost freely through the lattice, such that a dispersive structure with spectral
width of Wiyp = 8 1s generated. An analogous explanation holds for the upper Hubbard band
seen in IPE. Here, the electron-addition (inverse photoemission) process produces an itinerant
doubly occupied site in the final state resulting in a dispersive excitation with Wypg = 8 for
strong U. The excitation energies can be read off from Eq. (20) (however, one has to include
the p-shift in addition): The lower Hubbard band is centered around w = Egy— E,, —u ~ —pu =
—U/2 while the upper Hubbard band lies at w = FE,, — Ey — p =~ U — u = +U/2, such that
their energy difference, the Hubbard gap, is given by Aygp_rgp ~ U for U — oo. Apart
from their dispersion, the existence of the Hubbard bands is due to a local effect, namely due
to the local charge correlation at the site where the (inverse) photoemission process takes place.
Hubbard bands are said to be an effect of local correlations.

Besides the Hubbard bands at high excitation energies, there are rather well-defined low-energy
structures in the spectrum at w ~ +3. These result from nonlocal correlations, in particular
from nonlocal antiferromagnetic correlations, as is explained by the superexchange mechanism,
see Fig. 5: Recall that for strong U, the occupancy of each site is almost unity in the ground
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Fig. 5: Superexchange mechanism in the Hubbard model at half-filling and for strong U. See
text for explanation.

state of the system. If the occupancy was perfectly unity, the ground state would have a macro-
scopic 2--fold degeneracy as each localized electron corresponds to a local spin-1/2. The true
ground state, however, has a small but important admixture of configurations with somewhat
delocalized electrons. These result from the fact that the ground-state energy can be lowered
by a second-order hopping process gaining delocalization energy, while a double occupancy is
merely created virtually. Due to the Pauli principle, however, such superexchange processes
are only possible, if neighboring spins align antiferromagnetically. Hence, the ground state is a
nondegenerate singlet in which neighboring local spins

1
Sp = 3 Z cka Too! CRyr (26)

oo’

(T = (04,0y,0,) is the vector of Pauli matrices) are antiferromagnetically correlated. In fact,
using strong-coupling perturbation theory at second order in ¢ /U, one can map the low-energy
sector of the Hubbard model onto the spin-1/2 Heisenberg model with antiferromagnetic ex-
change interaction J = 4t? /U [23]. Hence, the low-energy excitations of the Hubbard model
are nonlocal spin excitations with a band width of about 2.J (with 2J = 1 at U = 8). These spin
excitations couple to the single-electron excitations, they “dress” the moving hole (PES) or the
moving doublon (IPE), i.e., the hole / doublon constantly emits and reabsorbs spin excitations
during its motion through the antiferromagnetic spin structure. This gives rise to a renormaliza-
tion of the Hubbard “bands” but also to novel structures in A(k,w) at low frequencies (here, at
intermediate U, at w ~ +3) which must be seen as fingerprints of nonlocal antiferromagnetic
correlations.

Much higher resolution would be necessary to get still deeper insight into the physics of the
model. Resolution is limited, however, by various factors: (i) The finite lattice size leads to an
artificial discretization of k-space. With L = 64, as in the present example, the spacing between
k-points along I'-X, i.e., along the k,-line in the BZ (—7 < k, < m) is Ak, = 27/8; there
are 4 k-points only between /" and X. (ii) The QMC calculations must be run at finite temper-
atures. Here, the inverse temperature is § = 10 which already has some unwanted impact, such
as thermal broadening and thermally induced decay of correlations. (iii) For technical reasons,
QMC is implemented on the imaginary time (7) axis. Data obtained for A(k,7) must be ex-
trapolated, using the maximum-entropy method, for instance, to the real-frequency axis. This
produces an additional unwanted broadening of spectral structures.
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6 Cluster perturbation theory

Roughly, DMFT treats local correlations correctly but is not able to account for the effects of
nonlocal correlations. The importance of the latter is a strong motivation to construct cluster
extensions of the DMFT. To develop the main ideas and to get first insights, we will start with a
much simpler approach, namely with the cluster perturbation theory (CPT) [24,25].

Consider again the simple noninteracting tight-binding model H, as given by Eq. (22). The
left diagram in Fig. 6 represents H, for the two-dimensional case and for hopping between
nearest neighbors only. Next, we consider a model which is obtained from H, by grouping the
L sites of the lattice into L/ L. identical clusters consisting of L. sites each and by neglecting
the hopping between the clusters, see Fig. 6 (middle). The corresponding Hamiltonian is

Z tRl R, CRlacRQU (27)
RiRs0

This system is called the reference system opposed to the original system with Hamiltonian H,,.
If t with elements t g, g, is the hopping matrix of the original system, and ¢’ the hopping matrix

of the reference system, then
V=t—t (28)

is the neglected inter-cluster hopping, see Fig. 6, right. Obviously, the translation symmetry
group of H|, is described by a superlattice.
The Green function of the model H is

Go(w) = %ﬂ_t | (29)
Here, we have explicitly introduced the chemical potential ;o (which is not important here but
will be used later). Furthermore, we again employ a matrix notation and write w rather than w1
for short etc. Note that (---)~' and 1/(- - - ) mean matrix inversion.

The reference system’s Green function is

1
G| = —. 30
o(w) otpu—t (30)
In this case the matrix inverse is in a way simpler to compute since the hopping matrix ¢’ has
a block structure as it does not connect sites in different clusters. Therefore, the following
question comes up: Having the Green function of the reference system at hand, how can we
get the Green function of the original model H,? With some algebra, one easily derives the

equation

Go(w) = Gj(w) + Gy(w) V Go(w), (31)

which is solved by

1

We see that using Green functions it is formally rather easy to couple a system of isolated

Go(w) = (32)

clusters. For the noninteracting system this is not of much importance. In particular, in Eq. (32)
the block structure is lost when adding —V to Gi(w) ™!
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Fig. 6: Left: Graphical representation of a tight-binding model with hopping between nearest
neighbors on a square lattice. Hopping matrix t. Middle: The same model but with vanishing
hopping between identical clusters consisting of L. = 16 sites each. Hopping matrix t'. Right:
The neglected inter-cluster hopping V. Taken from Ref. [26].

However, we are actually interested in interacting systems. Let us, therefore, take the Hub-
bard model as our original system H = H, + H; with the interaction term given by Eq. (25).
The reference model shall again be defined by switching off the inter-cluster hopping V. Its
Hamiltonian is H" = H,(t') + H;. Note that since H; consists of completely local terms, the
reference system consists of a set of interacting but decoupled clusters. Therefore, it is com-
paratively easy to solve the problem exactly (by numerical means if necessary), while for the
original lattice model this is a hard problem. Of course, there is no simple relation between the
Green functions of the original and of the reference system like Eq. (31). Nevertheless, it is
very tempting to assume that G (w) satisfies

Gw)=Gw)+Gw)VGw), (33)

where both G and G’ are interacting Green functions. This equation constitutes the cluster
perturbation theory [24,25]. The CPT provides an approximate expression for G which is easy
to compute (numerically) if L. is not too large.

There is an independent and equivalent way to motivate the CPT: It starts from the Dyson
equation for the reference system

G'(w) = Gy(w) + Gy(w) ¥'(w) G'(w), (34)

which may be solved for the self-energy, i.e., X'(w) = Gj(w)™' — G'(w)~!. Assuming that
X (w) is a good approximation for the self-energy of the original system,

X(w) & X'(w), (35
and inserting into the Dyson equation of the original system,
G(w) = Go(w) + Go(w) X(w) G(w), (36)

immediately yields the CPT equation (33) when using Eqgs. (29) and (30).
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Fig. 7: The same as in Fig. 3 for U = 8 but results are obtained with the CPT using L. = 10-site
clusters. See inset for cluster geometry. Figure adapted from Ref. [22].

The idea to approximate the self-energy by the self-energy of the reference system is moti-
vated by the fact that the self-energy of the Hubbard model or, more generally, of models with
local interactions, is a quantity that is “more local” than the Green function. In the limit of
a high-dimensional hypercubic lattice with nearest-neighbor hopping tgr = const/D'/2, for
example, the nearest-neighbor elements of the self-energy scale as X rr/(w) ~ 1/D3? while
G Rrrio(w) ~ 1/D'/? [4]. While the CPT is a systematic approximation, which is controlled by
the size of the clusters in the reference system and which trivially becomes exact in the infinite-
cluster limit L. — oo, it must be seen as a comparatively crude approximation for typical cluster
sizes used in practice, see Ref. [27] and references therein, for instance. For cluster size L, = 1
it reduces to the simple Hubbard-I approximation. Still, the CPT can provide us with a rather
good first idea about the Green function and the spectral density. This is demonstrated with Fig.
7 which shows the spectral density of the Hubbard model, as in Fig. 3, but obtained by CPT for
clusters with L. = 10 sites. The cluster geometry is shown in the inset. One can easily see that
this can be used for a tiling of the two-dimensional square lattice. As a rule of thumb, compact
but asymmetric cluster shapes are preferable. Indeed, the CPT result quite nicely reproduces
the results of the much more elaborate QMC approach.

7 Periodization schemes

There is an obvious problem, which is actually shared by any cluster approach that is formu-
lated in real space. Namely, as the reference system is given by a set of decoupled clusters,
the approximate self-energy does not preserve the translational symmetries of the original lat-
tice. The CPT Green function Gg,r (W) = Ggg ., (w) is merely invariant under superlattice
translations R — R + AR. (Note that we use a notation with the spin-projection index o
suppressed). This means G zg .. (W) = Gg, AR &1 ARy (W) Hence, Fourier transformation
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V, see Eq. (12), diagonalizes G with respect to the superlattice indices
L Z RR’ rr! (W )VR/,Ef = Gpr(k,w) 5%?& (37)
RR'

with

~ 1
Grre (e, 0) = (w - (k) — Z(w))rr, ' %)

Here, the V-Fourier transform t(%) of the hopping matrix (g, .., is an L. X L. matrix with
elements .,/ (E) for each wave vector k in the reciprocal supercell. The self-energy is “cluster-
local”, i.e., it is diagonal in the superlattice indices ﬁ, R, and thus, after V-Fourier transfor-
mation, is independent of k. The “cluster-local” elements of G with R = R’ are obtained

by
ooy _ Le L . 39
rr (W) I ~Z (w—l—,u—t(k) _ 2(&)) - ( )

keRSC

From the fully local elements GS},‘?") (w) we then get the local interacting density of states
(LDOS) at asite R = (R, ) as

Ap(w) = —%Im G (0 + 107). (40)

One would expect that the LDOS exhibits the same (translational) symmetries as the Hamil-
tonian of the original system and of the original lattice: Ag(w) = A(w). Within the CPT,
however, there is an artificial dependence of the LDOS on 7.

A modified cluster-perturbation theory, constructed in the same way as the standard CPT but
considering periodic boundary conditions for each of the individual clusters, has been suggested
by Zacher et al. [28]. It has been recognized [29], however, that this gives less convincing
results in practice. The modified CPT makes the Green function invariant under translations
within each cluster. However, since U # VW, there is also no improvement on the formal
level.

One could also try to transform the original model and the reference system as well to reciprocal
space. This straightforward idea means to express H and H' in terms of annihilators ¢, rather
than cr and analogously for the creators and to employ the CPT decoupling thereafter. Clearly,
H' will exhibit the full translational symmetry. However, the idea will not work for models with
local interactions, such as the Hubbard model. A local interaction in real space transforms into
a delocalized one in k-space where the interaction parameters Uy g basically couple any k
point to any other.

With respect to the local spectral density (40), a pragmatic way out would be to average over
the cluster sites

Alw) = LLZ (o (@ ZAR (41)
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One thus distinguishes between the CPT spectral density on the one hand and the translationally
invariant (“physical”) spectral density on the other. Generally, a periodization operator T can
be defined which, for example, enforces a translationally invariant Green function: G(w) —
T[G](w). A possible construction of T is to start with a U-Fourier transform of the CPT
Green function from R-space to k-space. As the Green function does not fully respect the
translation symmetries, this transformation does not fully diagonalize the Green function, and
we get G (w) with nonzero elements for k # k'. Periodization is then achieved by replacing
Grr (W) — Gre(w) gy = ﬂG] gk’ (w). This provides us with a translationally invariant
(physical) Green function fIA“[G] (w). In real space, this periodization reads

~

1
T[G] RR — E Z 5R—R’,R”—R’” GR”R’” . (42)
RI'R"

For R = R/, in particular, we have

T|G)rr(w S rr g G o g (W G 1S 43
|Grr(w) RZR;W R'R"UGR'R Z rr(W LCXT: (w), (43)
consistent with Eq. (41). This periodization is actually a standard procedure and has also been
used to produce the results displayed in Fig. 7. In addition a smoothening of the spectrum has
been employed by replacing the positive infinitesimal 0™ with a small but finite value n > 0 in
Eq. (19). This is necessary since the Green function of the reference system and thus the CPT
self-energy consists of a finite number of poles only such that, even after periodization Eq. (41),
the LDOS is composed of a finite number of J-peaks only.

A different periodization scheme is given by periodizing the CPT self-energy,

(W) - T[X)(w). (44)

Concretely, with X'z ) g 1 (W) = Xy (w) O g, We have

T[E](Rr)( /) Z 6R+r R~ gt — ///E',-”’:,«W(CU) . (45)

C
1.// T.lll

This produces a self-energy which fully respects the translational symmetries and thus, via Eq.
(36), a fully translationally invariant Green function. Both periodization schemes share the
same ad hoc character. The periodization of the self-energy appears a bit more artificial, as the
necessary ad hoc approximation is performed at an earlier stage of the theory rather than at the
very end.

Note that any periodization scheme can also be used to restore point-group symmetries of the
original lattices which are usually violated by the plain CPT as well. Fig. 8 gives some examples
for various cluster sizes. In most cases, and already for L. = 2, the reference system has a lower
point-group symmetry. The periodization operator, Eq. (42), can be seen as an average over all
possible translations. In basically the same way, by properly generalizing the operator T, one
can restore not only the translational but also the discrete rotational and reflection symmetries.
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L=4

Lc:1 0 | |

Fig. 8: Different tilings of the square lattice into clusters with L. sites each. See text for
discussion.

A completely different idea to generate a CPT-based approximation respecting the discrete sym-
metries is the “periodic CPT” which has been suggested by Tran Minh-Tien [30] and which is
inspired by the dynamical cluster approximation (DCA) discussed below. Here, one modifies
the hopping matrix of the original system, t — t, rather than the hopping of reference sys-
tem t'. The latter is still taken as a system consisting of identical isolated clusters but with
periodic boundary conditions for each individual cluster. For a one-dimensional system, Fig.
9 illustrates the hopping matrix of the original system (a) and of the reference system (b).
The symmetries of the latter are given by (i) the intra-cluster translations r and by (ii) the
superlattice translations R. Now, the construction of ¢ is such that it exhibits the same transla-
tional symmetries. Consider a cluster translation (R, r) — (R, 7 4+ Ar) with Ar connecting
nearest neighbors in a cluster (with periodic boundary conditions on the cluster). The cor-
responding transformation of the hopping amplitudes of the reference system is a symmetry:
Ve ™ Vi dr B var = L
inal system as well, some hopping amplitudes must be added. Panel (c) of the figure gives

= To make it a symmetry of the hopping of the orig-
an example for a specific nearest-neighbor cluster translation which is equivalent with a cyclic
permutation of the sites within each cluster. The upper part shows the hopping amplitudes
present in ¢, while the lower one shows those that are generated by the translation. The hopping
amplitudes generated by all cluster translations are included in the new hopping matrix ¢, see
panel (d).
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Fig. 9: Construction of the modified original system H for a one-dimensional lattice. a) Orig-
inal system H, black lines: nearest-neighbor hopping —t, on-site Hubbard interaction U, unit
cell C. b) Reference system H': superlattice (basis) vector R, cluster vector r, supercell SC
with L. = 3 (cf. Fig. 2). c) A cyclic permutation of the sites within each cluster is a symmetry
of H'. Black lines in the upper panel: nearest-neighbor hopping parameters related to a given
cluster. Lower panel: resulting hopping parameters after the transformation. d) Hopping pa-
rameters of the Hamiltonian H, which is invariant (i) under all intra-cluster translations and
(ii) under all superlattice translations.

Note that for L. — oo the inclusion of the additional hopping amplitudes becomes irrelevant.
Hence, the replacement ¢ + ¢t is controlled by L., i.e., it becomes exact, up to irrelevant
boundary terms, in the infinite-cluster limit. The explicit construction of ¢ is the following

t= (VW)U tUVW)'. (46)

Let us stress once more, that VW = U for clusters of finite size L.. The first transformation
U'tU diagonalizes the hopping matrix ¢, and the dlagonal elements are given by (k) = 5(@ +
k:) with a uniquely defined reciprocal superlattice vector Ganda uniquely defined wave vector
k € RSC. Double back transformation using V' and W then yields:

_ 1 S Lo~ i fn o~ =
b =tpppy =72 @00 ) Mk G). @7
G k

Obviously, £ is invariant under both, superlattice translations as well as cluster translations.
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Applying CPT to the original system Fig. 9(d) using the reference system Fig. 9(b) yields

1
S wtp—t+ YW

G(w) (48)
As the self-energy is taken from the reference system, it is diagonal with respect to superlattice
translations R and is R-independent. Since the original as well as the reference system share
the same symmetries both, X(w) and ¢ are diagonalized by VW

~ =~ 1

G+ G,w) = . —
wH+p—ek+G)+ Y(G,w)

(49)

Note that we have replaced the diagonal elements Z(k;, é) of (VW)1t(VW) by the diagonal
elements 5(E—|—C~¥) of UTtU, which becomes correct for L, — oo as discussed above. Likewise,
again using the unique decomposition k = k + G, we interpret G(k + G, w) = G(k, G, w) as
G(k,w), i.e., as the diagonal elements of UTG(w)U. In this way we have achieved our goal,
and we get a CPT Green function respecting the full translational symmetries of the original
lattice. Obviously, the periodized CPT (P-CPT) employs an implicit periodization scheme,
which is approximate for any finite L. but becomes exact, as the CPT approximation itself, in the
L. — oo limit. We note that for finite L., the k-dependence of the self-energy is discontinuous:
Y(k + G) = ¥(G) is k-independent, i.c., within each of the L, “patches” RSC of the full
reciprocal unit cell RC of the original lattice, the self-energy is constant, while it jumps when
crossing the boundaries between the patches. This unphysical feature of the P-CPT must be
tolerated.

8 Self-consistent cluster-embedding approaches

A big disadvantage of the CPT and related cluster approximations is the lacking self-consistency.
Let us recall that a generic mean-field theory not only takes a local perspective and focusses on
a single site or on a small cluster cut out of an infinite lattice but also aims at a proper embed-
ding of the site or the cluster in a mean field. The purpose of this mean field is to approximately
account for the neglected environment of the cluster. The mean-field feeds back to the cluster
problem but beyond that the quality of the mean-field theory improves considerably when the
cluster observables feed back to the mean field as well, i.e., when cluster observables and mean
field are determined self-consistently.

Table 2 gives an overview of various cluster approximations without (first column) and with
self-consistent cluster embedding. Taking the self-energy of a single Hubbard site (L. = 1),

U2 (nr_o)(1 = (nr0))
ot u—U— (nr_y)

as an approximation to compute the Green function for the Hubbard model is the essence of the

Yrro(Ww) =0rr U(ng—0) + OrR (50)

Hubbard-I approximation. (Let us note that, in a strict sense, the Hubbard-I approximation does
include some self-consistency and thus does not perfectly fit to the classification, see Ref. [18]).
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impurity / cluster approaches | with self-consistent embedding |
Hubbard-I approach [18] DMEFT [1,4]
CPT [24.25] | cellular DMFT (C-DMFT) | [9, 8]
simplified PC-DMFT periodized C-DMFT [31]
periodic CPT [30] DCA [7]

Table 2: Different cluster approximations. See text for discussion.

The DMFT is a single-site mean-field theory as well (L, = 1) but with a self-consistent em-
bedding of the site. It is important to realize that this is a dramatic improvement. Even though
the DMFT self-energy is local, Xgr/,(w) = 0rr' X'r(w), it has a realistic w dependence with
the typical branch cuts on the real axis rather than the simplistic single-pole structure of the
Hubbard-I self-energy. The self-consistent DMFT embedding scheme is constructed such that
one even recovers the exact solution of the Hubbard model in the limit, where the self-energy is
local in fact [32], namely in the limit of infinite spatial dimensions [1].

Let us briefly recall the main idea for the Hubbard model as the original lattice model. To
construct the single-site DMFT, we assume that the self-energy be local. In addition, a homo-
geneous (and nonmagnetic) phase is anticipated such that Y gr/,(w) = dgr X'(w). We note in
passing that this condition can be relaxed; this leads to real-space DMFT [33]. The most gen-
eral reference system with a local self-energy and arbitrary w-dependence is given by a single
interacting (“impurity”) site with U # 0 hybridizing with a continuum of noninteracting bath
degrees of freedom, i.e., by the single-impurity Anderson model

U
H — ; Eimp cle, + B ; Nimp,o Mimp,—o + kz €k a,TwakU + kz <Vk cgaka + H.c.) . (81
The local Green function on the impurity site is

. 1
(imp) _
GHPw) = W = Eimp — Alw) — X'(w) (52)

The bath parameters, namely the hybridization strengths Vj, and the on-site energies ¢, enter
the formalism via the hybridization function only:

2
Aw) =Y — (53)

- Wt p—ep

We will use the self-energy of the reference system as an approximation for the lattice model,
Y(w) = X'(w). Obviously, a condition is needed to fix the hybridization function and therewith
the parameters of the reference system. This self-consistency condition is obtained from the
observation that the skeleton-diagram expansion leads to a functional relation between the self-
energy and the Green function, X' = i’[G], that is independent from the relation provided by
the Dyson equation, see Fig. 10. On the single-site mean-field level or, equivalently, in the
limit of infinite spatial dimensions, this functional is local, i.c., X(w) = X[G(9](w) where
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Fig. 10: Diagrammatic representation of the Dyson equation, G(w) = Gp(w) +
Go(w) X (w) G(w) (top). Representation of the skeleton-diagram expansion of the self-energy,
XY (w) = X[G](w) (bottom).

G°9)(w) = Grr(w) is the local (on-site) element of the Green function. Hence, the functional
relation XJ[..] is exactly the same as that of the reference system: X’(w) = Y[GE™P)](w). With
Y(w) = X’'(w) this implies that

G (w) = G1(w), (54)

which is the famous self-consistency condition of DMFT.

The step from single-site DMFT to cellular DMFT is conceptually simple and corresponds to
the step from the Hubbard-I approach to the CPT (see Tab. 2). One merely has to treat a finite
Hubbard cluster with L, > 1 sites as a “super site”” and adopt the same strategy. The actual work
to be done consists in the numerical computation of the self-energy X, (w) of the Anderson
“cluster” model

Z Ly crgcr " + — Z Npg Ny —o + Z Erk arka rko + Z ( "'C" Urko + H.C'> ’ (53)

rric rko
which is a small Hubbard model of L. correlated sites, where each correlated site r hybridizes
with an infinite number (k = 1, ..., 00) of bath sites. The L. x L. self-energy matrix is taken
to approximate the “cluster local” self-energy of the Hubbard model, X'z5 . (w) = X7 (w).
With this at hand, one can compute the “cluster-local” elements of the Green function of the
original model using the Dyson equation, cf. Eq. (39),

L, 1

keRSC w+ i —t(k)

and therewith the cluster Green function of the reference system via the C-DMFT self-consis-
tency equation G\ () = G (). Using the cluster analog of Eq. (52), where G(mP) (w)
is replaced by the LC x L. matrix G(1%0) (1)), 3’ (w) by the matrix X' (w), &imp by the L, x L,
intra-cluster hopping matrix ¢ = ¢, and A(w) by the diagonal matrix A(w), the diagonal
elements of the latter are found as
1% _1
Ap(w) = Tk =ty — D (w) — (Gt w) . 57

“ %:WML—M g (@) = ( Jor@)- 6D
The parameters of the reference system (55) are obtained as the poles and the weights of A,.(w),
such that an updated cluster self-energy can be computed. This self-consistency cycle must be
iterated until convergence is achieved.
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The C-DMFT does not respect the translational symmetries of the underlying lattice. One way
to restore the correct symmetry is the so-called periodized C-DMFT (PC-DMFT) [31], see
third row in Tab. 2. Here, one employs the periodization operator T to get a translationally
invariant self-energy. The local Green function can thus be computed by U-Fourier transform
and summation of k. This yields the following PC-DMFT self-consistency equation:

cik(r—r")

. 1
Gl () = GY(w) = - - . (58)
L= w+p—elk)—TX|(k,w)

The main difference as compared to the C-DMFT, Eq. (56), is that the periodized self-energy is
used at each step in the self-consistency cycle.

For the dynamical cluster approximation (DCA, fourth row in Tab. 2), one must replace the
original hopping ¢ by ¢ only [31]. Both, ¢ and £, are invariant under superlattice translations. So

we can compare t,,/ (k) = (VtV),,.(k) with £,,.(k) = (VtV),,.(k). One easily finds that
these are equal up to a phase factor

1 - ’ =~ ~
L (k) = L—ZelG<r—r>g(k+G)
e

_ & efiE(ﬁJrrfﬁ/fr’) = _
- R+r,R +7r'
L —
RR/

—  otk(r—r) by (k) . (59)

This is very easily implemented numerically. The DCA self-consistency condition reads

L 1
G(cl}ster) w) = G(IO/C) w) = =< — . (60)
w0 =GO =T X e T T )

kerSC

The decisive difference as compared to the C-DMFT is that £ is also invariant under cyclic
cluster translations, as it is the case for ¢'. Hence, all matrices are simultaneously diagonalized
by the cluster Fourier transformation W, and we get a scalar self-consistency equation

(cluster) / /¥ _ & 1

GG ) = L;WM—E(MEJ)—E(&@' D
Which of the three cluster approaches, the C-DMFT, the PC-DMFT, and the DCA is the best
one? This is a question that comes up immediately. An answer could be expected from a meta
theory unifying all cluster approaches in a common theoretical framework. The self-energy-
functional theory (SFT) [34,10,6] is in fact able to re-derive various approximations as station-
ary points of a general functional (2 ;[ Y] for a given original lattice model with parameters ¢
and U. A particular approximation is defined by the choice of a reference system, with possibly
different one-particle parameters ¢’ but the same interaction U. The reference system could be
a system of decoupled clusters, also including noninteracting bath degrees of freedom, and is
fixed by the structure of the ¢’ matrix. The self-energy of the reference system, Xy (w) is
considered as a trial self-energy which must be optimized via the stationarity condition
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O u[Zvu]/ot =0, (62)

1.e., the self-energy is optimized by varying the one-particle parameters of the reference system.
Taking the single-impurity Anderson model, Eq. (51), as a reference system, Eq. (62) recovers
the DMFT self-consistency condition. For an Anderson cluster model, Eq. (55), the C-DMFT
self-consistency condition is found. The DCA is obtained with the same reference system (with
periodic boundaries) but applied to a different original model with ¢ replaced by . Thereby, a
set of external parameters of the self-energy functional is changed, 2; y[X] — (2 ;[ X], such
that an unbiased comparison of the resulting optimal free energies is not possible. In case of
the PC-DMFT, the parameters ¢ and U remain unchanged, and the PC-DMFT self-consistency
equation is also re-derived with the same reference system. Unfortunately, the form of the
self-energy functional must be changed for this purpose, 2y [X] — Qt,U[f[EH, and this
means that a fair comparison is again not possible. One should note that the modification of the
parameters of the original system (DCA) or the modification of the functional form (PC-DMFT)
keep the systematic nature of the approach, i.e., they become irrelevant in the infinite-cluster
limit and must therefore be considered as formally well justified. The SFT does provide the
expected hierarchy among different approaches within each row of Tab. 2. E.g. the C-DMFT
must be seen as superior compared to the CPT. In between, we find the variational cluster
approach (VCA) which is defined by the same reference system as used for the CPT but with
variational optimization of the intra-cluster hopping and the one-particle energies. There is also
an interesting new approximation suggesting itself: Starting with the modified hopping ¢ and
the reference system in Fig. 9b, generates a simplified DCA without bath degrees of freedom.
This stands between the periodic CPT and the full DCA, see last row of Tab. 2.

Another criterion to decide between the different cluster approaches, could be their conver-
gence behavior for L, — oco. Consider first a local observable, such as the double occupancy
in the Hubbard model or the local density of states, at a central site in an isolated cluster with
L, sites. Since nonlocal elements of Green functions typically decay exponentially with in-
creasing distance, if the system is not at a critical point, one would expect an exponentially
fast convergence of the observable with L. — oo. This is the case for the C-DMFT, as the
bath only couples to the surface sites of the cluster (assuming hopping between nearest neigh-

bors only). The latter is easily seen by expanding both sides of the C-DMFT self-consistency
(cluster) (w> _ G(loc)

equation, G,.. (), and Eq. (57) in powers of 1/w keeping terms of the order
1/w?, which eventually implies V., # 0 for surface sites 7 only. Extended observables, €.g., the
k-dependent Green function or the free energy, converge to the exact results with corrections
~ 1/Ly, where L. = LP for a D-dimensional hypercubic cluster. This is obvious since only
2DLP~! surface sites contribute to the average hybridization function compared to the total
number of cluster sites Lf) . For the DCA, on the other hand, where all sites in the cluster are
coupled to the bath, convergence is faster with corrections ~ 1/L2. A detailed discussion can
be found in Ref. [5]. One should keep in mind, however, that with the cluster sizes that can be
treated in practical calculations one is typically far from the regime where this scaling behavior

can be seen.
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A further important issue to be discussed is the description of spontaneous breaking of trans-
lational symmetry, e.g., in antiferromagnetic phases, charge-density-wave states, stripe order
etc. Within the C-DMFT, if the cluster is large enough to contain the new unit cell, such phases
can be found easily as there is no assumption made on the translational symmetry of the clus-
ter self-energy. The DCA, on the other hand, does require translation symmetry on the cluster
when using the self-consistency equation (61) formulated in reciprocal space. Symmetry break-
ing must then be anticipated and, considering e.g. antiferromagnetic order, one must introduce
a reduced Brillouin zone and a constraint for the self-energy relating k and k + Qar, where
Q) Ar determines the type of antiferromagnetic ordering. The real-space formulation, Eq. (60)
is much more elegant, as translation symmetry in the cluster can be broken spontaneously and
arbitrarily, such that there is no need to anticipate a specific ordering pattern. In any case and for
both, C-DMFT and DCA, it is clear, however, that a selected cluster size and cluster shape will
necessarily bias to some degree the spatial modulation of the order parameter one is looking
for. Calculations with different cluster geometries and sizes are therefore necessary. This must
be seen as a big intrinsic disadvantage of the cluster approach. Finally, the description of the
broken translation symmetries in the PC-DMFT is much more complicated and is discussed in
Ref. [31], for example.

9 Discussion of selected results

One of the main topics of DMFT is the Mott metal-insulator transition in the Hubbard model [4].
For U = 0 the system is a noninteracting metallic Fermi gas while for strong U the zero-
temperature phase is a Mott insulator due to the high penalty for hopping processes producing
doubly occupied sites. As a function of U, the single-site DMFT predicts a continuous metal-
insulator transition at 7' = 0, see the 7' = 0 end of the dashed line in Fig. 11 (left) [35]. The
yellow area marks a coexistence regime, where the metallic and the insulating solution of the
DMEFT coexist. At finite temperatures, the free energy decides which one is stable, and the
transition becomes discontinuous with a jump of, e.g., the double occupancy at the critical in-
teraction U.(T"). The dashed line of first order transitions ends in a second-order critical end
point at Uyprp. At still higher temperatures there is a smooth crossover only, separating a bad-
metal from a bad-insulator regime. The phase diagram, calculated for the Hubbard model on
the square lattice, has the same structure as the corresponding phase diagram for the D = oo
hypercubic lattice. This unphysical essential independence of the results on the lattice dimen-
sion is characteristic for a mean-field approach. There is another serious problem. Namely,
there is a macroscopically high entropy of the 7' = 0 Mott-insulating ground state due to the
2L-fold degeneracy with respect to the orientation of the local magnetic moments. Within the
DMEFT, this degeneracy can only be lifted by long-range magnetic order, and in fact in the
true DMFT ground state the system is an antiferromagnetic insulator for strong U. As has
been discussed above (see Fig. 5), this is due to the superexchange mechanism favoring anti-
ferromagnetic alignment of neighboring moments. This Heisenberg-insulator state, however, is
suppressed in the DMFT calculation by enforcing spin symmetric solutions. The motivation is
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Fig. 11: Phase diagram of the paramagnetic Hubbard model at half-filling on the square lattice.
Left: single—site DMFT. nght C-DMF'Z: Lc =4, UT = (U — UMIT)/UMIT with UMIT = 9.35¢
(DMFT), Uyyr = 6.05t (C-DMFT). Reprinted figure with permission from [35]. Copyright
(2008) by the American Physical Society.

to uncover in this way the Mott transition in the paramagnetic state at temperatures below the
Néel temperature T (U). In the paramagnetic state and at finite temperatures, the large entropy
stabilizes the Mott insulator as compared to the metallic Fermi-liquid state.

The C-DMFT can cure this defect since it incorporates the feedback of short-range antiferro-
magnetic correlations, i.e., the spin degeneracy can be lifted by forming a nonlocal spin-singlet
state on neighboring sites within the reference system and thus corrects the cluster self-energy.
Fig. 11 (right) shows the phase diagram as obtained with a L. = 4-site (plaquette) calculation.
It turns out that salient features of the DMFT phase diagram are preserved. In particular, there
is again a coexistence of a metallic and an insulating phase in a certain U-1" range of the phase
diagram, and a first-order transition line separating the metallic Fermi liquid at weaker U from
the Mott insulator at stronger UU. On the other hand, there are a couple of differences: First
of all, the critical interaction is substantially reduced (see caption of Fig. 11). Second, the line
of first-order transitions remains first order down to 17" = 0, i.e., the T" = 0 Mott transition is
discontinuous rather than continuous as predicted by DMFT, see Ref. [36]. Most important,
however, as the insulating phase at low temperatures now has a very small entropy, a decreasing
temperature favors the insulator over the metal. At high temperatures, one expects and finds
the same trend of the crossover lines since here correlations are broken up thermally. At low 7',
however, the first-order transition line bends back, and U.(T") decreases with decreasing 7.
The importance of short-range antiferromagnetic correlations is also highlighted by the local
spectral function A(w) calculated within the DCA for L. = 4 shown in Fig. 12 [37]. Note
that A(w) (black solid line) is slightly asymmetric. This is a slight artifact of the maximum-
entropy method that must be employed to obtain real-frequency data from the Green function
given on the Matsubara frequencies on the imaginary-w axis, on which the numerical evaluation
of the theory must be implemented when using a quantum Monte-Carlo cluster solver. Still
there is a clear four-peak structure visible in A(w). This exactly in line with the lattice QMC
results shown in Fig. 3. Hence, one would expect that the low-excitation-energy peaks signal
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Fig. 12: Local density of states A(w) for the half-filled Hubbard model at U = 6t as obtained
by the DCA with L. = 4. Figure adapted from Ref. [37].

nonlocal antiferromagnetic correlations. This is corroborated by comparing with the spectral
density obtained by a static (Hartree-Fock) mean-field calculation for the symmetry-broken
antiferromagnetic state with the same gap (see dash-dotted line). The similarity to the DCA
results in the low-frequency range emphasizes the importance of nonlocal correlations again.
More than this, it also suggests that the gap is not necessarily a Mott-Hubbard gap but rather a
“Slater” gap. In the static mean-field Slater theory, long-range antiferromagnetic order implies
a doubling of the unit cell with a gap opening at the boundary of the reduced Brillouin zone.
The Mermin-Wagner theorem [17] actually excludes a spontaneous breaking of the SU(2) spin-
rotational symmetry at any finite temperature in two spatial dimensions. Hence, antiferromag-
netic order obtained in the static mean-field theory but also in the C-DMFT and DCA at low
but finite temperatures (if solutions are not enforced to be spin-symmetric) must be seen as
artifacts. However, this does not imply that the Slater mechanism for the gap opening is ir-
relevant. Namely, for small clusters, the antiferromagnetic correlation length well exceeds the
linear cluster extension at low 7'. It has, indeed, been suggested that the metal-insulator transi-
tion is in fact of the Slater type in D = 2 [37]. However, another important observation is that
the transition is orbital (or k) selective [35,36]. In the L. = 4 calculation, two of the orbitals
(m,0) and (0, 7) exhibit a Mott-like transition where the spectral gap is opened because the
self-energy X o)(w) develops a pole at w = 0 while the remaining orbitals (0,0) and (7, )
undergo a Slater-type transition. In a single-site mean-field theory, on the other hand, such
momentum-space differentiation is impossible.

More recent studies [38] using lattice QMC as well as the DI'A, a diagrammatic extension of
DMEFT [39], demonstrate that at low temperatures strong nonlocal antiferromagnetic correla-
tions are responsible for opening a gap even at arbitrarily weak U. The system evolves from
a Slater-like to a Heisenberg-like antiferromagnet at low but finite 7' but without explicitly
breaking the SU(2) symmetry. This implies that actually no metal-insulator transition can be
identified for D = 2 and that the system is a paramagnetic insulator for all U.
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Fig. 13: Superconducting (top) and antiferromagnetic order parameter (bottom) as a function
of the electron density n in the D = 2 Hubbard model at'T' = 0 and U = 8t. VCA results for
different clusters: 2 x 3-, 2 x 4- and 10-site clusters. Reprinted figure with permission from [40].
Copyright (2005) by the American Physical Society.

Let us finally discuss an application of a cluster approach to the ) = 2 Hubbard model which
focusses on unconventional d-wave superconductivity. At zero temperature, spontaneous sym-
metry breaking is no longer excluded by the Mermin-Wagner theorem. A single-site mean-field
theory, however, cannot treat symmetry-broken phases that are characterized by nonlocal or-
der parameters. Fig. 13 displays results obtained by means of the VCA [40] for the Hubbard
model on the D = 2 square lattice with nearest-neighbor (! = 1), next-nearest-neighbor di-
agonal (¢’ = —0.3) and third-neighbor hopping (t" = 0.2¢t) at U = 8t and 7" = 0. Within
the VCA, there is no bath continuum to be optimized but two symmetry-breaking Weiss fields
which couple to the reference system H’ of disconnected clusters. In particular,

Hyy = (=) (nay — nay) (63)

probes antiferromagnetic order and

Hpy =Y Aylenej, +He) (64)
)

d-wave superconductivity with A;; = D if sites 7, j are nearest neighbors along the x axis and
A;j = —D if sites 4, j are nearest neighbors along the y axis. The corresponding AF and SC
order parameters, Mar and Dgc can be obtained from the normal and from the anomalous el-
ements of the one-particle Green function in the Nambu formalism (see Ref. [40] for details)
and are plotted in Fig. 13 as function of the filling n. The figure demonstrates that antiferro-
magnetism persists up to about 6 = |1 — n| = 15% doping on the electron-doped side (n > 1)
and about 6% on the hole-doped side. Superconductivity coexists with antiferromagnetism, but
a pure SC phase is found as well, particularly at higher hole-doping levels. Unfortunately, there
are strong finite-size and cluster-geometry effects such that, even if these results are physically
very appealing and plausible, improved and more systematic cluster calculations are necessary
to prove that the D = 2 Hubbard model has a d-wave superconducting ground state.
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10 Conclusions and open problems

Dynamical mean-field theory is in many cases too strong an approximation for the description
of physical phenomena in low-dimensional lattice models. Conceptually, cluster extensions
of the DMFT are highly important as they are able to bridge the gap between the single-site
mean-field approach and the exact solution. In practice, however, it very much depends on the
capabilities of the “cluster solver” if the cluster size L. that can still be treated numerically is
sufficiently large. In almost all interesting cases, i.e., for not too high temperatures etc., the
accessible cluster sizes are unfortunately too small to allow for a systematic and reliable finite-
size scaling, and thus we have to await further progress in the development of solver techniques
(see Ref. [41], for example).

Still the cluster concept represents a big step forward. Its predictions can be checked system-
atically by comparing results for different cluster sizes, it provides complementary information
to plain finite-size simulations, and it does account for important physics that is not captured
by the single-site DMFT. In particular, by self-consistent mapping of the lattice problem onto a
cluster with L. > 1, it is possible to include the feedback of nonlocal two-particle correlations
on the one-particle quantities, such as the formation of nonlocal opposed to local spin singlets.
Nonlocal correlations on the length scale given by the linear extension of the cluster are treated
accurately, while longer-range correlations are captured on the static mean-field level only.
The application of a cluster approach is thus advisable whenever the physics is crucially af-
fected by nonlocal but short-range correlations. This is the case for the Mott transition in two
dimensions, for example [35,36,38]. To describe phases with spontaneously broken symmetries
that are characterized by a nonlocal order parameter, such as unconventional d-wave supercon-
ductivity, a cluster approach is even necessary.

The cluster extension of the DMFT is not unique. Among the various different approaches, the
cellular DMFT and the dynamical cluster approximation are the most popular. Both are clearly
superior as compared to the more simple cluster-perturbation theory. The variational cluster ap-
proximation stands in between and is attractive if an exact-diagonalization-based cluster solver
shall be employed. If an absent or mild the fermionic sign problem permits the use of a quantum
Monte-Carlo solver, the C-DMFT or DCA represent the methods of choice since the treatment
of the noninteracting bath degrees of freedom comes “for free” and even tend to attenuate the
sign problem. The periodized cellular approach is closely related but appears a bit inconvenient
when systems with broken translation symmetries shall be studied. As a rule of thumb, the
C-DMEFT is preferable if local quantities are addressed while observables extending over the
cluster size converge faster with increasing L. within the DCA.

One should also be aware about a couple of remaining problems. Common to all cluster tech-
niques is the problem that translation symmetries are broken artificially, as is most obvious in the
CPT and the C-DMFT. Additional periodization schemes must be employed which, however,
have some ad hoc character and do not remove a possible intrinsic bias of the approximation
when studying phase diagrams involving spontaneously broken translation symmetries. The
DCA involves a periodization scheme at a deeper level but is also not free of related artifacts
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such as the discontinuous k-dependence of the self-energy. A problem related to artificially
broken translation symmetries is given by lattice models with strongly reduced or even absent
translation symmetries, such as impurities in a correlated lattice, nanostructures at solid sur-
faces, etc. Opposed to the real-space DMFT for inhomogeneous systems, there is no straight-
forward inhomogeneous cluster approach. Another problem, already present on the single-site
mean-field level, is the proper treatment of models with nonlocal or even long-ranged inter-
actions. Here, the cluster concept would allow for an explicit consideration of short-range
nonlocal interactions on the scale of the cluster while an additional static mean-field decoupling
was required for interaction terms across the cluster boundaries. There are, however, other and
probably superior ways to tackle this problem, such as extended DMFT [42] or the dual-boson
method [43].

Diagrammatic routes to treat nonlocal correlations beyond dynamical mean-field theory [39]
represent a very promising alternative to cluster approaches. Here, the idea is compute cor-
rections to the DMFT self-energy through additional Feynman diagrams and to start from a
local approximation for the two-particle vertex instead of the bare Coulomb interaction as a
building block. One of the big advantages is that nonlocal correlations can be accounted for
without breaking translational symmetries. Compared to cluster extensions of DMFT, however,
diagrammatic routes appear less systematic in approaching the full solution of correlated lattice
fermion models.
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1 Introduction

The last twenty years have witnessed extraordinary progress in the theoretical description and
modeling of so-called strongly correlated materials. In these realistic condensed matter systems,
the screening of the Coulomb interaction between electrons is too weak to rely on effective
single-particle approaches. The electron-electron interaction becomes a natural competitor of
the basic hopping processes, thus intriguing electronic many-body instabilities characterized by
different degrees of itinerancy and localization occur.

The combination of density-functional theory (DFT) with dynamical mean-field theory (DMFT)
emerged as a major approach to tackle the challenges of strongly correlated systems on a realis-
tic level. Metal-insulator transitions, local-moment formation, spin and charge fluctuations,
finite-temperature effects on correlated electron states, or the interplay of correlations with
spin-orbit coupling are only a few hallmark topics that have been studied successfully with
the so-called DFT+DMFT scheme. As a hybrid method, interfacing band theory and quantum
chemistry for demanding condensed-matter problems, the basic formalism is delicate. In this
chapter, the goal is to shed light on the specific aspect of “self-consistency” in numerical ac-
counts of the correlated electronic structure of materials. Though there are various techniques
where this issue applies, in order to keep the discussion straight and within reasonable length,
the main body of this treatise will focus on the matter within DFT+DMFT, which is nowadays
the key method for strongly correlated materials.

Briefly, in basic mathematical terms, self-consistency is figured as the both-way matching of
an implicit defining function, e.g., a potential v(r), with a depending function, e.g., a wave
function 1 (r), that are related by a set of (partial) differential equations derived from a varia-
tional treatment of the (free) energy of the system. Since such a set of equations is usually not
solvable by analytical means, a numerical solution may be reached iteratively. Starting from
some reasonable initial guess, consecutive constructions of 1, and vy, will eventually result in
a self-consistent solution for {v(r), 1 (r)} subject to the governing set of equations. Note that
there are also still other kinds of (self-)consistencies in iterative mathematical equations, such
as, e.g., for the Verhulst equation. In the DFT+DMFT context, and depending on how this ap-
proach is put into practice, we will encounter different situations of self-consistency of the given
kind. Among those, charge self-consistency plays a singular role, as it closes the calculational
iteration loop (in the sense sketched above) of the complete scheme on the outermost level.

In the present scope, charge self-consistency is attributed to a necessary incoherent theoretical
description of an electronic system. In the simplest manner, one imagines the whole system
being divided into two subsystems which are treated by a different degree of sophistication.
Then, charge self-consistency holds if three features are installed:

1. Exchange of charge between the two subsystems is possible.

2. Even without explicit charge flow inbetween, the electronic structure within one subsys-
tem (i.e., its field) affects the electronic structure in the other subsystem (and vice versa).

3. The combined theoretical scheme as a whole is self-consistent in the sense that the com-
plete electronic structure is at a stationary point of the thermodynamics.
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Although investigations without charge self-consistency may often provide already valuable
insight into the physics of correlated materials, it turns out that in several important cases this
form of self-consistency does not only matter by quantitative means. Qualitative differences,
e.g., wether a given compound is Mott insulating or not, do occur.

The text is organized as follows. In section 2 the basic forms of self-consistency in the original
Hartree-Fock method as well as in pure DFT and pure DMFT will be reviewed to set the stage.
Section 3 then deals with a description of the DFT+DMFT approach, both on a formal and on a
practical level. Emphasis will be put on the latter, especially on the relevance of the charge self-
consistent aspect. To illustrate the presented theoretical concepts at work, a concrete materials
examples is discussed in the final section 4.

2 Self-consistency in numerical approaches to
many-electron systems

In order to get acquainted with the basic ideas and mechanisms of self-consistency problems
in advanced quantum mechanics, let us first start with a condensed reminder of the canonical
schemes of computational many-body theory for electronic systems. As for the complete rest
of the paper, we will remain within the Born-Oppenheimer approximation of separating elec-
tronic and ionic degrees of freedom, focussing on the former one. Furthermore, we remain in
the nonrelativistic regime, hence exclude, e.g., spin-orbit effects to keep the discussion elemen-
tary. Three different key observables will be discussed, namely the many-body wave function
W ({ro}) in the context of Hartree-Fock, the electronic charge density p(r) in the context of
DFT and the one-particle Green function G/(k, w) in the context of DMFT.

2.1 Hartree-Fock method

The Hartree-Fock (HF) method (see e.g. Ref. [1] for a review) is routed in quantum chemistry,
providing basic access to the electronic system of atoms and molecules with N electrons. It
serves as the starting point for more involved approaches such as, e.g., Mgller-Plesset theory or
the configuration-interaction scheme.

Key idea is the ansatz for the many-body wave function ¥ ({r;0;}) =: ¥({x;}) as a single Slater
determinant , i.e.

Ve ({xi}) =: 5- H%(I“)Xz‘(a) =9 H¢i(X) ,owith  pi(r) =) A By(r) . (1)

Here, S_ is the antisymmetrization operator, ¢ the real-space function, x the spin function and
t = 1, N. The functions ¢; are expanded into M basis functions B,, usually of atomic kind,
with expansion coefficients A;,. In the end, the A;, are the parameters that will be optimized
for the solution. It is very important to realize that the ansatz (1) marks the simplest possible
wave function for an electronic system, describing independent electrons only subject to the
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Pauli exclusion principle. The Hamiltonian of the electronic system with momenta p; and the
potential V; of the nuclei is straightforwardly written as

N N | |

The two-particle operator v;; represents the Coulomb interaction between the electrons. To
obtain a working scheme for the optimization of our trial wave function with regard to the given
problem, we make use of the Ritz variational principle

(Prp | H [ Prr) |
| ———L | = 3
( (Vyp |Vur) ) 0 ©)

with the relevant expectation value reading

el ) = 3 (01h100) + 5 S ( @olilo) — @olilss) ) @

g Coulomb (Hartree) term  exchange (Fock) term

and the corresponding real-space matrix elements
(@liion) = [ o) h) (o) ©
(0:10;]0|0x¢1) = 05.0,00,0, / drdr’ @} ()¢} (r') v(r,r') i (r) o (r') (6)

Note that the general Coulomb matrix element is spin dependent, though the interaction surely is
not. The reason is the enforcement of the Pauli principle in electron-electron scattering process.
The Ritz principle is most effectively put into practice via minimizing the functional form

FWup| = <WHF|F[|WHF> — Z€i<¢i|¢i> , with SF=0 ) (7N

i
whereby the ¢; serve as lagrange multipliers. The variation implies here a functional differenti-

ation with ¢; — ¢; + d¢;. This leads to the single-particle or Hartree-Fock equations governed
by the so-called Fock operator Fie.

F 9i) = €i|¢i) Vi @)
and are written in real-space representation as (h = 1)

(—2—A+V Z/ /Lol r/,) dej/d  £i0)e r,(| )¢j(X) = €;0i(x)

J#i JFi
©))

= (—%A +V(r) + UH(r)) pi(r) +/dr/ vx(r, ') pi(r) = eipi(r) . (10)

The local Hartree potential vy (r) describes the Coulomb repulsion between electrons, as famil-
iar from classical electrostatics. The nonlocal exchange potential vx (r, ') adds unique quantum
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physics due to the Pauli principle: electrons with equal spin effectively feel a repelling potential
to avoid each other not to join a common quantum state. Note already here that, in a quantum-
chemistry definition, there is still a third mechanism, also of pure quantum kind, that influences
the concerted arrangement among the electrons. It is called correlation, not directly related
to spin, and goes beyond the Hartree-Fock picture, since it is encrypted in more complicated
many-electron wave functions than the most simple one of single Slater-determinant kind. It is
thus very important for the understanding of the Hartree-Fock equations to appreciate the ansatz
(1) that lead to eq. (10).

For us here, the principle solution of the Schrodinger-like eq. (10) is the main concern. It
becomes clear from (9) that contrary to the standard nuclear potential V' (r), the Hartree and
exchange potential are not given from the beginning. They explicitly dependent on the wave
functions ¢; we are actually looking for. Therefore, the implicit character of the Hartree-Fock
equations forms a natural self-consistency problem. In the literature, these equations are thus
also often termed self-consistent field (SCF) equations. Literally, the solution is defined by an
iterative cycle as follows:

1. Start with an educated guess for the single-particle functions ¢;(r) = gogl) (r) by invoking
suitable linear combinations of the basis functions. For instance, an adequate kind of sp”
hybridization function might be meaningful for a carbon-based molecule.

)
2. Construct a first associated Hartree potential vg )(r) = vé@" }(r) and exchange potential

(1)
v)(g )(r) = U;{(% }(r, r’) and solve the Hartree-Fock equations for a new set of eigenfunc-

tions 901(2) (r).

3. Go back to step 2 and repeat p times until you reach convergence in the potentials, i.e.,

(p)

oy’ — vl(f_l)| < n and |v§f) - v¥_1)| < n holds for small 7.

We will remark in section 2.4 on further relevant technical aspects of performing this self-

consistency cycle. If this cycle converges, it is obvious for us physicists that the resulting
(p) ()

functions ;" along with their eigenvalues €, represent a faithful solution to the problem. A
principle convergence is ensured by the variational character of how we casted the problem. But
note that in general, such self-consistency problems can underlie the issues of local vs. global
minimum, existence of saddle-points, etc.. In this text however, we will not delve into these
mathematical aspects of the solution space.

We have now encountered a first concrete self-consistency problem for many-electron systems.
This Hartree-Fock method obviously may also be termed a charge self-consistent method, as
the electronic charge density p(r) is implicitly also iterated in the cycle given above and can be

expressed via a sum over the occupied orbitals

p(r) = Z loi(x)|? . (11)

Thus the charge distribution always matches the associated electron states and also the total
charge is conserved. By this statement, we have assumed that all electrons of the system enter
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in eq. (10). If instead, one decides to, e.g., “freeze” some core electrons in their atomic state and
to only Hartree-Fock converge chosen valence electrons, then complete charge self-consistency
would in principle not be achieved. Neither valence nor core charge density would be in accor-
dance with the distribution at the global stability point of the system. Further relaxation of the
core states could still modify the charge density of the whole system.

We leave the further analysis of the Hartree-Fock solution as well as the description of the
plethora of different method flavors to the numerous textbooks on this matter, and continue by
an theory advancement that builds up directly on the electronic charge density p(r).

2.2 Density-functional theory (DFT) in Kohn-Sham representation

Besides the obvious flaw of Hartree-Fock in missing the effect of correlation, there are further
serious drawbacks. The scheme is ill-defined for crystalline systems and the nonlocal exchange
potential is computationally delicate and expensive. Instead of working directly with a many-
body wave function ¥ ({x;}), it appears also more attractive to deal with a physically more
tangible object.

Density-functional theory (DFT) puts the electronic charge density p(r) in the focus and has
become the workhorse of quantum-mechanical calculations for materials since more than thirty
years (see e.g. Refs. [2, 3] for reviews). It builds upon the theorems by Hohenberg and Kohn,
stating, in short, first that p(r) bears in principle the same physically-relevant information as the
much more complex ¥ ({x;}). Second, the functional E[p| of the system’s total energy has a
minimum for the correct ground state charge density po(r), thus ensuring a variational principle.
Equipped with the already gathered knowledge, we may cast such a functional straightforwardly
(by adjusting to the community-established nomenclature) in the form

szTw+ﬁmmmmﬂ+%m+%mm. (12)

The kinetic-energy contribution is denoted 7'[p], vex(r) is nothing but the former nuclear po-
tential V' (r) and Ey[p] describes the Hartree energy. All the remaining (and notorious) explicit
quantum many-body terms, namely the effect of Pauli principle and correlation, enter the func-
tional Equg[p]. The expression (12) is also important because of its hierarchical structure: in
direct comparison, all but the term Eq\p are reasonably large.

To proceed towards a practical formalism, one invokes in the so-called Kohn-Sham (KS) repre-
sentation of DFT a virtual non-interacting electron system [4]. Such a system is surely exactly
represented by a single Slater determinant. As a key step, we demand that the electronic charge
density, and then obviously also the total energy, of the real system and the virtual system co-
incide. This means that in our virtual system, there must be a rather tricky effective potential
vks(r) at work that enforces this demand. It is hence natural to continue as follows

!

Elpl £ Bueald) = Tl + [ p(e)ons(o (13)

= Ts[p] + /dr P(r)vext () + ;/drdr’ % + Elp]. (14)



Charge Self-Consistency 6.7

Equation (14) again establishes an educated guess based on what we learned from embarking
on Hartree-Fock theory. The total energy has to consist of four terms: a kinetic energy 75 now
of non-interacting electrons, an electron-nuclear interaction, a classical Hartree term, and last
but not least a term that includes the quantum many-body terms, here named FE,.. Note that
the latter exchange-correlation functional does not only include the effect of Pauli exchange
and correlation, but also the difference 7'—7s from implicit quantum many-body effects in the
kinetic energy.

Why should the form (14) be preferred over the expression (12)? Because (14) is amenable
to straightforward numerical treatment. Since deep down there may be only single-particle
wave functions that build up the expression (14), we can immediately formulate the according

0 (E[n] - Zemm) =0, (15)

leading to the so-called Kohn-Sham equations

variational principle

1
(—%A - va(r)) ©i(r) = €; (1) (16)
of effective-single-particle kind. Accordingly, the effective, or KS, potential reads
. 0By
VKS(T) = Vext (T) 4+ vH(T) + vye(r), With vy (r) = e (17)

In practice, the total energy is usually computed via expressing the kinetic-energy term through
the eigenvalue sum, resulting in

Eppr = Z € — /drd ! p’(r )—p(r’|> /dr P(r)vxe(r) + Exe[p] - (18)
It is clear that the exchange-correlation part asks for approximations. Originally, reference to
a numerically-exact quantum Monte-Carlo treatment of the homogeneous electron gas is made
and the exchange-correlation energy (in fact, the correlation part, since the exchange part is
analytically known) extracted via an analytical fit ex.(p). The resulting ansatz

Bl = /drp<r>exc<p<r>> (19)

defines the so-called local-density approximation (LDA) . Further approximations for F..[p],
such as the generalized gradient approximation (GGA) which includes gradient terms of the
charge density, exist. Finally, the electronic charge density is again expressed by the sum over
the occupied effective single-particle states, i.e., of form (11). The careful reader may have
noted that we did not include the spin degree of freedom by explicit means in our argumentation.
This is due to the fact that in exact DFT, this degree of freedom is not of evident relevance,
as an exact exchange-correlation functional incorporates the effect of spin. In practical and
eventually approximate Kohn-Sham representation, eq. (16) gains a spin index describing spin-
up and spin-down charge densities and the canonical xc-approximation is the local spin-density
approximation (LSDA).
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It is obvious from eqns. (16) and (17) that the practical Kohn-Sham scheme is again based
on a self-consistency cycle similar to that described for the Hartree-Fock method. Here, the
local Kohn-Sham potential vkg(r) has to be iterated until convergence. Charge self-consistency
is naturally ensured in KS calculations, although in principle, also here a possibly different
treatment of, e.g., core and valence electrons would abandon an exact charge self-consistent
state. Such differences indeed occur in various KS-based electronic structure codes of, e.g.,
selected augmented-wave or pseudopotential kind. However, the differences in the total charge
density (especially in the relevant spatial regions) are very small and the resulting physics of
interest is not affected. Thus for the rest of these notes, KS-based DFT is understood as a charge
self-consistent framework.

Especially for solid-state system, Kohn-Sham calculations greatly improve on Hartree-Fock
studies, since the reasonable treatment of the exchange and correlation within LDA enables the
important description of screening of the Coulomb potential. For further aspects of density-
functional theory and the Kohn-Sham representation we refer to the various excellent reviews.
In the following, to simplify the writing, it is understood that “DFT” refers to the KS-represen-
tation of density-functional theory.

2.3 Dynamical mean-field theory (DMFT)

In terms of electronic correlations, we advanced from no consideration at all in Hartree-Fock to
a reasonably-well treatment for many materials within DFT. Still, for some materials classes,
e.g., transition-metal oxides, the DFT description of the correlated behavior of electrons remains
insufficient. Most notably, in these systems the delicate competition among electrons between
itinerancy and the tendency to localize in real space asks for a better modeling. The dynamical
mean-field theory (DMFT) [5,6] is a hallmark condensed-matter framework that faces this task
best for such strongly correlated materials. It utilizes the one-particle Green function as key to
provide seminal access to the spectral properties and the total energy of an interacting electron
system on a lattice, and was originally constructed in a model-Hamiltonian context.

Contrary to Hartree-Fock and original DFT, the DMFT approach is designed to work at finite
temperature 7. Hence we introduce fermionic Matsubara frequencies w,, := (2n+1)77T to write
the correct Green function for the Hamiltonian H (k) at wave vector k in reciprocal space as

G (K, iwy) = (iwn + p — H(K) — Dk, iwy)) (20)

whereby p is the chemical potential and X (k,iw,) the so-called self-energy of the system.
Expression (20) looks quite different from the electronic-state descriptions we encountered so
far. But the Green function formalism is just a different representation of the physics, especially
tailored to systems with sizable correlations in the solid state. For instance, we could also easily
express the Hartree-Fock or DFT pictures therein, namely via the according self-energies

. Eq— M -1
Zur (K, iw,) = § (Viqkq — Vakkq) (€797 + 1) 1)
q
. Z e -1
EDFT(k7 an) - (UH + ch)quq (eﬂ( a 2 + 1) 3 (22)

q
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’ DMF'T loop
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G (T =) = (T ey (1) (7))

J

Fig. 1: Self-consistency loop of DMFT. The heavy task is performed by the impurity solver,
computing the impurity Green function, e.g., in imaginary time T using quantum Monte Carlo.

with § = 1/T and where the matrix elements are reminiscent to their real-space analog (6).
Note that both approaches display no true frequency dependence, the second factor in each
expression, respectively, merely represents the simplest form of temperature dependence via
the effect of the Fermi function. But importantly, frequency (or energy) dependence is a very
relevant issue for describing interacting electrons: it regulates the impact of correlations on
different energy scales due to the electrons’ Janus-faced character hesitating between itinerancy
and localization.

Eventually, DMFT is a theory that is designed to take care of that. Originally, it assumes a
strong, i.e., only weakly-screened, local Coulomb interaction U effective on each lattice site.
Then, in order to keep the full frequency dependence, but in the same time keeping the formal-
ism operable, one drops the k dependence in the self-energy, i.e.

1

GPM (K, dwy) = (iwn + 1 — H(K) — Dip(iwn)) (23)
The self-energy X', (iwy) is then linked to a quantum-impurity problem of the general form
Eimp(iwn) - gO(iwn)_l - Gimp(iwn)_la (24)

where the so-called Weiss field Gy(iw, ) is a unique function of the local Hamiltonian (expressed
within a localized basis). To close the equations, the DMFT self-consistency condition reads

GPMFT (i) = 3 [iwn + o — H (K) — Zip (i60)] ™ = G (i) . (25)
Kk
The resulting iterative loop that is thereby implied to converge the DMFT self-energy is de-
picted in Fig. 1. Drawing a conceptual parallel between DFT and DMFT, while the former
theory maps the interacting-electron problem onto the problem of non-interacting electrons in
a highly-complicated potential, DMFT maps it to the problem of an interacting site within a
self-consistent bath.
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The challenging part is given by solving the quantum-impurity problem, to be done, e.g., with
quantum Monte Carlo, Exact Diagonalization, etc.. Note that many-body wise, local-interaction
diagrams are included to all orders in this non-perturbative theory. The vital energy dependence
of the Weiss field ensures the qualitatively correct description of low-energy quasiparticle (QP)
features as well as high-energy incoherent (Hubbard) excitations. Extensions to overcome the
restriction to a k-independent self-energy, e.g., via cluster schemes, are available. But those
will not be further pursued in the present text.

As for the previous approaches, charge self-consistency holds also for the DMFT method. But
the issue of “self-consistency” has a more intriguing character than in Hartree-Fock and DFT.
First, identical to these approaches, it serves to actually render the framework computationally
feasible via the loop in Fig 1. But second, we deal with the structure of an explicit mean-field
theory. This means that we replace the true surrounding of an interacting site by a field. This
replacement itself is not an approximation, since “‘someone’ could endow us with the exact field,
just as “someone’ could provide us the exact exchange-correlation functional in DFT. However
here, we define this field by our self-consistent mean-field construction, hence marking the
approximation.

2.4 Mixing

Before we move on to discuss the combined approach of DFT and DMFT in the next section, a
few technical comments in view of solving the encountered self-consistency cycles are in order.
In practice, the sketched flowcharts of iterating potentials (or self-energies) by directly replacing
input- and output functions in a p-step process are in most cases extremely unstable. One needs
to damp the whole iteration, usually via “mixing in” the potentials from previous steps, i.e.,

p@PHD) = P (@) =Dy (26)

Linear mixing is the simplest form of this and reads

vt = (1—a)vl) +au®),  O<a<l, 27)
with vi(f 1)3 (out) @S the input(output) of step p. This means, not the straightforward output potential
véﬂ)t is used for the input potential in step p+1, but a weighted mixture of the old input potential

5 and o)

yet then at the price of a slow and inefficient performance. More sophisticated variations of this

v With a small enough mixing parameter «, convergence is nearly always ensured,

kind of mixing, such as, e.g., Anderson mixing, may accelerate the convergence.
The mixing problem can also be approached more rigorously by formulating the search for a
self-consistent solution as a root-finding problem of a tailored functional:

-F['Uinp] = Uout ['Uinp] — Uinp ; 0. (28)

As it is known from schooldays for ordinary functions f(z), the Newton-Raphson method
which involves the first derivative f’(x) deals with such a task. Similarly, for our problem
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the first derivative of F is needed which corresponds in physical terms to the dielectric function
¢(r,r’) or in mathematical terms to the Jacobian matrix J. However, computing this first deriva-
tive may be cumbersome and often also the resulting mixing based on that generalized Newton-
Raphson scheme turns out too hard. It proves more successful to invoke another scheme for an
iterative approximation of the Jacobian matrix (or variations thereof). Those so-called quasi-
Newton schemes with the Broyden method as its most familiar representative improve in every
iteration step the approximation to J and are rather powerful in solving the mixing problem (28)
especially for high-dimensional energy landscapes.

A good mixing scheme is very important to converge (or accelerate the convergence of) non-
trivial self-consistency loops. In some cases, as, e.g., for many DMFT self-energies with sta-
tistical errors due to quantum Monte-Carlo, linear mixing may be sufficient. But especially for
variational (saddle-point) problems, the mixing method often eventually decides if the whole
framework converges and yields exploitable results. So even if “mixing” is not a highlighted
physics theory like DFT or DMFT, it is very worthy and pays off to invest some time in dealing
with it.

3 Realistic many-body account of correlated materials

Correlated materials are insufficiently described by DFT with conventional exchange-correla-
tion functionals. There are static improvements, e.g., via methods like self-interaction correc-
tion, DFT+U, or hybrid functionals. While such schemes may mimic some physics of Mott-
insulating systems, they usually show substantial deficiencies for the most-challenging problem
of strongly correlated metals with a large deal of quantum fluctuations. The DMFT approach
on the other hand is too heavy to be implemented in a complete realistic setting, since only a
number of M < 10 local orbitals can so far be handled in accurate quantum-impurity solvers.
Therefore, the hybrid approach of DFT and DMFT early on appeared as a natural combination
to tackle electronic correlations on a realistic level beyond model-Hamiltonian descriptions.
And indeed, nowadays the DFT+DMFT framework belongs to the hallmark electronic struc-
ture approaches, and is unrivaled within the field of strongly correlated materials.

3.1 Combining DFT and DMFT: functionals

Our introduction to DFT+DMFT starts on a formal level, to convince the reader that though this
approach has a hybrid character, it is by no means a wild heuristic patchwork method leading to
all kind of unphysical results. On the contrary, it is a physical and mathematically well-defined
formalism built upon on a rock-solid functional description (for details see e.g. Refs. [7,8]).

The idea is to identify a so-called correlated subspace C in a complete DFT-pictured electronic
system, e.g., a 3d orbital manifold on a selected lattice site, where a DMFT treatment is neces-
sary. First, we try to collect all relevant functions that govern such a combined scheme. From
the DFT side, the electronic charge density p and the Kohn-Sham potential vkg come to our
mind. From the DMFT side in the correlated subspace, it is expected that the Green function
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G as well as the self-energy Y matter. The potential vks and the self-energy Y serve as
sources from a field-theoretical perspective. Note that p and G¢ are independent, since there
is no way to reconstruct the full real-space charge density from a given Green function in C.
By hand, we need to account for a double-counting (DC) correction, since electron-electron
interaction in C is treated in both, DMFT and DFT, and enters the definition of 2.

The free energy of the whole system may than represented by the general Baym-Kadanoff

functional form
QG =TrlnG —tr ((Gy' = G™)G) + 92[G], (29)

with G as the full system Green function, G as the non-interacting Green function. The expres-

sion ¢[G| marks the Luttinger-Ward functional, which describes the universal part of interact-

ing electron systems. The Baym-Kadanoff representation of a DFT+DMFT system accordingly

reads, avoiding explicit matrix notation,

1
2m

2prripmrr (s Ges vks, 2] = — Trin (iwn +pu+ —A—vgs(r) — PTEc(iwn)P>

- / dr (ves(T) — et (£)) plx) — Tt (Ge(iwn) Selion))

+ Enlp(r)] + Exe[p(r)] + Pe[Geliwn)] - (30)

The objects P, P' are projection operators that here “upfold” the self-energy X from the corre-
lated subspace to the full Hilbert space of the system. The given functional can readily be varied
with respect to our source terms, resulting in the known expressions for the charge density and
the Green function G¢

082 1 .
=0 = r)=— r|Glr) , 31
- p0) = 3 D016 a1
o o Geliw) = PGliw) P (32)
02
with .
G = (mn+u—HKS—PT26P) . (33)

Equations (31) and (32) are very important for several reasons: They make clear, that although
p and G¢ are independent, there is surely a coupling via the full Green function. Charge self-
consistency is implied when converging the general charge density, carrying the effects from
DFT as well as DMFT. Furthermore, the “downfolding” from the full Hilbert space to the cor-
related subspace again via the projection operators P, P' is described. It becomes also obvious
that our original set of governing functions is overcomplete, as at a stationary point the potential
vks and the self-energy Y are direct functions of p and G¢. To explore this, one may formally

write QDFT-}—DMFT [07 Ge; vks, Ec] = (2DFT+DMFT [,0, Ge; UKS[pa GC]» Xe [P; Gc]] and perform

602

5_/0 =0 = VS (T) = Vet (T) + vn(T) + vxe(T) | (34)
60 . 6P .
E =0 = Zc(%un) = ﬁ = Eimp(lwn) - ZDC ’ (35)



Charge Self-Consistency 6.13

whereby we introduced the DC correction Ypc. Thus formally, the original relations for the
Kohn-Sham potential and the DMFT self-energy are retained. The set of equations (31-35)
define the working scheme of the DFT+DMFT approach.

Let us finally find an expression for the total energy. By defining the Kohn-Sham Green function

Grs(k, iwy) = (iwn +p— e85 ™ (36)
one can rewrite the free-energy functional as
Oprripvrr = Qppr + TrInGyg — Trin G — Tr(GeXe) + @c (37)
where (2ppr is the free-energy analog to expression (14). For 7" — 0, this leads to

Eprripvrr = Eppr — Z’SEVS + Tr(GHks) + Tr(GeXimp) — Enc - (38)
kv

In this total-energy formula, the term Eppr corresponds to (18) and e{ff are the Kohn-Sham
eigenvalues with band index v and Epc is the double-counting correction to the energy. Note
that the band sum Zky aEE = Tr(GksHks) is already included in Eppr and has to be sub-
tracted, as it is replaced by the interaction-dressed Tr(G Hks). Importantly, in the latter term
the trace is performed with respect to the full interacting Green function G.

This concludes the formal discussion of the DFT+DMFT scheme and we will turn in the next
section to the more practical aspects of an implementation of it.

3.2 Combining DFT and DMFT: in practice

First concrete implementations of the DFT+DMFT approach appeared at the end of the 1990s [9,
10]. Those original schemes performed in a so-called “one-shot” or “post-processing”” manner.
After a converged DFT calculation, the density of states (and later the full Kohn-Sham Hamilto-
nian Hxg) of the correlated subspace C entered an otherwise disjunct DMFT calculation. Hence
within the one-shot approach, there was no feedback of the DMFT self-energy on the general
electronic structure and charge self-consistency is not reached.

State-of-the-art implementations of the full scheme are charge self-consistent (e.g. [11-14]).
A pictorial sketch of the framework, in line with the demonstrations in the last subsection,
is given in Fig. 2. Both original self-consistency cycles of DFT and DMFT are interweaved
to establish a novel self-consistent solution for the realistic correlated electronic structure. It
becomes obvious, that especially the link between both traditional schemes, i.e., the down- and
upfolding to/from the correlated subspace, is key to the method. As C is by definition a local
region in real space, a (partly) local-orbital representation is thus an essential building block of
the DFT+DMFT framework [15]. Linear-muffin-tin-orbitals [16], Wannier(like) functions, e.g.,
of maximally-localized kind [17], or projected-local orbitals [18, 19] may provide a convenient
representation thereof.

In the following, the implementation based on projected-local orbitals will be discussed (see Ref.
[18] for more details). Let us start by defining m = 1, ..., M orthonormal orbitals { Y%} on the
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Fig. 2: State-of-the-art charge self-consistent DFT+DMFT loop. The calculation usually starts
from a self-consistent Kohn-Sham solution. The correlated subspace is defined and the initial
Weiss field Gy constructed. Afterwards, a single (or more) DMFT step(s) is(are) performed.
The impurity solution may, e.g., be achieved with the continuous-time quantum Monte-Carlo
(CT-OMC) method. The obtained self-energies are upfolded and an updated charge density
p(r) is computed. A new charge density implies a new Kohn-Sham potential, and a single new
Kohn-Sham step is performed, from which a new Weiss field is generated, etc..

lattice site R in C. By the use of the complete set of KS states {t/, } at point & in reciprocal
space, the Bloch transform of these local orbitals may be expressed via

|XkRm> = Zeik'(T+R)|X5> = Z |wku><wkl/|X5m> = Z<1/)k1/|XkRm> |¢ku> ) (39)
T v v
whereby T denotes a Bravais lattice vector and the sum over v covers the whole set of bands.
Thus the Bloch transform represents a Wannier function. To render the approach more flexible,
it proves useful to extend the concept of the correlated subspace also to energy space and to
permit a restriction in the noted band sum to an energy window W, i.e.

) = D (Xl [) - (40)

vew

The resulting Bloch transform is then not anymore a true Wannier function. Yet one may pro-
mote it to one by proper orthonormalization

i) =" (00k) V)M 5=y (41)
R/'m/

using the overlap matrix ORR, (k) := (YR |{® ). To enable flexible transformations between
the system’s complete Bloch space (spanned by {y,}) and the correlated subspace (spanned
by {wl }) it proves useful to define the projection functions

PR(K) =3 (05 (R i) . (42)

R/m/
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For instance, the transformation from Bloch to Wannier space readily reads
[witn) = > P () [the) - 43)
vew

Assuming the full Green function operator of the system in the form (33), the Bloch Green
function is given by

G (K, iwn) = (Vi |Gl Y) - (44)

The downfolding equation from Bloch space to correlated subspace for the Green function and
the upfolding equation from C to Bloch space for the self-energy are then straightforwardly

written as
Ggm’ (iwﬂ) = Z Pnljl/ (k) G]S;?Ch (k7 iwn) PIIP/{;;/ (k) ) (45)
k,(vv')ew
IOtk iwn) = Y Pre(k) SR (iw,) PR, (K) - (46)
R,mm/

The local self-energy is given by the DMFT impurity solution corrected by the double-counting
term through

SR (iwy) = By, (iwn) — She - (47)
Once the upfolding of the self-energy to the whole space is achieved, the complete charge
density p(r) may be updated. At this point, a practical comment on the charge treatment in the
different stages of the self-consistency cycle is in order. In principle, the sum rule for the total
charge holds for the full DFT+DMFT charge density and the associated chemical potential .
However, it is surely advisable to have the correct total charge of the system already within the
DFT part of the calculation. Otherwise the numerics may be cumbersome due to an ill-defined
Coulomb balance between electrons and nuclei. Therefore we redefine the Kohn-Sham Green
function (36) as

Grs(k, iw,) = (iw, + ks — e85) (48)

with the chemical potential kg chosen such as to enforce the correct total electronic charge
N = [dr p(r) in the DFT part. The full charge density is then split into two parts, namely

p(r) = prs(r) + Ap(r) = % S (telGsl) + (x| — Gisle) ) 49)

with Gg in analogy to (36). Since due to our choice of pkg already carrying the total charge, the
correction term Ap amounts to a redistribution of the charge density such that [dr Ap(r) = 0
holds. The correction kernel beyond DFT can also be rewritten as

(r|G — Gxslr) = (r|Gs(Ggs — GTHGIr) = (r|Gxs (2P — (1 — pxs)1) Glr) . (50)
If we then define

1
ANVV/(k> = E Z G,E?//(k, iwn) (25}(;?}/1(1{, iwn) - (/J — MKs) (SV//V///)GI,/H,,/(k, iwn),
n""eW

(D
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the charge-correction term Ap reads

Ap(r) = Y (rthe) AN (k) (ar|r) (52)

kv’ ew

As the DFT contribution pkg is by definition diagonal in the band indices, the complete corre-
lated charge density after a DFT+DMFT step reads

p(r) = Y (xle) (FE) 8ur + AN (1)) (i 1) (53)

k,vv/

where f is the Fermi-Dirac function and 55 = X5 — 5.5, Thus, because of the inadequacy

of a pure band picture of strongly correlated materials additional off-diagonal terms in the
band index contribute in the many-body system with additional real-space excitations. This
updated charge density then defines a new Kohn-Sham effective potential vkg and the charge
self-consistency loop is closed.

Let us at the end of this section briefly comment on additional aspects of the DFT+DMFT
formalism. So far, we did not say anything at all about the interacting Hamiltonian that governs
the correlated subspace and which explicitly enters the DMFT iterations. Basically, one utilizes
an m-orbital generalized Hubbard Hamiltonian, e.g., of Slater-Kanamori type

e - . R A
Hint - Z Tlgg/ CRmoR'm’o + U Z NRmMmIMRm|
(RR)ymm/’c iRm
1 A A
+ 5 Z <(U o 2JH) NRme"Rm's + (U - SJH) ano’”Rm’o)
R, m#m/ o
1
At At A P JX SN SN A
* 5 Z Jn (CRmchm/&cRm(rcRm’a + CRmaCRm6CRm’6CRm’o) : (54)
Rm#m/ o

Here, t refers to the Kohn-Sham hopping matrix, U marks the Hubbard interaction, Jy the
Hund’s exchange and 7 = ¢f¢é. For a discussion of this and related Hamiltonians we refer
to [20]. The DMFT impurity solution subject to such Hamiltonian forms may nowadays, e.g., be
obtained from the continuous-time quantum Monte-Carlo (CT-QMC) method (see e.g. Ref. [21]
for a review). The interaction parameters are either chosen from a reasonable guess (often by
connecting also to experimental data) or are computed from first-principles schemes such as the
constrained random-phase approximation (cRPA).

The issue of double-counting is a well-known feature of DFT+DMFT and various forms are
available for the correction term X'pc. Since conventional DFT exchange-correlation func-
tionals are not representable within standard many-body diagrams, a straightforward analytical
solution of the DC problem is not available. Usually, the double counting is assumed orbital in-
dependent (i.e. spherical) and a commonly used formula is based on the so-called fully-localized
or atomic limit [22]

SRme = U (((ﬁR> -~ %) — Ju (<ﬁRa> - %) . (55)
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Albeit the general topic is heavily debated, nonetheless, many results on the qualitative and even
(semi)-quantitative physics of strongly correlated materials are not that sensitive to the details
of double counting. Otherwise the DFT+DMFT approach would not be that successful. A so-
lution to the DC problem may be achieved by abandoning the concrete KS-DFT environment
and replace it by a true (weakly-correlated) many-body setting. The numerically very heavy
GW+DMEFT scheme [23] provides such a description.

Finally, note that in various multi-atom unit cells, the correlated subspace is often not only as-
sociated with a single lattice site, as already anticipated in our sums over the sites R (e.g. in
eq. (46)). For symmetry-equivalent sites, it suffices to compute the self-energy for a represen-
tative site and transfer it to the remaining sites via proper symmetry relations. In the case of
various sites which are inequivalent by symmetry, e.g., the Fe sites with octahedral or tetrahedral
environment in magnetite Fe3Oy4, a different impurity problem is defined for each symmetry-
inequivalent site R through [24]

Got(iwy) = GR(iw,) ™! + S8 (iw,), (56)

and the coupling is realized via the DFT+DMFT self-consistency condition invoking the com-
putation of the complete lattice Green function.

3.3 Relevance of charge self-consistency

There is surely an intuitive believe that charge self-consistency is a good thing to have in an
electronic structure calculation. But let us try to identify concrete features from a DFT+DMFT
perspective that renders it superior to the simpler one-shot framework. Before doing so, one
should mention that charge self-consistent DFT+DMFT calculations are numerically heavier
than the latter. Not only because of the additional solution of a DFT problem at each iteration
step, though especially for large supercell computations this further effort is still not negligible.
What matters more is the usually slower convergence when demanding charge self-consistency,
since the correlation-induced charge redistributions need additional numerical steps to settle.
Concerning the advantageous features, several points are noteworthy. First, the orbital occu-
pations within the correlated subspace are due to change because of the relaxing surrounding
electron structure. Second, importantly, the remaining electronic structure outside the corre-
lated subspace C (i.e. ligand states, etc.) may also “react” to the local-Coulomb effect within C.
The interweaving of both of these effects is very important for, e.g., orbital polarizations, local
magnetic moments, magnetic exchange, and, not to forget, the total energy Eppripver. Thus,
for instance, even if the local orbital occupations within C do not change much with charge
self-consistency, the effect on a possible magnetic ordering may still be crucial.

It is obvious that the degree of correlation-induced charge redistributions also depends on the
symmetry of the system. In highly-symmetric compounds, such as the cubic perovskite and
“DMFT pet” SrVOs;, the impact of charge self-consistency is expected to be minor. But for
lower-symmetry problems, often associated with various symmetry-inequivalent sites (such as
oxide heterostructures), the effects can be crucial. Furthermore, for materials close to a Mott
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transition, the systems are very susceptible to perturbations in the electronic structure, and
charge self-consistency can have obvious qualitative effects, even if the crystal symmetry is
seemingly high. We will discuss in section 4 the metal-insulator transition in V503 as a promi-
nent example.

Two general features are often observed in charge self-consistent DFT+DMFT. In cases where
one-shot calculations lead to strong orbital polarization, e.g., within a crystal-field split 3d(s,)
manifold, charge self-consistency weakens this tendency. This is understandable from the fact
that a strong orbital polarization affects the ligand neighborhood in order to relax the elec-
tronic structure. This relevant “reaction” of the neighboring electrons has usually the effect of
screening the original strong orbital polarization, i.e., reducing it from its one-shot magnitude.
Second, it is furthermore observed that charge self-consistency tends to wash out differences
between varying double-counting schemes [25].

4 An illustrative materials example:
Metal-insulator transition in Vo053

After all the formal theory, the last section shall be used to discuss a concrete application of
charge self-consistent DFT+DMFT to a challenging materials problem. We will realize that
the theoretical description of the famous V,0O3 problem, benefits strongly from charge self-
consistency.

4.1 Phase diagram and basic materials characteristics

Since about fifty years, vanadium sesquioxide V503 poses a demanding problem in the under-
standing of correlated materials [26-28]. In the field of realistic interacting solid-state systems,
the compound has without doubt the second most prominent phase diagram [26, 27], after the
one of high-7; cuprates. Its canonical finite-temperature form (see Fig. 3a) includes three key
phases, namely a paramagnetic-metallic (PM) one, a paramagnetic-insulating (PI) one, and an
antiferromagnetic-insulating (AFI) phase at finite 7". At ambient 7" and pressure, the stoichio-
metric compound is stable in the PM phase with a corundum crystal structure, i.e., the system
is metallic at room temperature. The corundum structure (cf. Fig. 3b) has trigonal symmetry
with V dimers along the c-axis and a V-based honeycomb lattice in the ab-plane. Upon lower-
ing the temperature, a metal-insulator transition (MIT) towards the AFI phase, with notably a
monoclinic crystal structure, occurs at Ty ~ 155 K.

Formally, in V5,03, vanadium is in the oxidation state 3+, i.e., a valence configuration 3d>.
Within the VOg octahedra, the V(3d) manifold is first split into higher-energy e, and lower-
energy to, states due to the octahedral crystal field. Because of the tilted orientation of those
octahedra, the additional trigonal crystal field splits threefold V-5, into a1, and two degenerate
ey states. There are numerous DFT investigations of this compound [29-33]. On the corre-
sponding level, a low-energy V-t5, bandwidth of W' ~ 2.6 €V (see Fig. 4), harboring the two
electrons in the occupied part, results around the Fermi level eg. The a,, orbital points along the
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Fig. 3: Basic information on V,03. (a) Temperature vs. pressure/doping phase diagram with
the following phases: paramagnetic metal (PM), paramagnetic insulator (PI) and antiferro-
magnetic insulator (AFI). The 'CO’ area marks the PI-PM crossover region. (b) Corundum
structure with V (blue) and O (red), left: view with c-axis vertical; and right: view along c-axis.

c-axis and along the V-V dimers, which therefore display a pronounced bonding/anti-bonding
splitting. The e7 orbitals point inbetween the oxygens and are expected to describe more local-
ized behavior than a;,. An orbital polarization n(ej)/n(a;,) = 1.44/0.56 = 2.57 in favor of
e, 1s obtained in DFT. Note that in the low-7" monoclinic AFI phase, the V-V dimer distance
grows and does not shrink as in the akin VO; compound. Thus a straightforward Peierls-like
mechanism due to dimerization is not at the origin of the metal-insulator transition. But the in-
plane degeneracy in the V-V distances within the honeycomb lattice is broken in the monoclinic
phase. Thus after cubic and trigonal components in the crystal field, there is yet a further mono-
clinic one appearing, eventually splitting the e7 degeneracy. As seen in Fig. 3a, doping with Cr
(or application of negative pressure) at ambient temperature results in another metal-insulator
transition from the PM to the PI phase for about 1.5% of Cr dopants. This MIT is particu-
larly interesting, since apparently no global symmetry is broken, i.e., the corundum symmetry
and paramagnetism remain vital. Hence, seemingly, the V5,03 phase diagram displays all char-
acteristics of a “model phase diagram” for a strongly correlated system on a lattice: strong
electronic correlations create local magnetic moments that order at low temperature via a MIT
in an antiferromagnetic phase; upon application of negative pressure the lattice expands and a
different MIT occurs due to a reduction of the hopping, while application of positive pressure
or Ti doping stabilizes the metal due to a strengthening of the hopping. So far, so nice. But
this simplistic model picture of V503 has attained serious cracks over the many years of inves-
tigation, suggesting that especially the doping with Cr or Ti results in much more intriguing
physics than originally envisioned. This lecture is not the place to go into full detail of this, but
let us remark on only one relevant aspect (for more on this matter see, e.g., Ref. [34]). Though
Cr(Ti) doping has the same phenomenological effect as negative(positive) pressure, i.e., driving
localization(itinerancy), they do not coincide in terms of the microscopic mechanism. Namely,
while Cr doping indeed expands the lattice [35], Ti doping does not contract the lattice, but
actually also expands it (albeit not as strongly as Cr doping) [36].



6.20 Frank Lechermann

S I I
e T
7
4- __ a4 N
el )
8
azr 7
17 —
O | I | I I I | I | I
-1.5 -1.0 -0.5 0 0.5 1.0 1.5

E-E. (eV)

Fig. 4: Local V-ty, density of states (DOS) for V5,0s.

4.2 Electronic correlations within DFT+DMFT

When going beyond DFT for this strongly correlated material, the transition-metal ¢, electrons
are usually chosen to form the correlated subspace of V,03. An interacting Hamiltonian of
Slater-Kanamori form (54), is conveniently governing this subspace. From a Hubbard U~5 €V,
the ratio U/W ~ 2 puts the V503 system well into the strongly correlated regime. As the
corundum structure builds up on two formula units in its primitive cell, there are four symmetry-
equivalent V ions to take care of in multi-site DFT+DMFT. Also on the latter level, there exist
already many studies for this hallmark material [37-39, 14,40—43].

In the following, we want to the restrict the discussion to the paramagnetic regime. We set
the local Coulomb interactions to U = 5 eV and Jy = 0.7 eV and perform the calculations
for T =387 K (8 =30eVYHand T = 193 K (3 = 60 eV~!). The focus is on two structural
cases, namely the stoichiometric corundum unit-cell and the effective 2.8% Cr-doped corundum
unit-cell, both based on the crystal data of Dernier [35]. Note importantly, that the cell with
effective Cr doping differs only via the lattice parameters and the Wyckoff positions of V and O
compared to the stoichiometric cell. In other words, the effect of 2.8% Cr dopants is taken into
account only on the average by an effective refinement of the vanadium and oxygen positions.
The explicit effects of the different valence of Cr compared to V as well as local structural
relaxations due to Cr impurities are neglected. This approximation of the effect of Cr doping
renders the computations in the doped case simple, but it is also a rough one. Nonetheless,
this approximate treatment of Cr doping has nearly exclusively been used in former theoretical
assessments of Cr-doped V,0s.

Figure 5 displays the k-integrated spectral functions A(w) at stoichiometry and with effec-
tive Cr doping. From the total spectral functions, three observations are readily made. First,
vanadium sesquioxide is indeed a strongly correlated material, since it shows a substantially
renormalized quasiparticle peak and lower/upper Hubbard bands due to the spectral-weight
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Fig. 5: DFT+DMFT k-integrated spectral functions A(w) for stoichiometric and effective Cr-
doped (see text) VO3 at T = 387K (top) and T' = 193 K (bottom), respectively. (a) total A(w)
and (b) local V-t5;, A(w).

transfer to incoherent local excitations at higher energy. Second, in line with the experimental
phase diagram, with effective Cr doping the system is indeed more strongly correlated than at
stoichiometry. Third, the spectral-weight transfer from low energy to high energy is stronger
at higher temperatures. This means, that there is a rather small coherence scale of the QPs,
leading to an increasing effective localization of the corresponding electrons for 7' larger than
that scale. On the local level, the orbital polarization between eg and a;, 1s increased with
correlations, actually from the DFT value n(e)/n(a;,) = 1.44/0.56 to the DFT+DMFT val-
ues n(ey)/n(ay) = 1.58/0.42 at stoichiometry and n(e])/n(aiy) = 1.60/0.40 for effective Cr
doping. The increase of orbital polarization is explained by a trigonal-crystal-field enhancement
due to electronic correlations [38, 39].

For completeness, Fig. 6 exhibits the k-resolved spectral function of stoichiometric V,03 along
high-symmetry lines in the first Brillouin zone. Note that because of the strong correlations,
the dispersion of the QPs is now “squeezed” in an energy window [—0.3,0.3] eV, whereas on
the DFT level we remember an effective bandwidth of W ~ 2.6 eV. The spectral weight in
this low-energy region is already substantially broadened, only along k., i.e., the line Z-1I,
displays a rather coherent QP part. The spectrum is in good agreement with recent angle-
resolved photoemission (ARPES) experiments by Vecchio et al. [44], though the electron pocket
at /" is even deeper in energy within the experimental data.

Let us finally compare the electronic charge density p(r) from DFT and from charge self-
consistent DFT+DMFT. Figure 7a shows the bonding charge density ppond = P — Patomic
within the ab-plane of V,03. The function py,,q is often more instructive than the pure p, since
the latter is a large-valued function that mainly marks the ionic positions on the lattice with
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Fig. 6: DFT+DMFT k-resolved spectral function A(k,w) for stoichiometric VoO3 at T = 193K
along high-symmetry lines in the first Brillouin zone.

its maxima. On the other hand, p.,q as a difference function has more contrast and reveals
the charge redistributions due to the crystal environment. Here, one can see the charge trans-
fer from V to O, especially originating from V-e,. This is reasonable since V-¢, is strongly
hybridized with O(2p), which mainly responsible for the crystal bonding. The difference plot
of pair = porripmrr — porr between DFT+DMEFET and DFT in Fig. 7b verifies the already
mentioned observation of enhanced V-e filling with correlations.

4.3 Charge self-consistency vs. one-shot

All the shown data corresponds to charge self-consistent DFT+DMFT. The relevance of charge
self-consistency becomes already clear from our last finding of increased V-ej filling with cor-
relations. This increased filling affects the surrounding electronic structure and therefore has to
be included on a complete self-consistent level.

However in V503, there are even much more dramatic consequences of charge self-consistency,
which partly only become clear if one performs the same calculations at the simple one-shot
level. If one does so, two major differences are observed. First, the orbital polarization al-
ready at stoichiometry is much larger [38,39] than with charge self-consistency [14,41-43,34],
nearly close to fully polarized V-e7. Hence the trend of trigonal-crystal-field enhancement
due to correlations is artificially too strong because of the missing feedback of the rest of
the system. This is verified by the recent ARPES measurements [44] at stoichiometry, which
show a sizable a;, occupation close to the finding with charge self-consistency. Second, and
maybe even more relevant, the effective Cr-doped structure is already insulating in one-shot
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(a)

(b)

Fig. 7: Inclined view on the charge density within the ab-plane of Vo, 03. (a) DFT+DMFT bond-
ing charge density pyond = P — Patomic- Black lines are guides to the eye for the V-based honey-
comb structure. Note that this is an effective honeycomb lattice, which is not exactly flat due two
different height positions of V along c. (b) Charge-density difference pait = pPpFT+DMFT — PDFT
between DFT+DMFT and DFT. Note the enlarged occupation of the signatures of the V-e7 or-
bitals within DFT+DMFT (deep red parts).

DFT+DMEFT (e.g. Ref. [39]). Now one could say that is a good thing, because it matches with
the phase diagram for that amount of doping. But one has to remember the strong simplifica-
tions that are used to arrive at that result: neglect of charge self-consistency as well as neglect
of the explicit defect chemistry due to the Cr dopants. Thus, this “positive” result truly emerges
from the (neglect-)error cancellation, and does not explain the true driving force behind the
PM-PI transition.

In fact recent work [34] shows, that an honest treatment of both electronic correlations and
explicit defect chemistry due to doping is relevant to understand the phase diagram of V,0s.
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S Concluding remarks

In this short lecture, we introduced the self-consistency cycles of different electronic structure
approaches with an emphasis on charge self-consistency in DFT+DMFT. The interplay between
the basic-formal schemes as well as rather technical-numerical aspects is of natural importance
in this field. Furthermore, although the described methodologies and their concrete computer-
code implementations are often very elaborate, one should never use them in a “black-box”
manner. [t remains very important as a physicist or materials scientist to interpret and weigh the
obtained data, if possible by thoughtful consideration of experimental knowledge. Hence, true
scientific results only appear after the numerical data is processed by a critical mind.
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7.2 Eva Pavarini

1 Introduction

Most electronic properties of solids and molecules can be described — in the non-relativistic
limit and in the Born-Oppenheimer approximation — by the electronic many-body Hamiltonian

~NR 1 9 A 1
Y = 221,:% Zi:rﬁ;m—m' (1)
In practice, finding the exact eigenvalues and eigenvector of this Hamiltonian for a given sys-
tem is impossible, unless the number of electrons is very small. This might sound as a gloomy
conclusion for condensed-matter physics. The positive side is that, however, the exact solution
of the many-body Hamiltonian (1) is, most likely, not even useful for understanding the prop-
erties of matter. One can grasp the reason by looking to a many-body problem for which an
exact solution was found, the classical gravitational N-body system. Even without the compli-
cation of quantum mechanics, describing the behavior of many interacting classical bodies is a
formidable task. This complexity is remarkable, since in the absence of interactions everything
seems beautifully simple. Let us remind ourselves why. If a system is made of a single body
with mass m1, and its initial position, 7 (0), and velocity, 7 (0), are known, we can predict its
position at any time in the future by solving the trivial equation

ml'i‘l = 0.

If our system contains two such bodies, we can just do the same, the only possible complication
being collisions; as a matter of fact, if we exclude collisions, the first body does not influence at
all the second. The system of independent equations that we have to solve is just

mlv'“'l =0 A mng =0.

In the large- NV limit, assuming that all bodies have the same mass m; = m and collisions are
elastic, the system behaves as an ideal gas, whose macroscopic properties are described by the
famous ideal-gas law PV = NkgT'. As soon as we switch on the gravitational interaction, how-
ever, everything is suddenly awfully complicated. The two-body problem is already difficult by
itself. The system of equations is now

{ mir; = +Fip

matTy = —Fyy
where
Gmlmgf
FH:_T’ r=7T1—"

is the force that the second body exerts on the first. This system can be solved exactly after
changing variables to the center-of-mass and relative coordinates. Its solution yields a surprising
emerging behavior, i.e., closed elliptical orbits. Let us add now one body more

mir; = +Fy+ Fi3
moTy = —Fiy + Fy3 ()
mars = —Fi3 — F3.
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The three-body problem (2) was a mystery for a long time. It can even present chaotic effects;
when chaos reigns, the behavior of the system in the future is very sensitive to small changes
in the initial conditions. The problem was solved by Karl F. Sundman at the beginning of last
century, who found — few cases excluded — a convergent series solution in powers of t'/3 [1].
The extension to the general N-body problem arrived in 1991 thanks to Qiudong Wang, at the
time a young researcher. This story is nicely told in a review article by Florin Diacu [2], who
concludes

Did this mean the end of the N-body problem? Was this old question — unsuccess-
fully attacked by the greatest mathematicians of the last three centuries — merely
solved by a student in a moment of rare inspiration? [..] Paradoxically [..] not; in

fact we know nothing more than before having that solution.
The explanation is that

[..] these series solutions [...] have very slow convergence. One would have to sum
up millions of terms to determine the motions of the particles for insignificantly
short intervals of time. The round-off errors make these series unusable in numer-
ical works. From the theoretical point of view, these solution add nothing to what

was previously known about the N-body problem.

Indeed, we are not even interested in knowing where all particles are at each moment. We
do not want to reproduce the complete history of the formation of the solar system, atom by
atom. We rather look for answers to questions such as “Is the solar system stable? If not, in
what time frame will chaotic behavior manifest itself?”. We can now foresee that a similar
conclusion would likely apply to the quantum case, had we at hand the exact solution of this,
even more complex, N-body problem. Such a solution would contain too much information.
We would need the lifetime of the universe or longer for extracting the answer to one of our
questions, e.g., “why are some systems metals and other insulators?” or “ what is the origin
of superconductivity?”’. We would perfectly reproduce experimental phenomena, without being

able to tell anything about their origin.'

We have thus to abandon the idea that all problems
can be solved by a single magic algorithm which returns the exact solution, unless we can,
in addition, build an oracle machine powerful enough to eliminate all the irrelevant data and
identify the essential elements, providing answers to the real questions. We cannot exclude that
one day artificial intelligence will be able to do that for us [3]. In the mean time, the strategy
is to build minimal materials-specific models which capture the essence of the phenomenon we
want to understand, and solve them as accurately as possible. Unfortunately, even for those
models, in most cases only approximate solutions are available. Thus the simplifications made
and the approximations adopted have to be put to the test. In this imperfect world, in which
neither the model nor the solution method are exact, and in which there is no guarantee that the

choices we made are indeed good enough, we have to try to explain reality. Finding realistic

Indeed, agreement with experiments is highly overrated. A useful theory should explain, not merely reproduce,
experimental measurements.
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but minimal models (and, at the same time approximate methods of solution that work) is, of
course, not at all trivial, and often involves refinements and corrections. This approach, despite
its non-systematic, trial-and-error nature, proved itself very successful and allowed physicists to
understand superconductivity, the Kondo effect, the metal-insulator transition, and much more.
The first step to make progress is to rewrite the Hamiltonian in second quantization, the formal-
ism that allows us to deal with many-body states and operators in a compact and elegant way.
It is worth to remind ourselves that setting up the Hamiltonian in second quantization requires
to identify and choose a complete one-electron basis. The selection of the basis is important,
because certain choices allow us to build better models than others. Here better indicates a
more advantageous compromise between two competing needs, (i) that the model is as realis-
tic as possible and (ii) that its associated Fock space is as small as possible. The role of the
basis becomes perhaps more clear with a simple example. The low-energy bound states of the
hydrogen atom can be described, of course, in a basis of plane waves; the number of plane
waves required is extremely high, however. In the many-body case, the basis might make the
difference between being able to solve the relevant model or not. In this lecture we will adopt
as basis Wannier functions, v, (7). First we will write the Hamiltonian using the complete
set, and later we will see how to construct minimal models. Using a complete set of Wannier
functions, the Hamiltonian (1) can be expressed as He = f[o +H v. The one-electron term, f[o,
describes the kinetic energy and the attraction between electrons and nuclei, and is given by

Zzztmm imoCitm/ o+

f ) creates (destroys) an electron with spm o in orbital m at site 7. The on-site

Here Cimo ( Cimo

(7 = i) terms yield the crystal-field matrix &,,, ,,y = tr;z,m’ while the 7 # i’ contributions are the
hopping integrals. The parameters are given by

i = = [T ) (=59 4 00l i ), o

where vg(r) is the electron-nuclei interaction. The electron-electron repulsion Hy is

§ :E : § : i3’ 5’ T
Ump m/p’ zmocjpa’ Cj’p o'Cirm/ o

zzy] oo’ mm/pp’

where the (bare) Coulomb integrals can be expressed as
U:i;]mp /dlrl/d’r2 ¢zma 1 w]PU (T.Q) ’ —ry ’% plo’ (7“2)% 'm/ O'(Ir].>

The simplest version of H, is the so-called Hubbard model, in which we consider only one
orbital (m=m'=p=p’) and we assume that the Coulomb term is local (i=i'=j=j"). This yields

H = Z Z tl o chz’a +U Z ﬁiTﬁii = Z 5]60;200160 + UZ flnflu. (4)
o ) ko 7

Even this apparently simple model cannot be solved exactly in the general case. This is because
it contains already all the essence of the electronic many-body problem.
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2 LDA+DMFT

The Hubbard model (4) and its multi-orbital generalizations are the minimal models for de-
scribing the Mott metal-insulator transition. The most successful method of solution capturing
the nature of the Mott transition is DMFT, dynamical mean-field theory [4-7]. It is based on
the local self-energy approximation, i.e., the assumption that X7 (k,w) ~ X7 (w). DMFT is
exact for U = 0 (band limit), for t** = 0 (atomic limit), and in the limit of infinite coordination
number [4,5]. In the present section we will illustrate the basic ideas of this approach. First
we will use a toy model that can be solved analytically, the Hubbard dimer. For this model the
coordination number is equal to one, and thus, as one might expect, a local self-energy is a bad
approximation. The example is nevertheless very useful to explain the essence of the method.
Next we will extend to the one-band Hubbard model, and finally we will generalize to realistic
multi-orbital many-body Hamiltonians.

2.1 DMFT for the Hubbard dimer

The two-site Hubbard model is given by
H = &4q ZTAZZ‘U — tz (C];UCQU + ngclg> + U Z fLiTTAlii,

with i = 1, 2. The ground-state for N = 2 electrons (half filling) is the singlet?

G)u = [2,00) = ﬁ (clyeh, = cluchy] 10y + E clyel, + ey, | 0) )
with
i = 1 A(t,U)—U7 2= 4t 2 7
A(t,U) 2 At U) A(t,U) - U
and

A(t,U) = VU? 4 162,
The energy of this state is
1
Eo(2) =24 + 5(U — A(t,U)).

In the 7" — 0 limit, the exact local Matsubara Green function for spin o takes then the form

G7 (ivy) 1 1+w . 1—w
b 4 vy, — (Ep(2) —eq+t—p) vy — (Ep(2) —eq—t — p)
1—w I+w
_|_

. + - )
Wy — (—Eo(2) + U +3eq+t—pu) vy — (—Eo(2)+U +3eq4—t —p)

2You can find all eigenstates and eigenvalues of this model for arbitrary filling in my chapter in Ref. [8].
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where v, = m(2n + 1)/ are fermionic Matsubara frequencies, ;1 = ¢4 + U/2 is the chemical
potential, and the weight is w = 2a;jas. The local Green function can be rewritten as the average
of the Green function for the bonding (k¥ = 0) and the anti-bonding state (k = 7), i.e.,

& (i) = L 1 . 1
ii\Wn) = = : . . ; .
e 2\ v, +pu—eq+t—2X00,iv,) vy, +p—eqg—t—X(m,ivy,)

J/

-~

G (0,ivn) G (m,ivy)
The self-energy is given by

o U U2 1
20 (ksivn) =5+ T ap

The self-energies X7 (0, iv,) and X°(r, iv,) differ due to the phase ¢* = +1 in their denomi-
nators. The local self-energy is, by definition, the average of the two
1 u U? w,
X(ivy) = = [ 27(m, i) + X7(0,ivy) | = =+ — ————s.
7 (ivy) 2( (m,iv,) + 2°(0,iv )) 5 T2 ()2 — (31
The difference
1
ASS (ivy) = 5(2%,%) — 27(0, z'z/n)>,

thus measures the importance of non-local effects; it would be zero if the self-energy was inde-
pendent of k. Next we define the hybridization function

(t+ A%y (iv,))”

F (i) =
(i) Wy + o —eq — X7 (ivy,)

which for U = 0 becomes

. t?
F§ (iv,) = P
By using these definitions, we can rewrite the local Green function as
1
Wy 4 p—eq — Fo(ivy,) — X7 (ivy,)

G7(ivn) =

It is important to point out that the local Green function and the local self-energy satisfy the
following local Dyson equation

1
ZU ) n) — - )
(ivn) &7 (iv,) G, (ivy)

where &7, (iv,) is given by

1
Wy + 1 —eq — Fo(iv,)

QS;’Z(@V”) =
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Thus, one could think of mapping the Hubbard dimer into an auxiliary quantum-impurity model,
chosen such that, within certain approximations, the impurity Green function is close to the local
Green function of the original problem. Is this possible? Let us adopt as auxiliary model the
Anderson molecule

HA = €5 Z Negg — tz (CLUCSU + Clocdo> + &4 Z Ndy + UﬁdTﬁd¢. (6)
g g g

The first constraint would be that Hamiltonian (6) has a ground state with the same occupations
of the 2-site Hubbard model, i.e., at half filling, n; = ns = 1. The condition is satisfied if
€s = . This can be understood by comparing the Hamiltonian matrices of the two models in
the Hilbert space with N = 2 electrons. Let us order the two-electron states of the Hubbard
dimer as

|1>: |27171> = CJ{TCJ%HO)?

|2>: |2717_1> = ChC;JO)’

3)= [2,1,0) = Zslelel, +¢lycl]l0),
[4) = 12,0,0) = Z5lelel, =l ehi]l0),
5) = [2,0,0)1 = cl;cl}|0),
6) = [2,0,0), = c;TcMO).
In this basis the Hamiltonian has the matrix form
24 0 0 0 0 0
0 24 0 0 0 0
X 0 0 2, 0 0 0
H, =
0 0 0 24 —V2u =2
0 0 0 —V2 244U 0
0 0 0 —v2 0 2e44+U

The ground state, the singlet given in Eq. (5), can be obtained by diagonalizing the lower
3x3 block. For the Anderson molecule, ordering the basis in the same way (1 — d,2 — s),
this Hamiltonian becomes

egqtes 0 0 0 0 0
0 €atEs 0 0 0 0
X 0 0 e4tes O 0 0
Hy =
0 0 0 egtes —V2 —V2
0 0 0 =2 2e44U 0
0 0 0 =2 0 2,
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By comparison, we may see that if £, = ¢4 + U/2, the ground-state of ﬁ{‘ has the form of the
ground-state for the Hubbard dimer, i.e.,

(6%) 631
The values of a; and oy, as well as the complete list of eigenvalues and eigenvectors of the
Anderson molecule for e, = ¢4 + U/2 and arbitrary electron number /N, can be found in the
Appendix. The impurity Green function takes then the form

. /. 1 14w 1—w
Gd,d(wn) = {

1 i — (Bo@) - B () =) ivm = (Bo(2) — B (1) — )
14w N 1—w ]
in— (B_(3) = Eo(2) — 1) | ivm— (B+(3) — Bo(2) — )]’

where
Eo(2) - Be(1) = (2A<t, UJ2) + Alt, U>),
1
Bo(3) = Eof2) — = +7 <2A(t, U/2) + At U)),

, 1 322 -U?
W —

T2A0U)ALU/2)

After some rearrangement we obtain a much simpler expression

1
W+ 1 — eqg — FG (i) — X9 (ivy,)

Gg,d(il/n) =

The impurity self-energy equals the local self-energy of the Hubbard dimer

U U? .
S (ivy) == 4
i) =5+ T G = @30

The hybridization function is given by

t2
.Fg(lyn) =

W,
For U = 0, G9 ,(iv,,) equals the non-interacting impurity Green function

1

GY (iv,) = .
aa(ivn) Wy + 1 —eq — FG (ivy)

The impurity Green function thus satisfies the impurity Dyson equation

(i) = o 1
ivy,) = - .
4 G?l‘,Td(ZVn) Gg,d(“/n)
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Fig. 1: Green functions of the Hubbard dimer (t = 1,U = 4) and the Anderson molecule
(es = €4+ U/2) in the zero temperature limit. Left panels, blue: Hubbard dimer with local self-
energy only, i.e., with AX7(w) = 0. Left panels, orange: Anderson molecule. Right panels:
Exact Green function of the Hubbard dimer. Dashed lines: poles of the Green function of the
Anderson molecule (left) or Hubbard dimer (right).

In Fig. 1 we show the impurity Green function of the Anderson molecule (orange, left panels)
and the local Green function of the 2-site Hubbard model, in the local self-energy approximation
(blue, left panels) and exact (blue, right panels). Comparing left and right panels we can see
that setting AYXY (w) = 0 yields large errors. The left panels demonstrate, however, that the
spectral function of the Anderson molecule is quite similar to the one of the Hubbard dimer
with AX7(w) = 0. The small remaining deviations come from replacing, in the impurity
Dyson equation, the non-interacting impurity Green function with Qﬁfl(wn) in the local self-
energy approximation, i.e., with the bath Green function

o[ 1
giﬂ;(“/n) _Z-Vn + /,L —eg— .EU<ZVn) )
where
t2
F7 (i) =

iy + p—eq — Xq(ivy,)
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We are now in the position of explaining how DMFT works for the Hamiltonian of the Hubbard
dimer, choosing the Anderson molecule Hamiltonian (6) as the auxiliary quantum-impurity
model. The procedure can be split in the following steps

1. Build the initial quantum impurity model with G (iv,) = GY7(ivy,). The initial bath is
thus defined by energy €, = ¢4 and hopping ¢.

2. Calculate the local Green function Gf ,(iv,) for the auxiliary model.

3. Use the local Dyson equation to calculate the impurity self-energy

1 1
Xliv,) = — — —.
! Gaalivn) GG y(ivn)
4. Calculate the local Green function of the Hubbard dimer setting the self-energy equal to
the one of the quantum-impurity model
1 1 1

G? () ~ = |- : : .
ii(#n) 2 v, +p—eqa+t—X9(>iv) + iVp +p—gq —t — Xq(ivy)

5. Calculate a new bath Green function G7;(iv,,) from the local Dyson equation

1
2aivy) + 1/G§’,i(i’/n)‘

gzc,rz(fwn) =

6. Build a new G (iv,) from G, (iv,,).
7. Restart from the second step.
8. Iterate till self-consistency, i.e., here till n§ = n¢ and X9 (iv,,) does not change any more.

The Anderson molecule satisfies the self-consistency requirements for €, = p. The remaining
difference between G'7 ,(iv,,), the impurity Green function, and G7,(iv,,), the local Green func-
tion of the Hubbard dimer in the local self-energy approximation, arises from the difference in
the associated hybridization functions

AF(ivy) = F7 (ivy) — F (ivy) = t2p2( — % + 1_ s i ga)
where p? = U?/8¢? and g, = /912 + U?/4. If we use the Anderson molecule as quantum-
impurity model we neglect AF;(iv,); the error made is small, as shown in the left panels of
Fig. 1. To further improve we would have to modify the auxiliary model adding more bath sites.
Remaining with the Anderson molecule, let us compare in more detail its spectral function with
the exact spectral function of the Hubbard dimer. Fig. 2 shows that the evolution as a function
of U is different for the two Hamiltonians. Anticipating the discussion of next session, if we
compare to the spectral function of the actual lattice Hubbard model, we could say that the
Anderson molecule partially captures the behavior of the central “quasi-particle” or “Kondo”
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Fig. 2: Imaginary part of the Green function of the Anderson molecule (orange) and Hubbard
dimer (blue) in the zero temperature limit. For the Hubbard dimer the exact Green functions
are used, as in the right panels of Fig. 1. Parameters: t = 1, e, = u. Top: U = 0 (left) and
U = 4t (right). Bottom: evolution with increasing U from 0 to 4t in equal steps.

peak with increasing U, although the Kondo effect itself is unrealistically described; as a matter
of fact, the Kondo energy gain (the “Kondo temperature”) is perturbative (o< t2/U) in the case
of the Anderson molecule, while it is exponentially small for a Kondo impurity in a metallic
bath. On the other hand, the Hubbard dimer captures well the Hubbard bands and the gap in the
large-U limit. The example of the Anderson molecule also points to the possible shortcomings
of calculations for the lattice Hubbard model (4), in which the DMFT quantum-impurity model
is solved via exact diagonalization, however using a single bath site or very few; this might
perhaps be sufficient in the limit of large gap,® but is bound to eventually fail approaching
the metallic regime. Indeed, this failure is one of the reasons why the solution of the Kondo
problem required the development of — at the time new — non-perturbative techniques such as
the numerical renormalization group.

3For a discussion of bath parametrization in exact diagonalization and the actual convergence with the number
of bath sites for the lattice Hubbard model see Ref. [9].
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2.2 DMFT for the one-band Hubbard model

The Hubbard Hamiltonian (4) is in principle the simplest model for the description of the Mott
metal-insulator transition. In the tight-binding approximation it becomes

H=cg) fug—t Y clocu, +U Y iy, (7)
oi (i) i

where (i7’) is a sum over first neighbors. For U = 0, at half-filling, this Hamiltonian describes
a metallic band. For ¢ = 0 it describes an insulating collection of disconnected atoms. Some-
where in between, at a critical value of /U, a metal to insulator transition must occur. In this
section we will discuss the DMFT solution of (7) and the picture of the metal-insulator transi-
tion emerging from it. The first step consists in mapping the original many-body Hamiltonian
into an effective quantum-impurity model, such as the Anderson Hamiltonian

A — Z EpNko + Z (V,chUch + h.c.) + ey Z fuao + Ulgriiay -
ko ko .

7
~~ ~~ ~~

Hypatn thb Himp

In this model the on-site Coulomb repulsion U appears only in the impurity Hamiltonian, H imp>
while the terms Hy o, and H hyb» describe, respectively, the bath and the bath-impurity hybridiza-
tion. In the next step, the quantum-impurity model is solved. Differently from the case of the
Anderson molecule, this cannot be done analytically. It requires non-perturbative numerical
methods, such as exact diagonalization, the numerical renormalization group or quantum Monte
Carlo (QMC). Here we describe the DMFT self-consistency loop for a QMC quantum-impurity
solver. Solving the quantum-impurity model yields the impurity Green function Gg ;(ivy,).
From the impurity Dyson equation we can calculate the impurity self-energy

(i) = (G (i)~ = (G5 4(iv))

Next, we adopt the local approximation, i.e., we assume that the self-energy of the Hubbard
model equals the impurity self-energy. Then, the local Green function is given by

1 1
G . (iv,) =— ,
feic (1) N — Wy + L~ € — X9 (ivy,)

where Ny is the number of k points. The local Dyson equation is used once more, this time
to calculate the bath Green function G?(iv,,), which in turn defines a new quantum-impurity
model. This procedure is repeated until self-consistency is reached, and

G7 i (ivn) = G 4(ivy).

leyle

It is important to underline that self-consistency is key to the success of DMFT in describing the
metal-to-insulator transition. This can, perhaps, be best understood looking at a simpler self-
consistent method, the static mean-field or Hartree-Fock approach.* In the static mean-field

#Keeping in mind that many self-consistent solutions obtained with the Hartree-Fock method are spurious.
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Fig. 3: The metal-insulator transition in ferromagnetic Hartree-Fock. The calculation is for a
square lattice tight-binding model with dispersion €}, = —2t(cos k, + cos k).

approximation we replace the Coulomb interaction of the Hubbard model (7) with a one-body
operator
Uﬁﬁ’flu — U(’flnﬁu + ﬁiTﬁii — flmﬁu),

where 7, is the expectation value of n,,; for simplicity, here we additionally assume that
Nni, = N,. The approximation is then identical to replacing the Hamiltonian with

e =Y {ak + U(% - o—m)] i ®)
ko

where 0 = +1 for spin up and 0 = —1 for spin down; thus h.s = 2Um plays the role of an
effective field (Weiss field). The self-consistency criterion is simply

Nge = <ﬁa>MF7

where the expectation value (n,)ur is calculated using the Hamiltonian Hyyp, which in turn
depends on n, via m. This gives the self-consistency equation

ge—Bler+U(3—om)—)

11
"=9N, % 1+ e PlntUG—om—p’
If we set m = 0 the equation is satisfied; for such a trivial solution the static mean-field cor-
rection in Eq. (8) merely redefines the chemical potential and has therefore no effect. For
sufficiently large U, however, a non-trivial solution (m # 0) can be found. If m # 0 the spin
up and spin down bands split, and eventually a gap can open. This is shown in Fig. (3). The
static mean-field correction in Eq. (8) equals the contribution of the Hartree diagram to the self-
energy, X7 (iv,) = Un_,. In many-body perturbation theory, however, n, = 1/2, i.e., m = 0.
In the self-consistent static mean-field approximation, instead, m can differ from zero, and a
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A(w)

Fig.4: VOMoO,: LDA+DMFT spectral function at finite temperature for 0 < U < 4. Energies
are in eV and spectral functions in states/spin/eV. The calculations have been done using a
continuous-time hybridization-expansion QMC solver [10]. A detailed LDA+DMFT study of
the electronic and magnetic properties VOMoO, can be found in Ref. [11].

phenomenon not described by the mere Hartree diagram can be captured, ferromagnetism in
a correlated metal. In DMFT the role of the Weiss field is played by the bath Green function
G7;(iv,). The emerging picture of the Mott transition is described in Fig. 4 for a representative
single-band material. In the U = 0 limit, the spectral function Ay(w) is metallic at half filling
(top left panel). For finite U, if we set X9 (w) = 0 as initial guess, the DMFT self-consistency
loop starts with A(w) = Ag(w). For small U/t, the converged spectral function A(w) is still
similar to Ag(w). This can be seen comparing the U = 0.5 and U = 0 panels in Fig. 4. Further
increasing U/t, sizable spectral weight is transferred from the zero-energy quasi-particle peak
to the lower (LH) and upper (UH) Hubbard bands, centered at w ~ +U /2. This can be observed
in the U = 1 panel of Fig. 4. The system is still metallic, but with strongly renormalized masses
and short lifetimes, reflected in the narrow quasi-particle (QP) peak. Finally, for U larger than
a critical value (U > 1.5 in the figure) a gap opens and the system is a Mott insulator. When
this happens the self-energy diverges at low frequency, where

o U A

In the large U/t limit the gap increases linearly with the Coulomb repulsion, i.e., £ (1) ~
U — W, where IV is the bandwidth.
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2.3 DMFT for multi-orbital models

The multi-orbital Hubbard-like Hamiltonian has the form
ﬁ = I:I 0 + [_A[ U

Zzztmama CimoCitm/ o’

i/ o mm/

2 :E :E :E :Umpmp/ Cimo zpcr’czpa’czmo’

i oo’ mm' pp’

where m, m’ and p, p’ are different orbitals and the Coulomb tensor is local. The DMFT ap-
proach can be extended to solve models of this form, mapping them to multi-orbital quantum-
impurity models. The main changes with respect to the formalism introduced in the previous
section are then the following

€k — (Hk:>ma,m’0'/ (ZVn + ,u) — (ZVn + ,u) ima’,m’a’
t“ _>t:nlamo €d_>8mama :_t;"jama

where 1 is the unity matrix. As a consequence, the local Green function, the bath Green func-
tion, the hybridization function and the self-energy also become matrices in spin-orbital space

G7 (ivn) = G (iv) G (ivn) = Gl (ivy) X (ivn) = Z0 (i)

The corresponding generalization of the self-consistency loop is shown schematically in Fig. 5.
Although the extension of DMFT to Hubbard models with many orbitals might appear straight-
forward, in practice it is not. The bottleneck is the solution of the generalized multi-orbital
quantum-impurity problem. The most flexible solvers available so far are all based on QMC.
Despite being flexible, QMC-based approaches have limitations. These can be classified in
two types. First, with increasing the number of degrees of freedom, calculations become very
quickly computationally too expensive — how quickly depends on the specific QMC algorithm
used and the actual implementation. Thus, going beyond a rather small number of orbitals and
reaching the zero-temperature limit is unfeasible in practice. The second type of limitation is
more severe. Increasing the number of degrees of freedom leads, eventually, to the infamous
sign problem; when this happens, QMC calculations cannot be performed at all. In order to
deal with limitations of the first type, it is crucial to restrict QMC calculations to the essential
degrees of freedom; furthermore, we should exploit symmetries, develop fast algorithms and
use the power of massively parallel supercomputers to reduce the actual computational time.
For the second type of problems not a lot can be done; nevertheless, it has been shown that a
severe sign problem might appear earlier with some basis choices than with others [10]. Al-
though eventually we cannot escape it, this suggests that the model set up can be used as a tool
to expand the moderate sign-problem zone. For what concerns symmetries, in the paramagnetic
case and in absence of spin-orbit interaction or external fields, an obvious symmetry to exploit
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Fig. 5: LDA+DMFT self-consistency loop. The one-electron Hamiltonian is built in the basis
of Bloch states obtained from localized Wannier functions, for example in the local-density
approximation (LDA); this gives HLP. The set {i..} labels the equivalent correlated sites inside
the unit cell. The local Green-function matrix is at first calculated using an initial guess for the
self-energy matrix. The bath Green-function matrix is then obtained via the Dyson equation
and used to construct an effective quantum-impurity model. The latter is solved via a quantum-
impurity solver, here quantum Monte Carlo (QMC). This yields the impurity Green-function
matrix. Through the Dyson equation the self-energy is then obtained, and the procedure is
repeated until self-consistency is reached.

is the SO(3) rotational invariance of spins, from which follows

ro. .
AZ (i) = 0.0t Am (i),

, My

where A = G, G, Y. In addition, if we use a basis of real functions, the local Green-function
matrices are real and symmetric in imaginary time 7, hence

A% () = Ot At (T) = 60 At (7).

m,m/

Finally, often the unit cell contains several equivalent correlated sites, indicated as {i.. } in Fig. 5.
In order to avoid expensive cluster calculations, we can use space-group symmetries to construct
the matrices G, G, X at a given site i, from the corresponding matrices at an equivalent site, e.g.,
1. = 1. Space-group symmetries also tell us if some matrix elements are zero. For example, for
a model with only #,, (or only e,) states, in cubic symmetry, in the paramagnetic case and in
absence of spin-orbit interaction or external fields, we have

A?T;(,I'I;L/(T) - 50’,(7’ A’m,’m(T) 5m,m/'
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2.4 Minimal material-specific models from LDA

How do we build realistic Hubbard-like models for correlated materials? The state-of-the art
approach relies on constructing, for a given system, material-specific Wannier functions. The
latter can be obtained via electronic structure calculations based on density-functional theory
(DFT) [12,13]. If we construct a complete basis of Wannier functions, the complete many-body
Hamiltonian takes the form that we have seen in the introduction, H=H o+ H, v, wWith

HOZ-HLDA Zzztmm CimoCirm/ o

o i’ mm/’

1
__E:E:E:UWJ T
2 mp m'p’ ZmO'C]pO'/Cj/p 1o/ Citml o+
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The potential entering in the hopping integrals, Eq. (3), is given by the self-consistent DFT
reference potential

VR(T) = Ven(T) + vu(7T) + Uy (T Z | — R /d'r ﬁ + Ue(T).

The formula above shows that vg () includes Coulomb effects, via the long-range Hartree term
vg(r) and the exchange-correlation contribution v..(7); for the latter we use, e.g., the LDA
approximation. Thus in our Hamiltonian some Coulomb effects are included both in H,, via
vgr(r), and in Hy. In order to avoid double counting, we have then to subtract from H; the
effects already included in Hy. Thus we have to replace

]f[U — AF[U = F[U — gDC7

where Hpc is the so-called double-counting correction. Unfortunately we do not know which
correlation effects are indeed included in H, via the LDA reference potential, and therefore the
exact expression of Hpc is also unknown. The remarkable successes of the LDA suggest, how-
ever, that in many materials the LDA 1is overall a good approximation, and therefore, in those
systems at least, the term AHy; can be completely neglected. What about strongly-correlated
materials? Even in correlated systems, most likely the LDA works rather well for the delocal-
ized electrons or in describing the average or the long-range Coulomb effects. Thus one can
think of separating the electrons into uncorrelated and correlated; only for the latter we do take
the correction AH; into account explicitly, assuming furthermore that AHy is local or almost
local [12]. Typically, correlated electrons are those that partially retain their atomic character,
e.g., those that originate from localized d and f shells; for convenience, here we assume that
in a given system they stem from a single atomic shell [ (e.g., d for transition-metal oxides or
f for heavy-fermion systems) and label their states with the atomic quantum numbers [ and
m = —I,...,[ of that shell. Thus

i Upprey 1303 =idii A mp,m'p €1
mpm'p’ 0 iji's' # i Vo omp,m'p’ ¢ 1.
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Fig. 6: NMTO Wannier-like orbitals for t,, states in LaTiO3 obtained via massive downfolding
to the tyy bands. The ty4-like orbitals have O p tails at the neighboring O sites reflecting the
distortions of the lattice. The figure has been taken from Ref. [14].

Within this approximation AHy is replaced by AH, = Hl, — HL ., where Hb, is, e.g., given
by the static mean-field contribution of H};. There is a drawback in this procedure, however.
By splitting electrons into correlated and uncorrelated we implicitly assume that the main effect
of the latter is the renormalization or screening of parameters for the former, in particular of
the Coulomb interaction. The computation of screening effects remains, unfortunately, a chal-
lenge. The calculation of exact screening would require the (impossible) solution of the original
many-body problem, taking all degrees of freedom into account. Commonly-used approximate
schemes are the constrained LDA approximation (cLDA) and the constrained random-phase
approximation (RPA) [12, 13]. Both methods give reasonable estimates of screened Coulomb
parameters for DMFT calculations. Typically cRPA calculations include more screening chan-
nels and are performed for less localized bases than cLDA calculations; thus cRPA parameters
turn out to be often smaller than cLDA ones. To some extent, the difference can be taken as an
estimate of the error bar. After we have selected the electrons for which we think it is necessary
to include explicitly the Hubbard correction, in order to build the final Hamiltonian for DMFT
calculations, it is often convenient to integrate out or downfold, in part or completely, the weakly
correlated states. There are different degrees of downfolding. The two opposite extreme lim-
its are (1) no downfolding, 1.e., keep explicitly in the Hamiltonian all weakly-correlated states
(i1) massive downfolding, i.e., downfold all weakly correlated states. If we perform massive
downfolding, e.g., downfold to the d (or e, or t3,) bands at the Fermi level, the Hamiltonian
relevant for DMFT takes a simpler form. The LDA part is limited to the selected orbitals or
bands, which, in the ideal case, are decoupled from the rest

'TLDA __ E:E:E: 1,1 T
H - tma,mfl Cimao Cz”mgo‘

o i m,ml,
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The local screened Coulomb interaction for this set of orbitals is the on-site tensor

2 : T
E E E Umamgmam zmaaczmﬁa’czmﬁa sz o

oo’ maml, mBm

It is important to point out that the level of downfolding does not modify the hardness of the
quantum-impurity problem. If, for example, in studying a transition-metal oxide, we plan to
treat only 3d bands as correlated, it does not matter if we perform calculations with a Hamil-
tonian containing also, e.g., O p states, or we rather downfold all states but the 3d and work
with a set of Wannier basis spanning the 3d-like bands only. The number of correlated orbitals
in the quantum-impurity problem is the same.’ One advantage of massive downfolding is that
the double-counting correction typically becomes a shift of the chemical potential, and it is
therefore not necessary to calculate it explicitly. A second important advantage is that the in-
terpretation of the final results is simpler. Instead, a disadvantage is that the basis functions are
less localized, and therefore the approximation of the Coulomb interaction to a local operator
might be less justified, and in some cases it might be necessary to include non-local Coulomb
terms. The effect of downfolding on the localization of Wannier functions is illustrated for
example in Fig. 6. Considered all advantages and disadvantages, what is then the best way of
performing DMFT calculations? There is no universal answer to this question; it depends on the
problem we are trying to solve and the system we are studying. Independently on the degree of
downfolding we chose, it is important to point out that a clear advantage of Wannier functions
in general is that they carry information about the lattice, bonding, chemistry and distortions.
This can be seen once more in Fig. 6, where orbitals are tilted and deformed by the actual struc-
ture and chemistry of the compound. Indeed, one might naively think of using an “universal”
basis, for example atomic functions, the same for all systems. Apart the complications arising
from the lack of orthogonality, such a basis has no built-in material-specific information, except
lattice positions. It is therefore a worse starting point to describe the electronic structure, even
in the absence of correlations; larger basis sets are required to reach the same accuracy. From
the point of view of LDA+DMFT, an advantage of an universal basis would be that it is free
from double-counting corrections; on the other hand, however, exactly because we do not use
the LDA potential to calculate the hopping integrals, we also cannot count on the successes
of LDA in the description of average and long-range Coulomb effects. For these reasons ab-
initio Wannier functions remain so far the basis of choice. They can be built via the Nth-Order
Muffin-Tin Orbital (NMTO) method [14], the maximal-localization scheme [15] or projectors.
Fig. 6 shows examples of NMTO-based Wannier functions.

No matter what construction procedure is used, a common characteristic of ab-initio Wannier
functions is that they are site-centered and localized.® Thus a question naturally arises: How
important is it to use localized functions as one-electron basis? In the extreme limit in which
the basis functions are independent of the lattice position (i.e., they are totally delocalized), the

>The choice might influence how severe the QMC sign problem is, however.
¢ Differences in localizations between the various construction procedures are actually small for the purpose of
many-body calculations, provided that the same bands are spanned in the same way.
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Fig. 7: The problem of two quantum wells. The figure shows (schematically) for each well
the wavefunction of a bound state. If we consider only the part of the wavefunction inside its
own well (red in the figure), the differential overlap (and hence the hopping integral) between
functions centered on different wells would be zero.

Coulomb interaction parameters would be the same for every couple of lattice sites, no matter
how distant. Thus a Hubbard-like model would be hard to justify. In the other extreme case, we
could, hypothetically, adopt a basis so localized that ©;,,,, (7)o (1) ~ 0;4#0(r — T;). Even
for such a basis, the unscreened Coulomb interaction is not local. It is given by

0;10j 5

g
[ o R
mons S, =

hence it decays slowly with distance, although the (divergent) on-site term dominates. More
generally, we can conclude that by increasing the localization of the basis we enhance the im-
portance of the on-site Coulomb repulsion with respect to long-range terms; this better justi-
fies Hubbard-like models. The example illustrates also how far we can go. A major problem
with the basis discussed above is that it would be impossible to properly describe bonding,
since the hopping integrals would be zero. Although such a basis is, of course, never used to
build many-body models, there is a tempting approximation that has similar flaws. If one uses
DFT-based electronic-structure techniques that tile the space in interstitial and non-overlapping
atomic spheres (e.g., the LAPW method), it is tempting to use as basis for correlated electrons
the atomic functions defined inside the atomic spheres. These functions are, by construction,
much more localized than Wannier orbitals (even if no downfolding is performed in the Wannier
construction). However, they do not form a complete basis set in the space of square-integrable
functions. This is obvious because such a basis does not even span the LDA bands; to reproduce
the bands we need, in addition, functions defined in the interstitial region. This is illustrated in
Fig. 7 for a simple example of two quantum well potentials.” We therefore cannot use it to
write the many-body Hamiltonian in the usual form H, 0+ H 7. In conclusion, a basis which, as
ab-initio Wannier functions, is complete and indeed spans the bands, is better justified, although
we somewhat lose in localization.

7 Another, but less severe, problem of atomic sphere truncations is that the results will depend on the sphere
size, in particular when atomic spheres are small.



LDA+DMFT: Multi-Orbital Hubbard Models 7.21

Fig. 8: The crystal structure of the tetragonal layered perovskite SroRuQ,. The figure has been
adapted from Ref. [16].

3 Multi-orbital Hubbard models

In this section we will discuss some of the specific effects emerging in multi-orbital Hubbard
models, pointing out the differences with respect to the case of the one-band Hubbard model.
As examples we will use perovskites with partially filled Z5, shells. A representative system
of this kind is SryRuQy4, whose layered crystal structure is shown in Fig. 8. The LDA bands
of Sr;RuO, around the Fermi level (4d tég configuration) are shown in Fig. 9. The figure
shows the 4d ty, bands crossing the Fermi level, in red the zz, yz bands and in blue the zy
band. Due to the layered structure, the xz and yz bands are quasi one-dimensional and the zy
band is quasi two-dimensional. Thus, they give rise, in first approximation, to a Fermi surface
made of four crossing lines (from the xz,yz bands) and a circle (from the xy band). This
is shown schematically in the left panel of Fig. 9. Experimentally, SrosRuOy is a correlated
metal down to 1.5 K; below this temperature it becomes an anomalous superconductor. The
two other examples considered in this lecture are orbitally ordered Mott insulators. The first is
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Fig. 9: Schematic representation of the Fermi surface of the tetragonal t%g system SroRuO,
(left) and the associated LDA band structure (right). The figure is rearranged from Ref. [16].
The band structure was calculated using the Nth-Order Muffin-Tin Orbital (NMTO) method.

CasRuQy, isoelectronic and very similar to SroRuO,, except that its crystal symmetry is lower
than tetragonal. The second is the 3-dimensional orthorhombic perovskite YTiOs, with the
electronic configuration 3d t% - For all these materials, if we massively downfold all bands but
the t54, the associated 3-band Hubbard model becomes

Zzgmmlczma Cim'o Zzzt zmozma
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where m, m’ = xy,yz, xz, and where U and J are the direct and exchange screened Coulomb
integrals for ¢y, electrons. The Coulomb interaction Hy is here assumed to have full 0(3)
rotational symmetry, as in the atomic limit.® The first two terms of Hy, are the so-called density-
density terms, and the last two are the pair-hopping and spin-flip interaction. In the Hamiltonian
above we dropped the double-counting correction Hpc, which in this case is a mere shift of the
chemical potential, as we will see later. The energies ¢,, ,,,» are the crystal-field matrix, and thus,
in principle, in the atomic limit €, ,,y = €4 0y,m/. In the following sections we will however
consider as atomic limit the case in which only the hopping integrals t ' are zero.

8For the derivation of the Coulomb interaction Hys for 194 electrons starting from the complete Coulomb tensor
of the free atom, see my chapter in Ref. [12].
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3.1 Atomic limit, multiplets and cubic crystal field

Let us start considering the atomic limit. For the one-band Hubbard model, in the atomic limit,
the local spectral function at half filling (d' electronic configuration) is given by

1 1 1
G iv,) = = | - + -
flivn) 2{ivy—( ea—p ) wp—(eca+U—p )
E(N)—E(N—1)—p BE(N+1)—E(N)—p

with 1 = g4 + U/2. The gap is E,(1) = U and the spectral function displays a lower and
an upper Hubbard peaks, located at energy +U/2. In the presence of many orbitals, the Hub-
bard peaks acquire a complicated structure. This is due to the fact that the eigenstates of the
Coulomb matrix for a given number of electrons form multiplets with different energies. For
the d" configuration there are three independent Coulomb parameters on which the energy of
a multiplet depends: the direct term U, the Hund’s rule exchange coupling for 75, electrons,
J=J1, and the Hund’s rule exchange coupling for e, electrons, J,. For a free atom (symmetry
0O(3)), the ground multiplet is determined by the three Hund’s rules. The first of these rules
says that the ground state has the maximum possible total spin S. Thus, for configuration d*,
the ground multiplet has S=2. Let us call —Ay the Hund’s rule energy gain, i.e., the energy
difference between the ground and the first excited spin multiplet; Ay is a function of J; and
Jy and is zero for J; = J, = 0. In cubic symmetry, the crystal field splits e, and ¢, states, and
EC0=E€, —Et,,>0; if £¢ 1s very large, the first Hund’s rule can be violated. In LaMnO3, where
the energy loss due to ¢ is smaller than Ay, the ground multiplet has configuration tgge}] and
indeed S=2 (high spin), in line with the first Hund’s rule. In Sr,RuO, and Ca;RuQ,, however,
the cubic crystal field prevails, and the ground configuration is tégeg, with S=1 (intermediate
spin). Thus, if the crystal field e¢ is large and n < 6, the e, orbitals will stay empty, hence,
we can restrict the discussion to the ¢, orbitals and the tggeg configuration. The energy of
the corresponding multiplets are given in Tab. 1, assuming €, v = €4,, Opm,m’» and setting for

convenience £, = 0. In the ¢} , configuration, the atomic Matsubara Green function is

& (iv,) = 1 . 3
i) == |- ,
" 6 Livn + (ep, — 1) Wy — (€1y, +U —3J — 1)
2/3 1/3
+- / / )

zyn—(€t2g+U—J—u)+iun—(5t2g+U—i—2J—,u) ’

and it is the same for all orbitals. The associated spectral function has one peak corresponding
to F£(1) — E(0) — u. This happens because there is only one state with zero electrons, the
vacuum. Instead, there are three peaks corresponding to energy E(2) — E(1) — u; they are
associated with different multiplets of the ¢2 , configuration (Fig. 10). The atomic gap takes the
value Eg(l) = U — 3J, i.e., it is smaller than in the case J = 0 and it is smaller than in the
one-orbital case. This expression of the atomic gap is also valid for other configurations, tgg,
ty,. and t5 . Instead, at half filling (¢3,), the atomic gap is Ey(3) = U + 2.J, i.e., it is enhanced
and not reduced by J. This can be easily verified by using Tab. 1.



7.24

Eva Pavarini

10)
155, %) chhol0)
. 1 T
|2’ 07 0> T [ :pzTsz¢ + Cszcyzl, + nyTnyi] |0> U + 2J
. 1 Tor 7
12;0,0) 7 [cwcmi + CszCyz¢ 2ny¢ny¢] |0) U-—J
. Lot T
|27 07 O> V2 [ szsz¢ szcyz¢:| |O> U—J
|2 l,0,m > CITLUCIYLO"O> U-3J
12;1,0,m") \/% [ij%w —|—cjmcjn,d 0) U-—-3J
13:2,%) ChCheoChyalO) 3U — 9.
|37 %7 %) \/Ag _cjvzac;f/za TY—0 + Cjcza Lz o xya + sz acgtza xy0:| ’O> 3U —9J
339 = & |26ty o+ ity + o] ) BU—6
|37 %7 %>b % _ijzcrcj/z o Clz O'CLZO'] myo|0> 3U —6J
|37 %7 %7 m>a \/Li CIn’Tcm’i + Cm”TC:rn”J,] Cma’0> 3U —4J
13;1,2,m), \/% _CL/TCL/¢ — CL,,TCL%] i 10) 3U —6J
451,0,m") = chpclpcl et 10) 6U — 13.J
|4;1,0,m") % _ InTcm,i + Cimcin%} CL//TCL//“O) 6U — 13J
|4;0,0,m") \/Li _C:[nTC;[n’i - cjwcjn%] c;//chn,/i|0> 6U — 11J
. [ t t
14;0,0)q \/% _CLzTC:cwCLzTCLu + CZzTC;deyTCiyi + ClyTClyicszC:];z¢:| 0) 6U —8J
: I D foad A P
|4;0,0), 76 | ContConiCystCyzi + CszCyziczyTnyi_2CacyTC:vy¢szTsz¢:| |0y 6U —11J
. T PR S S Pt b
|4;0,0). 75 | CostCrat CystCyal — cszcyzicxchxw] |0) 6U —11J
|5, 2, 2> CITZO'CLLITCL/\LCIHHTCIRH\IJ()) 1OU - 2OJ
|6) CLZTC:’LZ\LCLZTCLZ,LC;‘yTCLy\L|0> 15U — 30J

Table 1: The atomic ty, states (m = xy,xz,yz) in the basis which diagonalize the Coulomb
interaction. The label o in the first column takes the value +1, while in the states it has the
meaning T or |. The labels m, m' and m" indicate different orbitals.
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Fig. 10: Atromic spectrum for the tgg configuration. Left: exact. Right: density-density approxi-
mation (spin-flip and pair-hopping terms set to zero). In the density-density approximation the
total spin is not a good quantum number: The lower-energy block of states collects the My = £1
states of the S = 1 triplet, and the middle block mixes S = 0 and S = 1 states. The average
Coulomb interaction is U — 2.J, both in the exact and the approximate case. The spectrum is
identical for the t‘%g configuration, provided that all energies are shifted by 5U — 10.J.

3.2 Low-symmetry crystal field, orbital order and orbital degeneracy

When the symmetry is lower that cubic, the ?, levels can split. For example, if the symmetry
is tetragonal, the ¢, states split into a doublet, xz, yz, and a singlet, xy; the tetragonal energy
splitting i ecrp = €4y — €22/y-. In metallic Sr,RuOy the splitting ecr is relatively small (~ 120
eV), and the LDA+DMFT occupations of the different orbitals remain similar. In the insulating
S-Pbca phase of CayRuQOy, ecr is larger, ~ 300 meV, and the LDA+DMFT occupations are
close to those of the zy2xz'y2' configuration (zy orbital-order). The Mott insulator YTiOs has
even lower symmetry; because of the tég configuration, only the lowest energy ¢, crystal-field
level is actually occupied. Let us consider an oversimplified model for YTiOs, i.e., a tetragonal
system which, in the atomic limit, has configuration zy'z2%yz° at T = 0. How does the atomic
Green-function matrix change with respect to the cubic case, Eq. (9)? The tetragonal symmetry
implies that the imaginary time Green function has the matrix form

Gio(r) 0 0
trime (T) = 0  GZ(r) 0 , with  GI(1) = Gy(7).
0 0 G’;‘;(T)

For kpT' <« ecr < U, the xy Matsubara Green function is given by

G (i) 3 .\ 2 . 1
Up) ~= 1\ = ; - .
ay 6 \ivy + (Eay — 1) Wy — (€ay +U —J —p) vy — (Euy + U +2J — p)
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Fig. 11: The LDA+DMFT spectral function matrix of the orbitally-ordered tég system YTiOs,
in the (xz,yz, xy) basis (left panels) and in the crystal-field basis (right panels) [14, 17].

Here we neglected the small mixing of the three high-energy S = 0 multiplets of the ¢3 , con-
figuration (ecp < U). The xz and yz Matsubara Green functions take instead the form

o i) 3 . 1
W) ~—| - , .
@z/yz A\ ivy — (Egapy + U =3 — 1) iy — (€42py. + U — J — 1)

The atomic-limit gap is then
Eg(l) ~U-3J+ ECF-

From the expressions above we can see that the gap is inter-orbital and ecr increases it by
a small amount. If the symmetry is lower than tetragonal, as in the case of YTiOs, the Green
function, the spectral-function and the self-energy become full 3x 3 matrices. Still, in the atomic
limit, a crystal-field splitting favors the occupation of the lowest energy ¢, crystal-field orbital.
This remains true beyond the atomic limit: YTiOj is, indeed, an orbitally ordered Mott insulator
with a gap of about 1 eV. This can be seen in the DMFT spectral-function matrix in Fig. 11.

The crystal-field splitting not only increases the gap but also reduces orbital degeneracy, favor-
ing the onset of a orbitally order Mott-insulating state. The importance of orbital degeneracy
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for the Mott gap was explained for the first time by E. Koch, O. Gunnarsson and R.M. Mar-
tin [18, 19]. The argument presented in their works is the following. Let us assume that a
system is described by the multi-orbital Hubbard model for ¢,, electrons with, however, J = 0.
Let us assume that, in addition, its ground state is antiferromagnetic, as it typically is. The states
relevant for the gap are those generated by adding or removing one electron from the ground
state. In the large-U limit their energy is approximately given by

E(N+1) ~ nU + E(N) — /k; W/2
E(N—=1)~ (n—1)U+ E(N) = \/k_W/2,

where n is the number of electrons per site and W is the band-width. The gap is then

k_ k
VR

With respect to the atomic limit a term proportional to the bandwidth reduces the gap. To

E,(N) ~U (10)

understand its origin we can go back to the case of the Hubbard dimer. For the dimer, the
ground state is the singlet |G) i, given in Eq. (5). In the large-U limit

1
|G)g = |N) ~ NG clich, — el | 10).

By creating or removing an electron at site 1, we generate the states

1
cip|N) ~ +—=ch0) =+

1
\/§ E|N_1>2

1 1
clyIN) ~ 5 clyel ehyl0) = 5 [N +1)2

By applying the non-interacting Hamiltonian, Hy, we then have

Hy|N — 1), = —tch|0) = —t|N—1)
Ho|N +1)3 =+ tchic) el |0) = +¢ [N + 1),

In the atomic limit, the states <|N — 1)y, |N — 1)2> and the states <|N + 1)1, [N + 1)2> are
degenerate. For ¢t # 0, in the spaces defined by each one of these couple of degenerate states,

ﬁNi:<E(Ni) +t )
tt  E(N.)

the Hamiltonian is

with N. = N =+ 1. Thus the actual ground state is the bonding combination, and the associated
bonding-energy gain is the square root of the second moment

M = (NL|HZNL)) = 2 = by (W/2)?

where W = 2t (energy difference between antibonding and bonding state), and k. = k_ = 1.
The ground-state correction of atomic energies in first order degenerate perturbation theory is
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site 1 site 2

Fig. 12: Possible hopping paths for an extra hole and an extra electron in the case of orbital
degeneracy d = 2 and one electron per site. For simplicity only hopping between the same
orbitals on neighboring sites is allowed. This figure was adapted from Fig. 4 of Ref. [19].

thus AE(Ny) = — f). Indeed, as one can verify from the exact Green function given in

section 2.1, in the large-U limit, the gap of the Hubbard dimer at half filling is £,(1) ~ U — 2t.
We can now generalize to the multi-orbital case. The second moment of the Hamiltonian is
then MY = (Ni|HZ|NL) = >, |(N|Ho|N7)|2, where | N%) is the state generated by adding
or removing from the ground state an electron at site ¢, and |Ni) are all the degenerate states
generated from |N.) by hopping. For the single orbital dimer, as we have seen, there is only
one |Ni> state. If the number of degenerate orbitals d increases, however, so do the hopping
possibilities; £, and k_ equal the number of available hopping paths, which depends of course
on the actual model. Let us assume that n = 1 and tf;f:m, = t%’f;;zém,m/, 1.e., only intra-orbital
hopping between nearest neighbors is possible. If the model has two degenerate orbitals, k_ =
1. There are, however, two hopping possibilities for the extra electron, hence k, = 2. This is
schematically illustrated in Fig. 12. As a result, in the orbitally-degenerate case there is a gap
reduction with respect to the one-orbital case. This reduction, given in Eq. (10), can be viewed
as a hopping enhancement. At half filling the enhancement factor is proportional to v/d [18,19].
The relevance of orbital degeneracy for the Mott gap and thus for the Mott transition became
apparent in many cases. For example, orbital degeneracy can be reduced by a relatively small
crystal-field splitting, as it was shown in Ref. [17] for the series of 3d* perovskites. This happens
because the crystal-field splitting makes some of the states higher in energy, so that they do
not contribute to the second moment. Orbital degeneracy is also reduced by the Hund’s rule
coupling J, which makes some of the multiplets higher in energy, with similar effects. This
effect plays a key role for Hund’s metals [20].
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3.3 Spin-orbit interaction

The main relativistic effect in solids is the spin-orbit interaction, whose strength grows increas-
ing the atomic number Z. In correlated materials, the spin-orbit interaction competes with the
Coulomb parameters, the crystal field, and the hopping integrals in determining magnetic and
electronic properties. In the atomic limit, for the d shells the spin-orbit interaction is

HSO - Z A Z Z Cmomo’! Cma m'a’ EMmo,m’cr’ = <m0|lusu|m/0/>v

mm’ oo’

where = z,y, z, and )\, are the spin-orbit couplings, with A, = X in O(3) symmetry, and

Let us assume that, according to the first and second of Hund’s rules, .S is the total spin and
L the total angular momentum of the ground multiplet; these LS states are (2L + 1)(2S + 1)-
fold degenerate. If the spin-orbit coupling A is small compared to the Hund’s rule couplings .J;
and .J5, the spin-orbit interaction can be treated as a perturbation splitting the LS manifold in
eigenstates of the total angular momentum j. The third Hund’s rule states that, if the outermost
shell is less than half filled, the ground multiplet is the one with j = L — S; if, instead, it is
more than half filled, it is the one with j = L +.S. For the d! configuration, L = 2and S = 1/2,
so that the quartet j = 3/2 is the ground multiplet. In materials, the second and third of Hund’s
rules, and sometimes, as we have discussed, even the first, can be violated. This happens also in
Mott insulators, where the atomic character is preserved to a large extent. A source of Hund’s
rules breakdown is the crystal field. The strength of the spin-orbit interaction A\ has therefore
to be compared not only to J; and .J; but also to the relevant crystal-field couplings. In that
respect, it is important to notice that Hso couples e, and t,, states. If, however, the cubic
crystal field e is large compared to A, as typically is the case for 4d systems, and the electronic
configuration without spin-orbit interaction is ¢3 e, we can safely downfold the e, states. For

29~9°
cubic ¢y, systems of this kind, the spin-orbit Hamiltonian can then be rewritten as

~

1
21 E : T s f T - T
SO — 3 ( 9 C;Lzaca:za + Ca:zTnyi ZCszCmyi Caczicxy'r - chzicxy'r> h'C'
o

A
— T | T i
Y {Z MOC g Cy + V2 (C—mcm + CopCray €1 Cop T Cow_m) ] ; (11)
om
where
+ o xza+ZC;r/za + CI,’ZO'_ZCLZO' T .k
Ci10 = 7 T’ €10 = Ta €00 = 7 Cayo-

In the last line of Eq. (11) we have brought the spin-orbit interaction in the form it takes for p
electrons (effective angular momentum [ = 1), apart, however, a minus sign in front. For the ¢} g
configuration the effective total angular momentum j can thus have the values 3/2 and 1/2. The
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local Green function matrix reflects the presence of spin-orbit interaction via extra off-diagonal
terms. For a 5, system with cubic symmetry its most general form is [21,23]

G;TJ(T) 0 0 0 GZN(T) —iGi(T)
0 G;@T(T) iGN () —G;N(T) 0 0
/ 0 —iGU (1) G () | G (7) 0 0
G';zs,im’(T) = . _ .
0 —GP(r) =GP () | GiH(T) 0 0
G () 0 0 0 G;}j(T) —iGE(T)
iGET(T) 0 0 0 iGN () G (1)

where all G277 (7) are real functions, and Gi97' (1) = G277 (1), while G (1) = G () =
G (1), and Gi° (1) = Gi7° () = G (7). The local Green function above is diagonal in the
basis of the eigenstates of the total angular momentum of the ¢} , configuration. Among those,
the j = 3/2 quartet is generated by the creation operators

T T

oo Ve chyy + v,
cls=c = —_
2

: NG + B %

Instead, the j = 1/2 doublet is generated by the creation operators

i i i i
P Vo — P V2, — Gy
- P, = ,

_% \/§ 2 \/§

By inverting these relations, we can express the ¢y, creation and destruction operators as

1

N|w

1T L

P t t t t_ b, t
et =75 _—\/ﬁ‘ig + b + ﬂd%} et = _—\/§c% +cy + \/ﬁdfé]
ot T : : i P17 Pt t
Cyz7¢ —% __’_\/EC*% + C% _'_ \/§d%i| CyZ,T —% -+\/§Cg + cf% + \/éd*%]
o T : t ot P

ny7¢ _ﬁ _+\/§C_% - d_%i| COCZJ,T _ﬁ _+\/§C% — d%] s

and rewrite the Green function matrix in the new basis. It takes the simple form

.y
G’
img,im

(1) = G () + G (),

N

where [ ; 1s the identity matrix of dimension 2j + 1. The spin-orbit Hamiltonian has the same
diagonal form
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One could thus conclude that the total angular momentum basis is the ideal one in the presence

of spin-orbit interaction. We have, however, to pay attention to the fact that the crystal-field

Hamiltonian is not diagonal in the angular momentum basis. Furthermore, if we change basis

in the way just described, we have to transform accordingly Hy, the Coulomb part of the Hamil-

tonian. We can see some of the effects of this transformation by considering a tetragonal system

for which ey, the tetragonal crystal-field splitting, is very large. In such a case the xy orbital
i

is basically decoupled and we can assume Hgo ~ Hi, = =) o clwcmg. The interaction

H¢ is diagonal in the basis of spherical harmonics. The corresponding creation operators are

{ T T

T T
c' 5 =c c
—3 TCy

_f T T
=C_q4 c+% =Clq4 c+% =Clq -

In the spherical harmonics basis the Coulomb interaction for xz /yz orbitals takes the form

Thus, we can see that in the new basis the pair-hopping terms are zero and the density-density
terms have a different prefactor than in the original xz, 32 basis.’

What about LDA+DMFT calculations with spin-orbit interaction? Although Hgo looks like an
innocent one-body term, it turns out that, for real materials, calculations including this term
are more difficult. This has two reasons: (i) they involve larger Green function matrices, e.g.,
6x6 as in the case just discussed, hence they are more demanding computationally and (ii)
they are often hampered by a much stronger sign problem. Thus, specific basis choices and
approximations are used. A possible approach consists in working in the basis that diagonalizes
the non-interacting local Green function or the non-interacting local Hamiltonian; such a basis
typically reduces the sign problem, as was first shown in Ref. [10] for the case without spin-orbit
interaction. For a system with tetragonal symmetry, the states that diagonalize the local Green
function belong either to the I or to the /7 irreducible representations, both 2-dimensional.
There are two (coulped) /7 representations, defining the space & . The analytic expression
of these states can be found in Refs. [16,21,23]. The transformation to the I & I, & I basis
is, of course, in principle, a mere basis change. Approximations are made, however, if all off-
diagonal elements of the Green function are set to zero or the Coulomb tensor is truncated, as
often done, e.g., to further tame the sign problem.

In the presence of crystal-field splitting, if the spin-orbit interaction does not dominate, it is
often preferable to perform the calculations in the ?5, basis. To this end, it is key to make
QMC codes very efficient in order to reduce as much as possible statistical errors and increase
the average sign. Exact LDA+SO+DMFT calculations in the ¢, basis have been successfully
performed for Sr,RuQy, using an interaction-expansion continuous-time quantum Monte Carlo
solver, and an orbital-dependent phase which makes the Green function matrix real [21,23].

9For the transformation of the full Coulomb tensor from cubic to spherical harmonics, see, e.g., my chapter in
Ref. [12]. It goes without saying that the total Green function (hence the gap) and the energy of the multiplets do
not change if we change basis, although the components of the Green functions are basis dependent.
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(a) (b)

(c) (d)

Fig. 13: Fermi surface of SroRuOy calculated with LDA (a), LDA+SO (b), LDA+DMFT (c) and
LDA+SO+DMFT (d) [21]. The grey maps are experimental results from Ref. [22].

This approach allowed us to study, for example, the effects of the spin-orbit interaction on
the Fermi surface without approximations. The results are shown in Fig. 13 in comparison
with experimental data; we will discuss them in the next section. In Fig. 14 we show instead
another example of LDA+SO+DMFT calculations, the orbital-resolved spectral function matrix
of Ca;RuQy. The figure compares the spectral function matrices for the metallic L-Pbca phase
and the insulating S-Pbca phase, both with and without spin-orbit interaction. In the case of the
S-Pbca phase, the spectral function matrix shows that the system is orbitally ordered, with the
configuration ~ zy? 22! y2' corresponding to xy orbital order. The small gap is inter-orbital,
and more specifically zy — xz, yz.
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1 | LDA+DMFT | LDA+DMFT &
L-Pbca S-Pbca
cRPA A cRPA

1 | LDA+SO+DMFT | LDA+SO+DMFT
L-Pbca S-Pbca
cRPA A cRPA :

LN y
6 4 -2 0 2 -6 2

o (eV)

Fig. 14: Spectral function matrix for the tég system CasRuQ,. Left: high-temperature L-Pbca
metallic phase. Right: Low-temperature insulating S-Pbca phase.

3.4 Non-spherical Coulomb terms and double-counting correction

Up to now we have considered the Coulomb tensor spherical (symmetry O(3)). This is exact
for a free atom. The screened Coulomb tensor has, however, in general, the symmetry of the
lattice. Taking into account non-spherical Coulomb terms is, in general hard, both because they
make QMC calculations more difficult and can worsen the sign problem, and because in their
presence the double-counting correction has to be explicitly accounted for, even when massive
downfolding is used. For these reasons they are typically neglected. Recently it was shown that
they can play a very important role for the Fermi surface, however [21]. Let us therefore discuss
how the double-counting correction can be treated in the presence of such terms, following the
approach of Ref. [21]. One of the classical approximations for the double-counting correction
is the so called “around mean-field” approximation. The idea is that LDA describes well the
average Coulomb term, in the absence of orbital polarization. This is equivalent to using as
double-counting correction the Hartree term of the Coulomb interaction tensor, i.€., the operator

HYC = U (Aot Timy + i) + (U = 20) Y (Rt Ry, + P o)

m m#m/

+ (U - 3J> Z Z (ﬁmaﬁm’o + ﬁmaﬁm’a> - /JJNd

o m>m/

— U ity + (U = 20) Y ity + (U =30)D D fmgiio

m#£m/ o m>m/
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where 7,,, = n/d, if n is the number of the correlated electrons per site and d the orbital

degeneracy. Within this approximation we have, after collecting all terms,
2

E@C:wu—mﬁﬁ—%{U@d—m—5u—1ﬂ
6u:gWQd—U—5ﬂd—U]

If we perform massive downfolding to the correlated bands, as previously mentioned, this is
merely a shift of the chemical potential and can therefore be neglected. Let us now consider the
case in which the Coulomb interaction has an additional term that does not change the average U
but has tetragonal symmetry
~ AU /.. A L
AHy = = (2nzmnmy¢ — Mgtz — nmnyz¢)

We can now use the around mean-field approximation for this term as well. We find

A A -
AEW:%Tg @mw—mm—ﬁWJ:%AUzy%wﬂMW
n AU
il = ===
H=%3

This term, in addition to a shift of the chemical potential, yields an effective change of the
crystal-field splitting ecr, and has therefore to be accounted for explicitly.

How does AU changes the Fermi surface of SroRuO,? The Fermi surface is determined by the
poles of the Green function at zero frequency. These depend on the non-interacting Hamiltonian
and the self-energy matrix at zero frequency. In the Fermi-liquid regime, and within the DMFT
local approximation, the effect of the self-energy is merely to modify the on-site part of the
Hamiltonian, i.e., the crystal-field splitting and the spin-orbit couplings

ECF —ECF + A€CF(O),

Ay = A+ AN (0).

Both Aecp(0) and AN, (0) are positive for SroRuO,, and lead to an almost doubling of the
LDA parameters. The positive Aecp(0) shrinks the 3 sheet (zz/yz bands) and enlarges the
v (zy band) sheet. This can be understood from the schematic Fermi surface and the LDA
band structure in Fig. 9. Enhancing the crystal-field splitting corresponds to slightly moving
the xy band downwards and the xz/yz bands upwards with respect to the Fermi level. The
enhancement of the spin-orbit couplings has a large Hartree-Fock component [23], since the
spin-orbit interaction yields a small but finite off-diagonal occupation matrix. For a O(3)-
symmetric Coulomb tensor, the Hartree-Fock enhancement of the spin-orbit coupling is thus

AN, .
5 = (U —3J) ngyz
AN
_ N
9 L =— (U - 3J) Nyyyz
AN, .
= —i(U = 3J)nl} ..,

2
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X
a v

Fig. 15: The LDA+SO+DMFT Fermi surface of SroRuO, calculated including the effects of the
non-spherical Coulomb term AU.

where ngf;n, are the off-diagonal elements of the density matrix. The Coulomb-enhanced spin-
orbit coupling improves the agreement with the experimental Fermi surface at the degeneracy
points (e.g., along the I'-X direction). The agreement with ARPES data, however, further
deteriorates for the v sheet. This can be seen in Fig. 13, in which the LDA and LDA+DMFT
Fermi surface are shown on top of ARPES data from Ref. [22].

Including correlation effects has thus two opposite effects: on the one hand, the agreement with
experiments improves with respect to LDA for the [ sheet; on the other hand, it deteriorates for
the v sheet. This can be seen comparing either panels (a) and (c) or panels (b) and (d) in Fig. 13.
Introducing tetragonal terms, and in particular the term AU, however, reduces the crystal-field
enhancement to

ecr — ecr + Aecp(0),

where Aegr(0) becomes almost zero for cRPA-based estimates of AU. This leads to an almost
perfect Fermi surface, as shown in Fig. 15. Non-spherical Coulomb terms turn out to be more
important for properties that reflect the point symmetry of the lattice, like the Fermi surface,
than for properties that average over orbitals, like total spectral function [23].
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4 Conclusion

The many-body problem is the grand challenge of solid-state physics. The result of many
electrons interacting together is a plethora of co-operative emergent properties. Among these
are heavy quasiparticles and the Coulomb-driven metal-insulator transition. The LDA+DMFT
approach has opened the possibility of describing and understanding these phenomena in real
materials. This approach is based on the DMFT local approximation for the self-energy. DMFT
is exact in several limits: the non-interacting limit, the atomic limit, and the limit of infinite
coordination number. In typical strongly-correlated materials it turns out to be an excellent ap-
proximation. Approaches that go beyond the local approximation range from cluster extensions
to various diagrammatic methods, among which the dual-particle based techniques. A key as-
pect of DMFT remains model building. Essential to that is the basis choice. The basis should be
as localized as possible but should also carry as much information as possible about the actual
system. Crucial is to chose a basis which indeed spans the whole space of correlated electrons,
even if this reduces localization. Wannier functions built from LDA/GGA calculations satisfy
all these requirements. It is also important to take into account the symmetry of the system, and
consider the effect of small distortions — unless including them makes calculations impossible.
We have seen in many cases that small details do matter. A small crystal-field can favor the onset
of the metal-insulator transition [17]. Small non-spherical Coulomb terms can sizably deform
the Fermi surface of a multi-band correlated metal [21]. Improving the models and develop-
ing new methods to solve complex realistic models is therefore key for future progress. While
numerical codes become always more sophisticated, many-body physics is primarily driven by
experimental discoveries, novel phenomena whose interpretation remain often a mystery for
decades. Indeed, one can identify only very few cases in which theory has predicted unknown
emergent phenomena. A famous example is anti-ferromagnetism, which was predicted using
static mean-field theory. Remarkably, it turned out later that the original theoretical description
was wrong. In the future there will be new classes of supercomputers and algorithms which
will allow us to run always more realistic simulations. Although prediction will remain dif-
ficult, our ability of reconstructing experimental results will steadily increase. As physicists,
however, our role is to understand and explain phenomena, not merely reproduce them. Even a
calculation that reproduce exactly experiments does not add new knowledge, if it does not help
us in explaining the origin of the observed phenomenon. This would be like having the exact
solution of the classical N-body problem discussed in the introduction, from which we are not
able to learn anything. Our major task remains thus to identify, with the help of computers and
algorithms, the mechanisms behind phenomena, building a coherent picture.
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Appendices

A The Anderson molecule

The Hamiltonian of the Anderson molecule is given by

I:I = &g Z ﬁgg —1 Z (CJ{JCZG + C;aclo) + &4 Z ﬁlg + Uﬁnﬁu.

It commutes with the number of electron operator N, with the total spin S and with S,. Thus

we can express the many-body states in the atomic limit as

IN, S, S.) N S E(N,S)
0,0, 0) = |0) 0 0 0

11,1/2,0); = Cla|0> 1 1/2 €d
11,1/2,0) = 020|0> 1 1/2 Es

21,00 = % [cnczﬁcucm} 10) 2 1 £+ s
12,1,1) = CQTCIT’0> 2 1 €4+ €s
12,1,-1) = c2¢cu|0> 2 1 €4+ €5
12,0,0)p = % [chca CLLC?T} |0) 2 0 €4+ €s
12,0,0); = CITCI¢’0> 2 0 2+ U
12,0,0)y = 02T62¢|0> 2 0 2e,
13,1/2,0); = 01062T02¢|0> 3 1/2 €4+ 2¢5
13,1/2,0) = 02061¢01¢!0> 3 1/2 2e4+es+U
4,0,0) = clicl chich [0) 4 0 2e4+2es+U

For N = 1 electrons the Hamiltonian can be written in the matrix form

The eigenstates are thus

’17 S? SZ>Q

Ed —t
- —t &g
Hi=1 9
0O 0

du(1,5)

|17 1/270>+ = O[1|]., 1/2’0->1 - (1{2|1, 1/270>2

1,1/2,0)-

= |1,1/2,0)1 + a1]1,1/2, )

N= NI

[
[

€d+€s—

Ed—f—és—l-\/ d—és) +4t2] 2

(qa —es)? + 4t2} 2
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where d, (V) is the spin degeneracy of the o manifold. For ¢, = ¢4 + U/2 the eigenvalues are

1
Ei<1,S) =¢&q4+ Z[Uﬂ: A(U,t)},
where
A(t,U) = VU? + 16t2.

The parameters «; and a, of the corresponding eigenvectors are

1 A@WU)-U 4¢* 2

2 _ 2 __
NWTAGU) T 2 QT AU AR U - U

For N=2 electrons, the hopping integrals only couple the S=0 states. The Hamiltonian is

cates 0 0 0 0 0
0 Eqtes 0 0 0 0

i, - 0 0 e4tes O 0 0
0 0 0  eqtes —V2t —V2t
0 0 0 =2t 244U 0
0 0 0 -2t 0 2,

For e, = ¢4 + U/2 the eigenvalues and the corresponding eigenvectors are

12,5,5. )0 Eq(2,5) do(2,5)
2,0,0)4 =a1]2,0,0)0 — % [12,0,0)1 +[2,0,0)5]  2e4+§ + § [U+24(t,5)] 1
12,0,0)0 =5 (12,0,0)1 — [2,0,0)5] 2ea+U 1
12,1, m)=12,1,m) 2eq+ Y 3

12,0,0)- =as2,0,0)0 + %5 [12,0,001 + [2,0,0)2]  2e4+ 5+ [U—-2A(t,5)] 1

where

1 A<tvg> - %
t

These states have the same form as in the case of the Hubbard dimer, but the ground state energy
and the values of a; and a, are different. Finally, for N = 3 electrons, the eigenstates are

13,5, 5.)a E,(3,9) d.(3,5)
3,1/2,0)4 = a2|1,1/2,0)01 + u[1,1/2,0)s  3eqa+ U + 3[U + A(t,U)] 2

3,1/2,0)_ = au|1,1/2,0)1 — as|1,1/2,0)s  3e4+ U+ LU — A(t,U)] 2
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1 Introduction

The spectacular physical properties often observed in materials containing transition-metal and
rare-earth elements challenge our comprehension of solid-state physics. Their properties in-
clude superconductivity, unusually large magneto-resistance, metal-insulator transitions, heavy-
fermion behavior, multi-ferroicity, and phenomena involving topologically protected states. We
would like to understand how the electrons in these materials interact with each other so that
they generate those unusual quantum phenomena. From a theoretical point of view it is clear
that the equations we have to solve are so complicated that we will not be able to obtain exact
solutions. In addition, to make things worse but also more fascinating, tiny changes in tem-
perature, pressure, or the material’s composition may cause large changes of their properties.
Hence, it appears that there are many solutions available that are very close in energy.

With exact solutions out of reach, the objective is then to find smart approximations by which
we can capture the essential physics to describe the correlated motion of the electrons in such
materials. Experiments are necessary to determine which aspects of the electronic and lattice
degrees of freedom are the important ones. Although conceptually clean and beautiful, theo-
retical simplifications in terms of, for instance, a Heisenberg model or a single band Hubbard
model turn out to be inadequate. It now becomes more and more clear that the interplay between
the relevant charge, orbital, and spin degrees of freedom of the transition metal and rare earth
ions involved determines the intricate balance between band formation and electron correlation
effects. This is shown very vividly, for example, for the metal-insulator-transitions taking place
in V503, Cay_,Sr,RuQy4, VO,, and TiyO3 [1-8]. It may very well be that we need to develop
and use different approximations for different materials or properties.

While a variety of experimental techniques are available to determine the relevant spin and
charge quantum numbers, the detection of the active orbital wave functions remains a rather
delicate endeavor. The standard experimental technique for 4 f systems is inelastic neutron
scattering [9—13], but the analysis of magnetic intensities is often hampered by broadened lines,
phonons in the same energy window as the magnetic excitations, or strong absorption of one
of the sample’s constituents (e.g. Rh, In, B, or Sm). For transition metal ions, the energy scale
of the local excitations is usually much too large for neutrons. Another experimental method
is x-ray absorption spectroscopy on single crystals, where the polarization dependence of the
dipole-allowed core-level excitations, e.g., 2p—3d or 3d—4 f transitions, encodes the desired
information concerning the orbital wave function [1,2,6,8, 14—18].

However, this method which is based on dipolar electronic transitions has the limitation that
symmetries with higher than twofold rotational symmetry cannot be detected (unless it is ac-
companied by a sufficiently large energy difference), e.g., for cubic systems.

We will present here the opportunities provided by a new x-ray technique, namely core-level
non-resonant inelastic x-ray scattering (NIXS). This photon-in photon-out technique with hard
x-rays has become feasible thanks to the high brilliance of modern synchrotrons and advanced
instrumentation. The available large momentum transfers allow studying excitations that are
dipole forbidden. These so-called beyond dipole or multipolar excitations contain extra infor-
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mation, thus enabling us to obtain very detailed insight into the ground-state symmetry of the
ion of interest. The interpretation of the spectra is straightforward and quantitative, facilitated
also by the fact that the multipolar excitations are more excitonic than the dipole ones. Exper-
imentally, NIXS comes also with the advantage that it is a bulk sensitive technique thanks to
the large penetration depth of the hard x-rays used, meaning that there is no need to use ultra-
high vacuum or special surface preparation procedures as commonly employed in more surface
sensitive probes like soft-x-ray absorption or photoelectron spectroscopies. With the hard x-ray
beams typically having a spot size of 50 pm or smaller, NIXS allows also the measurement
of much smaller samples than typically required for neutron experiments. In addition, NIXS
is suitable for high pressure experiments, pressure being an important tuning parameter when
studying phase diagrams.

We will discuss our case for the example of SmBg, a material currently under intense inves-
tigation because of the expectation that it may be the first strongly correlated system that has
non-trivial topological properties. The manuscript is organized as follows: We first describe
the basic principles of the spectroscopic method NIXS. We then apply the method to CeBg,
which is a well studied material having the same crystal structure as SmBg. Our objective here
is to demonstrate that NIXS is indeed able to determine unambiguously and correctly the local
ground state wave function in a cubic system. Finally, we present the NIXS results on SmBg,
which carries also the complication of having an intermediate valence state. We will show the
consequences of our findings, not only for the experimental search for the properties of the
topological surface states but, above all, for the theoretical modeling of this complex strongly
correlated system.

2 Non-resonant inelastic scattering (NIXS)

The theoretical description of inelastic x-ray scattering can be found in a number of publica-
tions, see e.g. [19-27]. The double differential cross-section is the product of the Thomson
photon cross section (d”) and the dynamical structure factor S(q, w)

ds?
d*c do
= = 7 w) . 1
dew (dQ) Tho S(q7 w) ( )

The dynamical structure factor is a function of the scattering vector ¢ = k; — k} and the energy

loss w = w; — wy

=" [T 8(hw; — hy — hw). @)
f

Here ¢ and f are the initial and final states. The transition operator ¢’ can be expanded in

semi-normalized (Racah’s normalization) spherical harmonics and C} . This results in a

km
sum over spherical Bessel functions j(¢ - 7*) and the wave functions can be factorized into a
radial and angular part so that S(q, w) can be written as

2
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Fig. 1: Left: k' order term of the radial part of S(q,w) for a Ce 4f' ion as a function of
momentum transfer. Right: k'™ order contribution of the angular part of the scattering function
expressed in terms of S(w) versus energy transfer for (Ry|jx(q- 7)|R;) = 1, see Eq. (3).

Let us consider the 4d — 4 f (N, 5) core-level transitions for rare-earth ions. Due to the triangle
condition and parity selection rules, only terms with k=1(dipole), 3(octupole), and 5(triakon-
tadipole) contribute. The radial part (R¢|ji (¢ 7)|R;) of the wave functions have been calcu-
lated for a Ce 4 f! ion within the Hartree-Fock approximation using Cowan’s code [28] and the
k" contributions are shown as function of momentum transfer |q| in the left panel of Fig. 1.
For moderate magnitudes of || the radial part is dominated by dipole scattering, but already at
5 A~! octopole scattering is non-negligible, and at even higher momentum transfers the scat-
tering is dominated by the higher multipoles. This behavior is commonly called g-dependent
multipole selection rules. The right panel of Fig. 1 shows the k' order of the angular part as
function of energy loss. Higher multipoles have different selection rules so that extra intensity
at different energy losses becomes visible in the angular part, when at large || octupole and
triakontadipole transitions take place.

Having described the |¢'| dependence of the NIXS intensities, we now focus on the vector ¢
dependence which is at the heart of our study. We first of all show the sensitivity of NIXS at the
N4 5 edge to anisotropies in the wave function in general, by comparing simulated spectra for
different directions of . These anisotropies arise, for example, when the initial and final states
in Eq. (3) are eigenstates of a Hamiltonian that contains in addition to the atomic Coulomb and
spin-orbit interactions also crystal-field terms.

We note that the interference terms which vanish if the angular intensity is integrated over all
directions ¢ [25,26] are included in our calculations. Figure 2 shows the simulation of S({,w)
for large momentum transfers for the three pure .J, states of a J=5/2 ion like Ce3* with one
f electron (f! configuration). Some realistic broadening due to life time and instrumental res-
olution has been considered (see below). Here [001] is the quantization axis. The pure states
have rotational symmetry perpendicular to the quantization axis so that we compare so-called
in-plane scattering (¢||[100]) with scattering out-of-plane, i.e., for ¢||[001] and some direction
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Fig. 2: Simulations for a Ce 4f' ion: Comparison of the in-plane and out-of-plane scattering
function S(q,w) of pure J, states, in-plane §||[100] (blue), out-of-plane §||[001] (red), and in
between {||[101] (orange). The calculations are for || =9.3 A~' and are convoluted with a
Lorentzian with FWHM=0.3 eV and a Gaussian with FWHM=1.32 eV. Adapted from Ref. [27]

S(q,m) (arb. units)

in between (g||[111]). There is a clear directional dependence, so that the different .J, states are
distinguishable. This is at first sight similar or analogous to the in-plane/out-of-plane polariza-
tion dependence in soft x-ray absorption at the cerium M, 5 edge (3d — 4f) [18,29]. However,
on a closer look one can observe that the spectrum for (§||[111]) can not be expressed as a linear
combination of the ¢||[100] and ¢||[001] spectra. This shows that the directional dependence in
NIXS contains more information than the polarization dependence in XAS.

A nice demonstration that NIXS provides more information than XAS is given by the study by
Willers et al. [27]. Let us consider a Ce 4 f! ion in a tetragonal crystal field. The sixfold degener-
ate Hund’s rule ground state of Ce3*(.J =5/2) is split into three Kramer’s doublets and the eigen-
functions can be represented in the basis of |.J,) when the fourfold symmetric tetragonal [001]
axis is chosen as quantization axis. There are two Iy doublets I} = | £5/2) ++/1 — 2| F3/2)
and I? = /1 —a?| +5/2) — a| F 3/2), and one I'; which is a pure | & 1/2) doublet. The I}
as a pure | = 1/2) has full rotational symmetry around [001] but the mixed /% states do not.
Both I states have a fourfold symmetry around [001] and for a given spatial distribution of the
two [ states there are two solutions which differ in their orientations within the (001) plane
by 45°. Which orientation applies to the ground state depends on the sign of o. For @ > 0
the wings of a I ground state point along [100] and for @ < 0 along [110]. The situation for
a = —0.68 < 0 is depicted in Fig. 3, together with the corresponding NIXS spectra calculated
for §||[100] and ¢||[110]. It clearly shows that the two spectra are distinguishable and a NIXS
experiment (see Ref. [27]) has proven the feasibility. In XAS the situation is very different.
The signal in XAS is purely dipole and can therefore not give any insight into the orientation
of these fourfold rotational invariant orbitals; the spectra look identical for any polarization
perpendicular to the c-axis.
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Fig. 3: Simulation (top): The scattering function S(q,w) for two in-plane directions §||[100]
(blue) and G||[110] (green) assuming a I} = o| £5/2) + /1 — o?| F 3/2) ground state for a
Ce 41 ion in a tetragonal crystal field with o < 0. The calculations are convoluted with a
Lorentzian with FWHM=0.3 eV and a Gaussian with FWHM=0.7 eV.

We note that for a 45° rotation around the c-axis [001], i.e., for a positive value of «, the NIXS
spectra are inverted. We found that these in-plane NIXS spectra are fairly insensitive to the
precise value of « as long as « is neither zero nor one. In the latter case the orbital would have
full rotational symmetry around [001] and consequently S(¢,w) would look the same for both
in-plane directions.

To conclude this section, NIXS is a spectroscopic method that can determine the active local
orbital wave function with great detail due to the fact that higher than dipole transitions are
utilized if the measurement is carried out with high momentum transfers.

3 The local ground state wavefunction of CeBg

The material class of rare earth hexaborides has attracted considerable attention over the years.
It comprises of a variety of different fascinating ground states (see Ref. [30] and references
therein) which include exotic magnetically ordered phases, heavy fermion behavior, as well
as Kondo insulating ground states. CeBg is an important member of this material class and
has been intensively studied for its rich magnetic phase diagram [31]. It crystallizes in the
cubic CsCl structure. Fig. 4 displays how the crystal-electric field splits the sixfold degenerate
j = 5/2 multiplet state of the Ce 4 f! into a I'y quartet and Iy doublet.

Upon cooling CeBg enters a hidden-order phase at 3.2K followed by an antiferromagnetic
phase below 2.4 K. The application of an external field induces a dipole component with the
wave vector of the quadrupolar ordering [33]. Theory suggests that the multipolar moments
of the localized 4 f electrons interact with each other via the itinerant 5d conduction electrons,
breaking up the fourfold ground-state degeneracy of the Ce 4 f wave function in the cubic crys-
tal field stabilizing an antiferro-quadrupolar (AFQ) order [34, 35], a conjecture that by now
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Fig. 4: Electron density plots for an f-electron in Ce3*, left for tetragonal and right for cubic
point symmetry. For tetragonal symmetry the crystal-field states expressed in .J, representation
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has received credibility from studies using resonant x-ray diffraction [36,37], inelastic neutron
scattering [38—40], and electron spectroscopy [41,42].

The quartet ground state had been originally deduced from an unusual low temperature shift of
the crystal-field excitation at 46 meV in Raman and inelastic neutron scattering data [43, 44].
The energy shift was interpreted as a splitting of the quartet ground state in the low tempera-
ture phase in accordance with electron paramagnetic resonance (EPR) measurements [45]. A
quartet ground state is also consistent with findings of the magnetic anisotropy [46], magnetic
neutron form factor measurements [47], as well as x-ray diffraction (XRD) measurements of
the electron density distribution at low temperatures and 300 K [48] with the claim that a level
inversion may occur at higher temperatures [49].

Our objective now is to apply NIXS on this cubic system in the paramagnetic phase using the
Ce N5 (4d — 4f) excitation and to verify that the local ground state wave function is indeed
the quartet /.

The NIXS measurements were performed at the beamline PO1 of PETRA-III. The incident
energy was selected with a Si(311) double monochromator. The PO1 NIXS end-station has a
vertical geometry with twelve Si(660) 1 m radius spherically bent crystal analyzers that are ar-
ranged in 3 x 4 array (see Fig. 5). The fixed final energy was 9690 eV. The analyzers were posi-
tioned at scattering angles of 2 6 ~ 150°, 155°, and 160° which corresponds at elastic scattering
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Fig. 5: Scattering geometry of the NIXS experiment for a typical Ny 5 edge scan with ¢ || [100].
Figure adapted from Ref. [32].

to an averaged momentum transfer of |¢|=(9.6 +0.1) A~'. The scattered beam was detected
by a position sensitive detector. The instrumental energy resolution was ~ 0.7 eV. A sketch of
the scattering geometry, showing the incoming and outgoing photons as well as the transferred

momentum |G|, is given in Fig.5 for a scan with ¢ || [100] in specular geometry. In order to
realize another crystallographic direction, e.g., ¢ || [110], the sample can be turned with respect
to the scattering triangle, or a different sample with another polished surface may be mounted
in specular geometry.

Figure 6 shows the NIXS spectrum across the Ce Ny5 (4d — 4f), Nog (dp — 4f), and
Ny (4s — 4f) edges. The clear presence of the N, 3 and N; edges demonstrates unambigu-
ously that higher than dipole transition operators are active here. The accompanying Compton
contribution has its maximum at about 350 eV energy transfer. It is important to note that
the Ce white lines are clearly discerned from the Compton scattering, and that especially the
Ce N, 5 white lines stand out with an excellent signal to background ratio, i.e., N4 5 NIXS is an
extremely powerful spectroscopic method.

The bottom set of curves in the top panel of Fig.7 shows the Ce N, 5 NIXS spectra of CeBg
(dots) taken at 17 K, for the three momentum directions ¢ || [100] (black dots), || [110] (green
dots), and || [111] (red dots). The temperature of 17 K is low enough to assure that only the local
ground state is populated since the excited crystal-field state is at 46 meV [43,44]. A constant
background has been subtracted to account for the (weak) Compton signal (about 12% of the
signal peak) (see Fig. 6).

There is a clear directional dependence that shows up strongest in the energy interval of 103
to 106 eV. Especially the ¢|| [100] direction differs from the ¢ || [110] and [111]. We can
obtain a more detailed view of the directional dependence by constructing the difference spectra
I4 ) ooy —1g | 110) that is displayed as dichroism in the bottom panel of Fig. 7 (black dots).

The Ce Ny 5 NIXS data are simulated by calculating the 4d'%4 f' — 4d%4 f? transition using the
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Fig. 6: Experimental NIXS spectra of CeBg: a wide scan covering the Ce Os, Ny5, N2 3, and
Ny edges, the BK edge as well as the Compton signal. The direction of momentum transfer is
G| [100]. Figure adapted from Ref. [32].

full multiplet code Quanty [50] which includes Coulomb as well as spin-orbit interactions. A
Gaussian and a Lorentzian broadening of FWHM =0.7 eV and 0.4 eV, respectively, are used to
account for the instrumental resolution and life time effects. The atomic Hartree-Fock values
were adjusted via the peak positions, resulting in reductions of 30 % and 22 % for the 4 f-4 f and
4d-4 f Coulomb interactions, respectively. The reduction accounts for configuration-interaction
effects not included in the Hartree-Fock scheme [16]. A momentum transfer of |¢’|=9.2 A~!
has been used for the simulations (and not the experimental value of 9.6 +-0.1) A1) so that the
experimental peak ratio of the two main features around 108 and 110 eV is reproduced best.
This fine tuning optimizes the multipole contributions to the scattering functions to mimic a
minor adjustment of the calculated radial wave functions of the Ce3* atomic wave function
(see e.g. Ref. [27]).

We now compare the measured spectra and the dichroism therein with the simulations for the
two possible scenarios, namely one with the /% doublet as ground state and the other with
the I3 quartet. The results are plotted in Fig.7 (a). The [y quartet scenario reproduces in
great detail the experimental spectra for all three ¢ directions. In contrast, the simulation based
on the [ doublet exhibits large discrepancies with respect to the experiment: the intensities
of several features in the spectra are not correct. To make the difference between the two
scenarios even more contrasting, we compare the experimental and calculated dichroic spectra,
1.e. Iy ooy —1g (110, as displayed in bottom panel (b). There is an excellent match for the Iy
quartet ground state scenario but a large mismatch for the /7 doublet. From these comparisons
we can unambiguously conclude that the Iy quartet forms the ground state in CeBg.



8.10

Liu Hao Tjeng

Intensity (arb. units)

Dichroism (arb: units)

—_

0.1

0.0

-0.1F

T T T T T
L ——qI[100]
I (a) qll[110]
——qlli[111]
I CeBs
| CeNy5 NIXS spectra
| 1ql =9.6 A1

100 105 110 115 120
Energy transfer (eV)

I r
—'—'—|—'—'—1 1G I1[100]) - IG 11 [110]) ﬁ_* +d:ta

I (C) ——0.920's+0.08I'7

T =295K

P [N T TN W T [N TN SN N TN [N SN SN TN SN NN SO NN SR S N
100 105 110 115 120

Energy transfer (eV)

Fig. 7: Top panel (a): calculated and experimental NIXS spectra of the Ce N4 5-edge of CeBg
for the three transferred momentum directions q || [100], [110], and [111]. Bottom panel: dif-
ference spectra 1(q || [100])—1(q || [110]) (black dots) (b) at low T and (c) at room temperature
and respective simulations (see text). Figure adapted from Ref. [32].

We have also taken spectra at T=295 K. The spectra look very similar to the low temperature

data but the dichroism is reduced by about 20%, see bottom panel (c) of Fig. 7. This reduction

in the dichroism is fully consistent with a partial population of the excited I state at 46 meV.

A simulation in which the Boltzmann weighted contributions of the Iy and /7 states are taken

into account is represented by the magenta line in panel (c) of Fig. 7. The excellent agreement

provides yet another evidence for the thorough understanding we have obtained using NIXS on

the Ce 4 f symmetry and crystal-electric field effects in CeBg.
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4 The local ground state wavefunction of intermediate valent
SmB6

Having established that core-level NIXS is a powerful and reliable spectroscopic method to
determine the local ground state wavefunction for CeBg, we are now ready to tackle the puz-
zle of SmBg. The intermediate valent and Kondo insulator SmBg [51-55] has attracted con-
siderable attention recently due to the prediction that this system should be a topological in-
sulator [56-61]. If true, SmBg would be the material to qualify as the first strongly corre-
lated topological insulator. Indeed, the robust metallicity which is attributed to a topologi-
cally protected surface state could be a promising explanation for the long-standing mysterious
low-temperature residual conductivity of SmBg [53, 54, 62]. Many experimental techniques
like angle-resolved photoelectron spectroscopy (ARPES) [63-71], scanning tunneling spec-
troscopy [72-76], resistivity and surface conductance measurements [77-84] have been applied
to unveil its topological properties. A review is given by Ref. [85, 86].

In SmBg, the strong hybridization of the low lying 4 f states with conduction band d states gives
rise to a hybridization gap of the order of 20 meV [63-68] and also leads to a partial occupation
of the 4 f shell or a mixture of the Sm ¢ (2+) and f° (3+) configurations. For the valence at low
temperatures, values of around 2.6 have been determined experimentally [87-93]. Hence the
local electronic structure is described by the Hund’s rule ground states of the Sm f% (2+) and
f? (3+) configurations with total orbital momenta of J = 0 and 5/2, respectively. The J = 5/2
multiplet is further split into a I doublet and a I3 quartet due to the cubic crystal-electric
field (CEF). Fig. 8 shows the ground- and first excited state of the two Sm configurations plus
their electron charge density distributions. The charge densities of the J = 0 and 1 states are
spherical since neither the J = 0 or 1 are split in a cubic potential [95]. This is contrasted by the
charge densities of the CEF-split J =5/2 multiplet (and .J =7/2, not shown) that are anisotropic.
The CEF scheme of SmBg is however, not established. The classical tool, inelastic neutron scat-
tering, has not been able to identify the CEF states, possibly due to the superposition of both
Sm f% and f configurations in this mixed valent compound and the strong neutron absorption
despite double isotope samples [10,11,96]. A sharp excitation at 14 meV close to the hybridiza-
tion gap was reported. It was assigned to a spin exciton and not to a CEF excitation since its
intensity does not follow the 4 f magnetic form factor. Further magnetic intensities at about
35meV, 115 meV, and 85 meV have been assigned to the inter-multiplet transitions of the Sm?*
configuration and of the CEF split Sm>* configuration (see Fig. 8), and to some magnetoelastic
coupling, respectively. In-gap transitions at about 15meV in Raman spectra could be inter-
preted as CEF excitations but Raman does not yield the information about which state forms
the ground state [97,98]. A semi-empirical extrapolation method can predict CEF parameters
across the rare earth series for highly diluted systems [99]. Applying such an extrapolation to
the measured CEF schemes of REBg with RE =Ce, Pr, and Nd [43,100] yields for SmBg a CEF
splitting of the order of 15 meV with the g quartet as the ground state. However, the Kondo
insulator SmBg is not a highly diluted system and it is definitely not an ionic system but highly
intermediate valent instead, questioning the validity of such an extrapolation.
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Fig. 8: Sm>* and Sm>™ total energy level diagram. The Sm** configuration is split into a J=0
and J=1, and the Sm>* into a J=5/2 and J=7/2 multiplet. The label n indicates the degen-
eracy. The Sm3* multiplets are further split (I;) by the cubic crystal-electric field. The insets
show the corresponding charge densities for six and five electrons and their 2D projections,
respectively. Figure adapted from Ref. [94].

We have carried out Ny 5 NIXS experiments on SmBg and also on SmyO3, and EusO3 which we
used as 4 f° and 4 f© reference systems, respectively. Fig. 9 shows the spectra: SmBg (blue dots),
SmyO3 (purple dots) and Eu, O3 (dark yellow dots) after subtraction of a linear background and
scaling to the Compton background. We have artificially shifted the Eu,O3 spectrum by 6.8 eV
to lower energies in order to account for the higher atomic number. We also have multiplied the
Sm;,03 spectrum by a factor 0.6 and the Eu,O3 one by 0.4. We have done this in order to inves-
tigate whether the SmBg spectrum can be interpreted using those of Smy,O3 and Eu,O3. We thus
compare the weighted sum of Sm,O3 and Eu,0- (see dark cyan line) with the SmBg spectrum,
and we can observe that the weighted sum spectrum provides a satisfactory reproduction. This
means that our NIXS data indicates that the Sm valence is about 2.6, in good agreement with
other studies using a variety of different experimental methods [87-93].

Fig.9 (b) shows the N, 5 full multiplet simulation for the Sm3* (purple line) and Sm?* (dark
yellow line). The weighted sum (60% and 40%) of the simulated curves (dark cyan) describes
the SmBg spectrum very well in the energy region between 120 and 135 eV. This is the region
where the high multipole scattering dominates. In the region above ~ 135 eV, where the spec-
trum is given mostly by the dipole transitions the simulation produces spectral features that are
too sharp with respect to the experiment because the interference with the continuum states is
not included in the calculations. The high multipole excitations are more realistically repro-
duced since they are lower in energy and therefore further away from the continuum states and
consequently more excitonic [101].
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Fig. 9: (a) Experimental SmBg data for {||[100] (blue dots) together with the weighted sum
(dark cyan line) of the experimental SmoOs (f°) (purple dots) and energy-shifted experimental
Eus05 (f%) (dark yellow dots). (b) Full multiplet simulation of Sm** (purple line) and Sm**
spectra (dark yellow line) and their weighted sum (dark cyan). Figure adapted from Ref. [94].

Figure 10 shows the directional dependence of the Sm N, 5 of SmBg. Although the effect is
small, there are clear differences between the spectra in the energy regions marked with red
arrows. At about 126 eV energy transfer the scattering of the ¢||[110] (light green dots) and
G||[111] (dark green dots) directions are both stronger than for the ¢||[100] (blue dots), and at
about 140 eV it is opposite. To show these directional differences in a more transparent manner,
we also present in Fig. 10 the difference spectrum between the ¢||[100] and §||[111] (black
dots): this so-called dichroic spectrum has unambiguously a negative peak at 126 eV whereas
it displays positive intensity in a broader region around 140eV.
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Fig. 10: SmBs NIXS data at 16K for {||[100] (blue dots), §||[110] (dark green dots), and
G|[111] (light green dots). The difference spectrum between the G||[100] and §||[111] directions
is also displayed (black dots). Figure adapted from Ref. [94].

To interpret the observed directional dependence, it is important to know how each CEF state or
multiplet component contributes to the dichroic signal. Therefore, S(g,w) has been calculated
taking into account a cubic CEF for the Sm3* f5 ground state multiplet with J=5/2 assum-
ing a Iy quartet or a I; doublet ground state, and for the Sm?>™ f¢ multiplets with J=0 or
J =1 (see Fig. 8). The calculations were performed for the two directions ¢|[[100] and ¢|[[111]
and in Fig. 11 (a) the resulting dichroic signals are plotted. Here only the multipole scattering
contributes to the dichroism, the dipole does not because the Sm site symmetry is cubic.

The first important finding is that the Sm** configuration does not show any dichroism at all
(see dark red and green lines at zero dichroism) as we would expect for states with spherical
charge densities, see Fig. 8. Hence, the observed directional dependence of the signal is solely
due to the initial state of the Sm3* Hund’s rule ground state. The second important finding is
that the /'y and /7 CEF states exhibit different and opposite dichroism (see orange and light blue
lines), consistent with their opposite anisotropy in the charge densities, see Fig. 8. The opposite
dichroism at 125 and 140 eV reduces the experimental challenge to a simple yes/no experiment
and makes the determination of the CEF ground state of Sm®** in SmBg straightforward.

Figure 11 (b) shows the experimental dichroic spectrum (black dots) together with the calculated
ones. The two possible CEF states of the J = 5/2 configuration have now been scaled down
to 60% to quantitatively account for the Sm3* component in intermediate valent SmBg. We
can clearly observe that in the regions of pronounced dichroism (see red arrows) the sign of
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Fig. 11: (a) simulation of the ¢||[100] vs. {||[111] dichroic spectrum for the J=0 (brown) and
J=1 (green) multiplet states of the Sm** configuration as well as for the I'y quartet (orange)
and I’y doublet (light blue) of the J=5/2 Sm>" configuration; (b) experimental dichroic spec-
trum (black dots) and simulated dichroic spectra for the Iy quartet (orange) and [ doublet
(light blue) scaled with the factor of 0.6 to account for the Sm®>T component of the ground
state; dashed lines with energy independent broadening, solid lines with extra broadening in
the dipole region (see text). Figure adapted from Ref. [94].

the experimental dichroic signal is correctly explained by the [y quartet (orange line) but not
at all by the I'; doublet state (light blue line). In addition, the I's reproduces the experimental
dichroism quantitatively in the high multipole region (see red arrow 1). The dichroism also
fits quantitatively in the dipole region (see red arrow 2) when an extra broadening is applied
(FWHM > 4eV beyond ~135eV energy transfer) to mimic the interference with continuum
states. Note that sum rules still apply, i.e., the interference with the continuum states does not
change the polarization, it only affects the broadening. The dashed lines correspond to the
dipole calculation without the extra broadening. These results unambiguously establish that the
CEF ground state of the Sm f° component in SmBg is the Iy quartet.
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S Discussion and concluding remarks

The finding that the Iy quartet forms the ground state of the Sm f° component in SmBg has
several consequences:

First of all, the theoretical predictions for the spin texture of the sought-after topological surface
states depend very much whether the ground state of the f° J = 5/2 configuration is the Iy
quartet or the /%7 doublet CEF state [102-104]. In fact, the winding of the spin textures is
opposite for the two scenarios. Our finding of the /3 quartet supports very much the results of
spin resolved APRES [69]. Xu et al. find spin polarized surface states, fulfilling time reversal as
well as crystal symmetry, that have spins locked to the crystal momenta £ such that at opposite
momenta the surface states have opposite spins. The anticlockwise spin texture is in agreement
with spin expectation values calculated by Baruselli and Vojta for a Iy ground state [102, 104].
Second, details of the character of the Sm 4 f bands matter for the formation of the hybridization
gap [56-61]. Using ab-initio band structure calculations [105, 106,59, 107] as a starting point,
the intermediate valence of the Sm is associated with the fact that the Sm 4 f; , bands are fully
below the Fermi level for all k-points of the Brillouin zone except in the vicinity of the X -point.
There the strongly dispersing Sm 5d band is positioned below the Fermi level; otherwise, i.e.,
at other % points, the Sm 5d is unoccupied. The symmetry of the Sm 5d band that is below the
Fermi level at the X -point carries the label X;. The Sm 4 f;, states splits into three bands at
the X -point, and have the symmetry labels X, X-, and X . One of the X bands is made of
the local /7 wave function, while the other X, band and the X band originate from the local
I's wave function. See for example Kang et al. [107].

In order to have an insulating state, the highest and thus unoccupied 4 f5, band must be a X" as
to ensure a non-crossing situation between the X; band of the 4 f5/» and the X" band of the 5d
in the region around the X -point due to hybridization. If the highest and unoccupied 4 f5 > band
were a X, then there were no hybridization with the X band of the 5d in the region around
the X -point, with the result that the two bands cross and no gap is opened. This means that a
local /7 ground state would guarantee the formation of a gap, while a I's may or may not open
a gap. Further material specific details then determine whether the highest band is X, or X .
So our finding of the [ as the local ground state wave function does not explain why SmBg is
insulating. Reversely, knowing that SmBg is an insulator, our results then fix the energy order
of the bands at the X -point: the highest (and unoccupied) is the X, from the /g, followed by
the X from I, and the lowest is the X, from the /7.

Third, our finding of a [ 5 local ground-state symmetry contradicts in fact the outcome of several
density functional band structure calculations [105,106,59,107]. In band theory, the search for
the ground state symmetry in SmBg translates into the question in which band the hole in the
J = 5/2 manifold resides. Kang et al. reported for the X -point an unoccupied 4f X, state of
I'; origin [107]. Also their k-integrated 4 f J = 5/2 partial density of states (pDOS) shows the
hole residing in the /7 band, in line with the fact that the center of gravity of the /7 pDOS is
higher in energy than that of the /5. We would like to note that many theoretical studies have
quoted these band structure calculations for having produced a local Iy ground state! This is
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incorrect. Perhaps the mistake has been made by looking at the I'-point: there the /> band
is indeed lower than the I~ band which is closer to the Fermi level giving rise to the wrong
expectation that the local Iy is the state with the hole. However, we would like to point out that
looking at just one particular point in the Brillouin zone is not sufficient for extracting the local
crystal field scheme. It can only be deduced from the integration over the entire Brillouin zone.
In fact, realizing that crystal-field effects are determined mainly by hybridization, the [ -point
is perhaps the worst possible location in k-space to look at since there the 4f and the 5d are
non-bonding due to opposite parity, a virtue that is the very starting point for proposing SmBg
to be topologically non-trivial.

Fourth, we would like to note that the experimentally observed dichroism in our NIXS spectra
can be explained by a pure [y state, weighted with 0.6 to account for the contribution of the
4f° configuration in the ground state of SmBg, see Fig. 11. This is surprising in view of the
intermediate valent state of the compound, and in view that bands are important for the much
discussed low energy properties. A conclusion that could be drawn from this is that the 4 f bands
may be extremely narrow, much narrower than the crystal-field splitting between the /5 and %
states. The fact that the spectral responses of 4 f ions are dominated by multiplet structures
suggests that the hopping integral for the transfer of a electron from a 4 f° to a neighboring 4 f°
site will be hampered by the fact that the ground state of a 4% ion is a J = 0 state and that
of a4f5ionaJ = 5/2. It is not impossible to convert a 4/ J = 0 to a4f> J = 5/2 and
simultaneously a 4f> J = 5/2 to a 4f% J = 0 by transferring only an s = 1/2 particle without
energy cost, but the probability for such a large change in quantum numbers is tiny and is given
by the fractional parentage as described in the recent lecture notes of Sawatzky [108].

To summarize, we have utilized the high multipole contributions in the core-level non-resonant
inelastic x-ray scattering process to determine the symmetry of the Sm crystal-field ground
state 4 f wave function in SmBg. We have found a clear directional dependence of the spec-
tra that allows for the unambiguous identification of the I'y quartet state of the Sm f° J=5/2
configuration as the state which governs the topological properties of SmBg. Follow-up calcu-
lations should be performed within a reduced basis of only [y states for the construction of a
low-energy many-body Hamiltonian.
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9.2 Hans Gerd Evertz

1 Introduction

The computationally most difficult task in Dynamical Mean Field Theory (DMFT) [1-4] is the
calculation of the self energy Y (w) or, equivalently, the spectral function A(w). For typical
physically relevant systems with three or five orbital impurities, this becomes demanding, and
the energy resolution of standard techniques has been limited. In this chapter, a new method
is described, dubbed Fork Tensor Product States (FTPS) [5, 6], which is as efficient as the
best established methods for multiple orbitals, but has much better energy resolution at large
energies, by way of using real-time evolution of an excited state. It is based on so-called Matrix
Product State (MPS) techniques [7], which are related to the Density Matrix Renormalization
Group (DMRG) [8].

The new method and the results described in this chapter are largely the work of my former
student Daniel Bauernfeind, described in detail in his Ph.D. thesis [9]. I would like to thank
him very much for a great collaboration.

1.1 Impurity solvers in DMFT

For the description of a material in DMFT, one first calculates the band structure by some variant
of Density-Functional Theory (DFT) and projects the spectrum onto a few low lying effective
orbitals, from which an effective Hamiltonian is constructed. Some aspects of this procedure
will be discussed later in the results section. DMFT then treats the effective Hamiltonian locally,
for example on a single site, which will be discussed here. The effect of all other sites is
subsumed by the interaction with an effective bath, resulting in an effective Anderson Impurity
Model (AIM) like

Hamng = Hige + Z Vi (chO + h.c.) + Z EENE - (D)
k k

Here, H), is the local interacting Hamiltonian, & is, e.g., a momentum space index numbering
the noninteracting bath sites with local energy €, and occupation number n;, = chk, and V} is
the hopping strength from the impurity (indicated by index zero) to the bath site.

For this model, the impurity spectral function A(w) has to be calculated. It is then used together
with the lattice structure of the material examined to determine new bath parameters Vj, ¢ in
an iteration of the DMFT loop, until self-consistency is reached.

The bath represents a continuous spectrum of energies of the material around the impurity.
Therefore the number Ny of sites in the bath and the corresponding spacing of the energies ¢
(as well as the choice of their values) limits the energy resolution which can be achieved. Often,
the AIM is transformed into an equivalent representation as a Wilson chain [10,11], 1.e., a tight
binding chain of length Np with the impurity site coupled at one end.

Let us very briefly touch on some of the current impurity solvers and their strengths and weak-
nesses.
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Continuous time quantum Monte Carlo

The state of the art work horse for DMFT calculations is probably Continuous Time Quantum
Monte Carlo (CTQMC) [12, 13], usually in its CT-HYB variant. Here, the impurity problem
is expressed in a Lagrangian formulation in continuous imaginary time, with a chain of length
f = 1/T, the inverse of the temperature. The Green function G(7) is measured, with statis-
tical errors, in imaginary time, and needs to be transformed by a so-called analytic continu-
ation to real time / real frequency, usually done with some variant of the Maximum Entropy
method. This transformation is badly conditioned, especially for non-exact data. One of the
consequences is that the energy resolution of the resulting spectrum becomes rather bad at large
energies. We will see some examples in the section on results. The computational effort for
CTQMC usually grows exponentially with the number of orbitals. An additional difficulty of
CTQMC is a potential Monte-Carlo sign problem which then drastically limits the attainable
inverse temperatures and numbers of orbitals.

Exact diagonalization / Configuration interaction

When there are not too many bath sites, the impurity spectral function A(w) can be calculated
with Exact Diagonalization (ED) [14—16], but will then consist of a limited number of delta-
peaks. This can be improved, for example by using different bath discretizations within the
same calculation or by optimizing the discretization in Configuration Interaction (CI) schemes
[17,18]. For a single orbital, spectra with good resolution have been achieved. However, for
more orbitals, the energy resolution has been very limited by, for example, only 3 bath sites for
3 orbitals in Ref. [17].

Numerical Renormalization Group

The Numerical Renormalization Group (NRG) [10,11] provides one of the standard approaches
to impurity solvers. It works on the real frequency axis, successively integrating out degrees of
freedom on high energy scales in a logarithmic fashion in a Wilson chain. It can provide very
good energy resolution at low energies, even for several orbitals [19-21], but by construction is
rather coarse at large energies. The number of orbitals enters exponentially into the computa-
tional effort. NRG amounts to a calculation with matrix product states (see below).
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Dynamical DMRG

The so-called Dynamical DMRG (DDMRG) [22-25] and Correction Vector (CV) [26] ap-
proaches are variants of DMRG in which A(w) can be calculated very precisely, although with
some broadening, directly at a chosen frequency. However, a separate calculation is necessary
for every frequency, so that multiple orbitals become infeasible.

Time evolution with matrix product states

Matrix product state methods also provide precise techniques to calculate the time evolution
of pure states after a local excitation at the impurity site. Most methods have been developed
in a closely related variant using Chebyshev polynomials [27-30] for up to 2 orbitals [30].
Direct real time evolution has been employed for one and two orbitals by Ganahl et al. [31],
with very good energy resolution. However, the computational effort may grow exponentially
with the number of orbitals and has in the past been far too large for more than two orbitals.
More orbitals have only been reached in imaginary time [32], with associated energy resolution
difficulties. In the present chapter we will see how to overcome these problems.

1.2 Calculation of impurity Green function in time evolution approaches

Impurity solvers using time evolution techniques employ the following general steps (leaving
out spin and orbital indices for simplicity):

e Given the bath parameters, calculate the ground state |1y) of the corresponding Anderson
impurity model, with energy Fj.

e Apply an annihilation operator to obtain the excited state |¢1) = ¢o|t)o).
e Time evolve, i.e., calculate ¢!t |¢),).

e Calculate the overlap with [¢;), namely G=<(t) = (1] e’ |¢);) e7"Fo!, which provides
one part of the Green function.

e The resulting function G(¢) can, if desired, be post-processed with so-called linear pre-
diction [27,7,31] (essentially a fit with O(100) Lorentzians) in order to further improve
the energy resolution.

e Fourier transform to obtain A(w).

More details can be found in Refs. [31,5,6,9]. The Fork Tensor Product State (FTPS) approach
to be described in the present chapter is based on the Matrix Product State (MPS) formalism,
which we will therefore first discuss in some detail. For FTPS we will then introduce a special
efficient tensor geometry. Both MPS (and DMRG) as well as FTPS require an essentially
linear bath geometry. Yet we shall see that, quite surprisingly, it will be much more efficient to
directly enumerate the sites k of the bath degrees of freedom (the so-called star geometry) along
an artificial chain, instead of employing Wilson chains for the bath. At the end of the chapter
we will discuss results and performance of the new method.
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2 Matrix product state techniques

2.1 Matrix product states (MPS)

Matrix product states constitute the formalism behind DMRG. In order to understand the FTPS
method, we need to go into some detail on the MPS approach. For a much more complete
exposition, including all the references to the original literature, I refer to the great review by
U. Schollwock [7]. For a quick reading of this section, the graphical representation Fig. 2 and
its explanation contain some of the most important aspects.

The state space of many-particle models grows exponentially with the number of particles in-
volved. Such models can therefore be treated exactly only for very small systems. The MPS
approach permits very precise and efficient approximations even for very large systems. It has
allowed for, e.g., DMRG calculations of the ground state energy of Heisenberg models on sev-
eral hundred sites to 10-digit precision, and can also be used to time-evolve a state. Note that a
convenient library of tensor routines is available for such calculations [33].

2.1.1 Example: Heisenberg spin chain

In order to keep notation reasonably simple for the discussion of MPS, in this section we shall
treat the one-dimensional spin-1/2 Heisenberg model with open boundary conditions

L-1

. . . J,
H=> H; with H ="
=1

5 (S S + 57 88) + LS50S @)

where Sj-[ = 5% £iSY, thus S[|); = |1); and S} |1); = || );. The representation of S in
the z-basis at site j is 0% /2 (we leave out h).

A chain of L sites has 2 basis states, which are |s, So, . .., sz) with s; € {1, } in the z-basis.
In case of isotropic couplings J,, = J, =: J we get H=1J > i 5’] . gjﬂ. This model is also a
good approximation of the strongly repulsive Hubbard model (U > t) at half filling.

Note that on a one-dimensional chain, the Heisenberg model is equivalent to a model of tight-
binding spinless fermions

L Vi, . 1
H = t (C;Cj—‘rl + hC) + annjH — E(TLJ + ’flj_H) + Z

by the Jordan-Wigner transformation. With fermions, the only new aspect for MPS is the minus
sign that appears upon interchanging two fermions. It can be dealt with by a suitable operator
which we will discuss in the chapter on FTPS.
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Fig. 2: Graphical representation of an MPS. Black circles represent matrices A. Lines con-
nected to the circles represent indices, which are summed over when the lines of two circles are
connected. The horizontal set of circles and lines therefore represents the product of matrices
in Eq. (4). The vertical lines denote the remaining physical indices s;.

2.1.2 Matrix product state ansatz

A general state of the Heisenberg chain is

(DR DI EIRE ®

51,82,--,SL,

with 22 complex numbers as coefficients. We will now write the coefficients in a different way,
as a product of matrices, with one matrix for every lattice-site. This can always be done exactly
(see later) when the matrices are chosen big enough, namely up to 2%/2 x 25/2, We will later
see that much smaller matrices (O(100) x O(100)) can already provide an extremely good
approximation to physically relevant states. The ansatz is

aq,02 az,a3 * ar—2,0p—1 arp-—1

Z Z Al gl gBlss  AL-Usio gllse g g0 sy (4)

81,525--,SL Q1,02,...,[ —

The A can be taken to be square matrices (except for the first and last A, which are vectors),
and o; = 1...x are the matrix indices. The upper index [j] numbers the lattice sites. The
matrices A usually differ from site to site. At each site j, there are two matrices, AUl and
AUN | corresponding to the values s; =1 and s; =/ in the basis vector |si, sa,...,sz). For a
given state, the matrices A are not unique: one can replace any pair of matrices AU AU+ by
(AV1X) (X1 AU+, with any invertible matrix X. It is very helpful to denote this ansatz for
the coefficients in a graphical way, as shown in Fig. 2. Let us look at some simple examples.

e Single basis state (product state) A state like | L | 1] 1] ) is called “product state” since it
can be written as a product || )1 [} )2 |1T)s |4 )4 |T)5 || )6 and it does not contain any linear

combination.
V) = | { { ) { T { )
j = 1 2 3 4 5 6
Al = 0 0 1 0 1 0
At - 1 1 0 1 0 1

The “matrices” A are just single numbers here.



DMRG Multiband Solver 9.7

o Singlet, L=2 sites

e Nonlocal singlet

Wy =% (| + 4+ 1 ! ! ) Ll
-l Ly ! ) 1 L))

s o e (62 e
AL = 1,L(QU,<32),(é2>,

2.1.3 Singular value decomposition (SVD)

=
]

~—
=
N———
~
=
-
—_

The SVD is an extremely important and versatile tool from linear algebra and the central tech-
nical ingredient of MPS techniques. It is different from the familiar eigenvalue decomposition
(see below), and it exists for every real or complex matrix. It is widely used for, e.g., image
processing, signal processing, optimizations, etc. Every real or complex n X m matrix M can

be decomposed like
M =UDV! 5)

with a diagonal matrix D that contains only positive real numbers (or zero), which are called
the singular values of M. Tt is of dimension N = min(n, m). Furthermore,

A

Ultu=1, Viv=1, D= (6)

0

We will always order A\; > Ay > --- > A\, > A,y =0 =--- = Ay = 0.. The number r
of non-zero entries \ is called the rank of the matrix M, which need not be square. When, e.g.,
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m < n, the SVD looks like M =|U D Vi and VT cannot be unitary.
This version of the SVD, with (in general) non-square matrices U and V1, is called a “thin

SVD”. The values \; are uniquely determined. The matrices U and VT are not unique: within
each subspace (dimension > 1) of equal singular values, one can multiply U with a unitary
matrix and VT with the inverse, without changing M. When M is real, then U and VT can also be
chosen real. When M is real and quadratic, then U and VT are rotations (basis transformations),
and D scales the directions in the intermediate basis. The eigenvalue decomposition of matrices
MTM and M M both have eigenvalues )\?. When M is quadratic and all eigenvalues are > 0,
then the eigenvalue decomposition M = UDUT is the same as the SVD.

The computational cost of a SVD is min(mn?, m?n). Many applications of the SVD involve
truncation: one replaces small singular values by zero. This provides an approximation to
M, which is usually very good and often of far smaller dimension, providing for much lower
computational cost.

Representation of the SVD with square matrices

When M is not quadratic, then either U or VT is not quadratic in the SVD M = UDVT,
Alternatively, one can write the SVD with unitary quadratic matrices U and V:

M =UDVY = UDVT (7)

This can be interpreted as a basis transformation by V1, a weighting of directions by D, and
another basis transformation by U. When M is m x n dimensional, then Uis m x m, D 1s
mxn,andf/Tisnxn.

\7al

e Casem < n: M = |U D—000

(rest)

In this case, U = U. The lower rows of V1 contain extra eigenvectors, beyond those in
VT, They do not contribute to M because of the zeroes in D. Since the eigenvectors in
V1 are orthogonal, the application of M to such a vector gives zero, i.e., they belong to
the null space of M. (The directions j beyond the rank r, with vanishing singular value
Ajsr = 0 also belong to the null space). When considering the action of M on the full
vector space, this null space can be ignored (see below).

D
o

e Case m > n: M = |U]| (rest)

Now V = V.
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Pseudoinverse

We first discuss the case of a square matrix M. Formally, the inverse is
SN SO
M= (U D VT> — VDT, )

since U/ and V' are unitary. But the matrix M can contain singular values \;-, = 0. In these
directions j, M does not act, and the inverse D! would contain infinity.

It is much better to exclude this null space completely also from the inverse, i.e., to set D! to
zero there. This is called the pseudoinverse

1
Aj— —, but 0+ 0. 9)
Aj
In practice, one maps singular values to zero when they are below some threshold (e.g. 10719).
Using the pseudoinverse, M ~' M becomes

M 'M=vD'UtUDVH = 1 — . =MM' 0

0

in which only (up to) the first » components correspond to the unity matrix, while the rest
vanishes. The same considerations apply when M is not square, n > m or m > n. Then
M~'M is an n x n matrix. and MM ~! is m x m. They are both of the form Eq. (10).

2.1.4 Schmidt decomposition, reduced density matrix, and entanglement

Consider any quantum-mechanical system and two arbitrarily chosen subsystems A and B, for
instance the left and right side of a one dimensional chain with some arbitrary split. Let |j)
be the orthonormal basis states of subsystem A, and |k) 5 those of subsystem B. Then a general
pure state of the total system is

@) =i i) 1K) . (11)
7.k

where c;;, are coefficients. We now regard cj;, as a matrix and look at its singular value decom-
position
cje =U DV, with U and V unitary. (12)

Written in matrix components, this becomes ¢, = > ~_, Ao U o (f/T)ak, where Y is the rank of
the matrix c;;, the so called Schmidt-rank. Since U and V are unitary, it is possible to perform
two basis transformations: [A4),, = > Uialj) , and |B), == 32, (V1) ar|k) 5 and express the
state |7) in the new basis

X
@) = Aa|A),|B),, withx < min(dim(A), dim(B)). (13)
a=1
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This Schmidt-decomposition of a general state |¥) always exists. The normalization (¥ |¥) = 1

S =1, (14)

implies

Reduced density matrix of a pure state

The density matrix of a pure state is p = |¥)(¥|, which can be written

P= D AadslA)|B), (Al 5(BI.

a=1 =1

The reduced density matrix for the subsystem A is
X
. . . 2
pa=trsp=3" (BaIB), =3 X214}, (Al (15)
v 7=1

since the bases |A) and | B) are orthonormal. This is a sum over eigenvalues /\i times a corre-
sponding projection operator |A) _(A[. When the Schmidt rank  is larger than one, the state
is entangled and the reduced density matrix represents a mixed state, as we will see next.

Von Neumann entanglement entropy

Similar in definition to the entropy of a statistical system S = — tr(p1n p), the von Neumann
entanglement entropy between two subsystems A and B is defined as the entropy of the reduced
density matrix:

Syp = —tra(palnpy) (16)

When the Schmidt decomposition of |¢)) and thus the reduced density matrix Eq. (15) is known,
the von Neumann entropy is simply
X
Sa=-> A A =85 (17)
y=1

S takes its maximum possible value of In x when all A, are of equal value. Note that the
entanglement entropy between two subsystems is invariant under unitary transformations within
a subsystem, but usually not under a transformation which mixes both subsystems, like e.g., a
spatial Fourier transform.

Examples for a two site system

For a product state, |¥) = |TaTp) = | 1) 4| 1)y is already the Schmidt decomposition. The
reduced density matrix is p4 = | 1) 4 4( 1|, which is a pure state, and the entanglement entropy
between the two sites is Sq = S = —121n 1% = 0.

For a singlet, |V) = \/Li (I1)ald 105 = [1)511)4) is also already the Schmidt decomposition,
the reduced density matrix is p4 = S22_, M| 4), (4| = S a a1+ 1404 (4 ]), whichin
matrix notation is one half the unit matrix, and the entanglement entropy is Sy=—2 3 In ;=1In 2.
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2.2 Different MPS representations of a state

2.2.1 Exact representation

The coefficients of any pure state |¥) = > Csy..s; |S1...80) can be written as a “matrix

S1...8
product state” by going through the system sitle b; site and performing Schmidt decompositions,
1.e., basis transformations, at each site.
First site. We treat the coefficients c,, (s,.. ;) as a matrix with row index s; and column index
(s2...sr) and apply an SVD
- (1]
Cs1,(s2.1) — Z % >\a1 Voirl(sQ...sL)

—1
M7 2x2 matrix

The upper index [1] denotes the first lattice site. Since the index s; has only two values, s; =1
and s; =, the matrix U is (2 x 2) dimensional. We split it into two (1 x 2)-matrices AMT
and AW for the two spin components 1 and .

s} Al

Ull, o T
= st = AL,

a; =1,2 ar=1,2 a; =1,2
U is a unitary matrix. It contains a basis transformation from the basis s; =7, s; =] to a
new basis with indices a; = 1,2. Similarly, VT defines a basis transformation on the vectors

So, S3,...,8L), 1.e., we get the Schmidt decomposition
| ) g p
2
(1 pL R
|l‘p> - Z )\a1|@a1>}@a1 ) (18)
a;=1

where L(R) denote the left(right) subsystem.
Second site. We now regard A V! ) (including the diagonal matrix \) as a matrix ele-

a1’ ag(sz...s
ment with row index («;s2) and column index (s3 . .. sy) and decompose it with an SVD

4
i _ (2] 2]y -t
)\alval(sz...sL) - Z U(ozlsg)ag )\Q2Va2(53...sL)'
ag=1 T=——

4x4 matrix

The summation index a, now goes up to 4, because of the possible combinations of oy = {1, 2}
and s, = {1, }.! The 4 x 4 matrix U? is again unitary and a basis transformation from {c; s, }
to {a»} which we split up into two 2 x 4 matrices AIZIT and AN for the two spin indices s,

Al

Ul | . |77
= Ai@

agzl...4 a2:1...4

'The actual range of « can be smaller, when the coefficients of |¥) are such that the SVD has a lower rank,
e.g., for a product state (rank 1).
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After iteration up to site j. we get the following representation of the state |¥)

[1] 7702] i1 il
Z ZZZ sllalU(a1S2)042 T U(O‘jflsj)aj )\aj Va j(sj41...5L) |81 SL>' (19)

§1...85, a1 Q2 Q3

This is also a Schmidt decomposition of |¥), between sites j and j + 1. By splitting up each
U-matrix into two distinct matrices for 1 and | spin indices, we can also write

gl 2 955 _ A[l s1 A[2s2 A[3]s3

s1o1 7 (ars2)as ~ (a2s3)a as ajog” tagag

Exact MPS representation of |¥). Continuing until the last lattice site, we find that indeed an
arbitrary state |¥) can be represented exactly by a matrix product state

Z ZA1]51A[2]82 ABlss  AlL—=1sr—1 g[L]sL |s1...sL) (20)

ajaz” tagag ap_sar_1* ag—1
s1...81 {ay}

represented graphically in Fig. 2. The range of the intermediate indices «; is equal to the rank of
the corresponding SVD. Note that between sites L — 1 and L, this rank is a most 2, and between
sites L — 2 and L — 1, it is at most 4. Thus, an exponentially large maximum rank of up to 2"/*
is reached in the middle of the chain for a general state.

2.2.2 Left-Normalization

Each of the matrices Ul comes from an SVD and therefore satisfies UU' Ul = 1, which also
provides for normalized basis transformations. In terms of the matrices AY! this becomes

Z Ablsit Alilsi — 1 @10
Sj
Written in matrix components, this equation reads Ak
o
Z Aiﬂﬂjja/ AE{'}iﬁa = Ouao oOr graphically o, S = Sy (22)
$5,051 .
A[i]

In the graphical representation, closed lines imply a summation. The normalization of the
whole MPS, (|¥) = 1, can now be deduced in a simple way, by applying the graphical form
of Eq. (22) site by site. The state Eq. (4) and Fig. 2, written with A-matrices, is called left-
normalized.

2.2.3 Canonical form of an MPS

Each Schmidt decomposition in the derivation of the MPS also gave us the singular values \,,
1.e., information about the reduced density matrix at that step. We now write this information
explicitly in the MPS. We take the singular values A\, out of the A-matrices; this defines new
matrices [’

Allsi . AU p (23)

Qj— 10‘] aj—1 O‘J 10‘1
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Fig. 3: Graphical representation for the canonical form of MPS matrices.

When the A-matrices are given, one can obtain the /" matrices by multiplying A with the pseu-
doinverse of \. Graphically, the “MPS state” (actually the coefficient ¢y, s, ) 1s shown in
Fig. 3, where we the diagonal denote \-matrices by crosses, and /'-matrices by squares. The
AV are located between sites 7 and j 4 1. They are the singular values of the Schmidt decom-
position at that bond, ¢, s, = U AViIna product state, all I’ [ are numbers 0 or 1, and all
A7 = 1. Since the first “matrix” A[Oﬂsl is just a vector, the first index oy on Fc[i)]ffl is superfluous.
We still write I (Eo]éll as a matrix, for easier notation later on, by letting the index «( only have
one value oy = 1 and )\([S}) = 1. Similarly, o7, has only the one value oy, = 1 and FQL]SfWL is
actually a vector. At the right hand side we have introduced a final AE L] = 1. The normalization
Eq. (22) now becomes an equation for I" and A, shown below on the left hand side

Z([’U]SJ)T (Aufu)? rlhlsi — q s (Am)? (pmsj)f 1 @

Sj Sj
Xu-n* . * o * }\‘[i]*
B B B B
oy s = = 5043 S % = = Soc[i
o o o o
7\}1-1] 1_Ii] 1_Ii] }\‘[i]

A similar normalization can also be shown to hold when summing over the second matrix index
of I'V! by an iterative construction of the MPS from the right. This normalization is displayed
on the right side of the equation above.

2.2.4 B-matrices, right-normalization, and mixed normalization

Instead of combining AVl = AU 1l as in Eq. (23), one can group the matrices of the canon-
ical representation via BUl = [Vl AV }, so that instead of Eq. (4) we get an equivalent product
of B-matrices for the coefficients of |¢)). The B-matrices are right-normalized, as spelled out
on the right side of Eq. (24).

In DMRG, the coefficients of states are usually expressed in the so-called mixed-canonical form
AA ... A\B... BB which follows directly from the canonical form in Fig. 3. The diagonal
matrix A contains the singular values of a Schmidt decomposition at the corresponding bond.
An unnormalized state can be brought into one of the canonical forms essentially by repeating
an analogue of the steps outlined in section 2.2.1: successive SVDs from one end to the other.
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Truncation

In order to achieve an efficient representation of a state, with relatively small matrices, we can
approximate the state by discarding small singular values A,. This needs to be done in the
canonical or mixed canonical representation, in which the A, do contain the Schmidt singular
values. When all \”

4o, are discarded, the matrices I’ Ul and I'V+Y can be truncated corre-

spondingly beyond matrix index cy. One can either discard values below a certain threshold
e (e.g. 1071), which results in a varying matrix dimension, or one can set a maximum matrix
dimension Y.« beyond which all singular values are discarded.

The quality of the approximation is related to how much of the reduced density matrix p =
diag(A\?, A2, .. ) is discarded. This can be quantified by the so-called truncated weight

ty =1— 3 Xm \2 (25)

a=1 "o’

which should stay below some small threshold like < 10~ for precise calculations. In order to
keep the state normalized, we have to re-normalize the remaining A,

Mo = Ao/vVTI—1,, sothat 3 A2 =1. (26)

The normalizations of the A-matrices and the /'-matrices are unaffected by the truncation, ex-
cept that the matrix 1 in Eq. (21) is also truncated.

How large do the matrices need to be?

The discarded weight ¢,, is small when the singular values A, decay quickly. This is the case
when the entanglement entropy Eq. (17), S4 = — Z;(:l )\3 In )\i is small. We saw earlier that
the maximum entanglement entropy of a reduced density matrix of size x is Iny. Thus one
can estimate that one may need matrices of up to order Y. ~ €°4 for a good representation
of a state. In 1D, the border of two subsystem A and B is just a point. All entanglement
between A and B must go through this point. One can show that for the ground state of gapped
Hamiltonians with local couplings one needs only about yy.x ~ £ where £ is the maximum of
the spatial correlation length and the size of the system. This is the reason why matrix product
states work so well in one-dimensional physical systems. However, in general dimension D,
Smax ~ LP~L the so-called area-law, which implies that the matrix dimension will need to
grow exponentially in more than 1D.

Expectation values of one-site operators

A big advantage of the MPS representation is that only a few local matrices are needed to
calculate the effect of a local operator on the state (see below), or its expectation value. We will
here look at the expectation value of a one-site operator OU! that acts only on the spin at site j,
for example Sy , whose matrix representation is the third Pauli matrix. Its expectation value is

@OWNw) =S (s osp | NP XU o AT P AL sy sy

() o
27)
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In graphical representation, this becomes

. |k ) ; , & 1 *
o) * [1s* 11 * [@s,* -1 lis)* L st !
A,% Foco g }\.oH r(x‘ [ A’a i r(, 1o o o 7\‘«,_
TS’J
) s =9 o
a 515 %= R ;
Sj
[0] [1]s4 [1] [2] s, [i-1] [ils; [il [Lls, L
7\‘(10 F% Oy 7\'051 F‘Xw o2 A‘(x i1 1—‘“ 1% 7\‘&] F“LJ:‘ L 7"(1,_

At the interior vertical lines, the spins s;’ from the bra vector (1| and s; from the ket vector |1))
meet. Since (sj|s;) = ds,., they have to be equal, except at the location j of the operator Ol
Note that all lambda values are actually real, since they are singular values.

This expression can now be simplified by using the normalization Egs. (24), which iteratively
cause all matrices from both ends of the chain up to site j to just contribute Kronecker deltas.
The remaining contribution is, in graphical representation

R i1%
k[|1] rt }Jl]

S
1
01 [O:l O
Si
- .- .
7\,“_1] 1_11] k[l]
With M o o= A7 bl )\ij] this becomes

(WOWy) =3 "(s'| Os) tw(pr*) nre. (28)

!

S,

2.3 Time evolution

The time evolution of a state in the Schrodinger picture for a time-independent Hamiltonian is
given by |¥(t)) = e *|¥(0)). We will discuss the case of Hamiltonians with local or nearest
neighbor interactions, like in (2).

2.3.1 Trotter Suzuki decomposition

The difficulty now is that the Hamiltonians of adjacent sites do not commute, [f[z, ]:IZ»H] # 0
and as a consequence the exponential e~*/! cannot be expressed as a product of local oper-
ators e 4t £ T] ; e~ But the Hamiltonians of next nearest neighbor sites do commute:

[If[i, HHQ] = 0. It is thus helpful to decompose H into a sum of even and odd site Hamiltonians

ﬁ:ﬁeven—i_ﬁoddzzﬁj—i_ ZI:—,] (29)
j,0dd j,even
such that
o iHevent _ H e it and e ot — H et (30)

J.even j,odd
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Within H.,..,, all terms commute, and also within Hq4, but [ﬁeven, Flodd] = 0. Next we subdivide
the time ¢ into small “time slices” of length At

t X X t
ot _ <€—iHAt> at _ (e—i(Heven—i—Hodd)At) At

Now we use the Baker-Hausdorff formula to get

_t
At

et = (e‘iﬁeve“m ¢~ Howt (1 +0 ((At)2[]:]even; Hodd]) >)
Writing this product of ¢/ At terms explicitly yields
oiflt _ (efiHevenAt o= iloadt —ifleen At efiHmnAt> (1 4 O(At)). G1)

We lost one order of At because of the (¢/ At) many factors. The Trotter-Suzuki decomposition
leads to a series of operators e~ which only act on two adjacent sites at once. The time
evolution of the system is traced back to application of these 2-site operators. This strategy was
introduced in the context of quantum Monte Carlo by Suzuki. It is also used for several popular
MPS time evolution methods.

The smaller the time step At, the smaller the error in the method. One can gain another order

of At with almost no effort by the 2nd order Trotter Suzuki approximation
e—iﬁAt _ e—iﬁevenAt/2 e—z'HoddAt e—z‘ﬁmnAt/Q + O((At)g). (32)

For the time evolution of a state |¥) this requires no more effort than the first order approxima-

—iHeven AL/2 e—iﬁevenAt/Q —iﬁevenAt_

tion, because e =e¢ The only difference occurs when measure-

ments are performed: for the 2nd order approximation, measurements have to be performed

after half-time-steps o—iHeenAt/2.

2.3.2 Application of 2-site operators

In order to calculate the time evolution, we need to apply the 2-site operators H; to |¥). For a
general 2-site operator, we want to calculate

vy = O+l |y, (33)

The structure of MPS as products of matrices located on individual sites is again very helpful.
Since O+ acts on sites j and j + 1, only the I’-matrices at these sites and the \-matrix
in between are affected, but not the outer \-matrices containing the entanglement with the
environment. Let y be the dimension of all these matrices. The calculations turn out to be
easier when one also includes the two outer A\-matrices. We therefore look at the part of the
MPS shown in Fig. 4. This object has spin indices s;, s;; on which the operator will act, and
free matrix indices a and ~. It is the graphical representation of

2%57’-%1 g Z )\[O{_l] F(Ljﬁ}sj)\/[g] FIB[J’;F” Sj+1 A’[yj'i‘”. (34)
B
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sj Si+1
o l l )
N s A s 0
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Fig. 4: The coefficients 12, *" of an MPS affected by two-site operators.

In the context of DMRG, it is called the wave-function. The application of O on 1 yields

J g = Z ;‘+1| O |5, Sj+1> 8]787+1 (35)

S5185+1

We want to express [¥’) as a normalized MPS, similar to [¥). We therefore need to write Y in
.. . . . i [+1

the same form as the original ¢/, with new normalized matrices F(i /l’ LA 3, and F b ]SJ“

In order to get there, we first interpret ¢ as a matrix with two indices, a row index (as ") and a

column index (s’ )

— "’SS

Vash) (s} 4,) = Yo - (36)
Next we perform an SVD on 1)
2x
Plash) 5y 10) = 521 182 Vit (37

Note that U is the unchanged A times a new ') and is equivalent to a new A-matrix, and
V't is a new '+ times the unchanged A"/, equivalent to a new B-matrix.

Because of the presence of s;- and s;- 41 in the indices (with 2 values 1, | ), this SVD has a Schmidt
rank up to twice the rank of the original matrices ', \. If we kept this increased rank, then the
matrix dimensions would explode exponentially during the time evolution. We therefore need to
truncate the matrix dimensions, for example back to the original x, by discarding the smallest

singular values in \. We then need to calculate the discarded weight ,, and re-normalize A5 —
A3 / /T — .. The matrices U and V1 are also truncated at the new size.

In the so-called tebd algorithm [34,35], which works in the canonical representation new /-
matrices are then extracted, by splitting the unchanged outer matrices A7 and A7 off U and
V7, by means of applying the pseudoinverse:

()\[jﬁ-l])inv‘ (38)

f[j]sj _ (/\[j_u)mv U(as;),@ 7 ﬁ[j+1]sj+1 _ VT b

By B (’75;‘+1)

PARE *7*1 This method has

the disadvantage of potential instabilities from the divisions. They can also be avoided [7].

As desired, this results in updated x X x matrices F 6 ’, )\g, and I’y

A different valid time-evolution with similarly small Trotter error, which is not commonly used
but will be employed in the FTPS method, does not step by two sites in even/odd fashion,
but steps only by one site, using AV from Eq. (37) multiplied from the right with
+2 AU+ 55 the next %+1 %+ to be updated.
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A mathematical equivalent of tebd is the t-DMRG algorithm [36, 37], which works in the
mixed-canonical representation, i.e., with only A and B matrices, and with the even/odd Trotter
split. When moving from the left to the right, the U matrix from the SVD defines the matrix Al
of the updated state. In order to step another site to the right, 1)*+1 %+2 introduced in the previ-
ous paragraph is subjected to another SVD: ¢ = UDV'T, which yields AU+ from U, while D
should be the unchanged AV and V1 the unchanged 'V +2) \ 0+ Multiplying DV'T from the
right by the next B-matrix (=103 AV +3]) provides the next wave function ¢ in t-DMRG, at the
disadvantage of an additional SVD operation.

Another possibility for time evolution is by way of repeated application of the complete Hamil-
tonian to the state, in the simplest case as (1 + HAt)"/(4), The complete Hamiltonian can be
applied as a so-called Matrix-Product Operator (MPO), to be discussed next.

Swap gate

A swap gate switches the physical role of two neighboring sites in an MPS [38, 7]. It amounts
to applying the two-site operator

Sij = 531-,5;- 5s]~,s§ (_1)mn] (39)

to a state with physical indices s;, s;. The sign factor provides for fermion anticommutation.

2.4 Matrix product operators (MPO) and DMRG

In the same way as the coefficients of a state can be expressed as a product of matrices in
Eq. (4) this can also be done for the coefficients of a many-particle operator O in terms of
matrices W1,
0= Z WSt We2se WSt |¢h b L s ) sy, 89, ..., 81, (40)

{sit{si}

where the internal matrix indices «; have been omitted. The graphical representation of this
MPO is shown in Fig. 5. Methods for obtaining the W-matrices can, e.g., be found in Ref. [7].
For a simple Anderson impurity model, they will be shown explicitly below.

2.4.1 DMRG ground state search

The DMRG method [8, 7] optimizes the energy of a state [¢)) site by site (or in pairs of sites) in
order to find the state with minimum energy. Here we just provide a brief idea of the method. It
works in the mixed canonical representation. Each optimization of a local MPS matrix Al can
be formulated as a linear equation

HEAD = \ Al (41)

for which the matrix with the lowest eigenvalue \ needs to be found, for example with a Lanczos
method. The effective Hamiltonian H°% is most easily expressed in graphical form, as in Fig. 5.
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R Q0O 00
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T 0-0-0-'-0-0

L Weesi R
Fig. 5: Left: graphical representation of a matrix product operator. The disconnected lines
symbolize again physical degrees of freedom s;. The operator connects to an MPS with the
lower indices, which implies a summation over {s;}, producing a new MPS with indices {s,}.

Right: Effective Hamiltonian for DMRG. It is applied to an MPS matrix ALf;Lai on the bottom,
producing an effective A-matrix on the top, which has to satisfy Eq. (41).

This local minimization works amazingly well, as mentioned earlier. Sometimes it can, how-
ever, get stuck in local minima. Because of the limited amount of entanglement available in
an MPS, DMRG tends, for example, to converge to an ordered state, like, e.g., a Néel state in
case of an antiferromagnet. Care must be taken to either avoid this or to correctly interpret the
resulting state.

2.4.2 MPO representation of an Anderson impurity model Hamiltonian

Let us now explicitly discuss an MPO which represents an Anderson impurity model Hamilto-
nian. More details can be found in Ref. [9]. To keep indices manageable, we will first discuss
the standard AIM with a single orbital

H= Z&k Nk + Z W(ngcka + hC) + 280 Noy + UnOTnm . (42)

ko ko o

We number sites like in Fig. 6. We will need MPOs of internal dimension 4 in order to code the
four terms in H. For the leftmost site, the W -tensor of the MPO is a vector in internal MPO
space. (This space is denoted by the horizontal indices in Fig. 5.) The physical indices are not
written explicitly in the equations below; they are implied by the operators.

Wi = (evniy 1 Vie, Viely) (43)

a) @Q-O-0-0-0- 00000
DEOROa0a020020202020

Fig. 6: Numbering of sites for a single orbital Anderson impurity model. Here the number of
bath sites for each spin is Ng = 4.
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Each following site of the left bath gets

1 0 0 0

Wi = exngr 1 Vicg, VkCchT (44)
f 0 0 p 0
0 0 0 P

as a W-tensor. The operator p = (—1)" provides for a Jordan-Wigner transformation, i.e., it
ensures fermionic commutation rules. Now

Ny Ny Ny Ny
Wi = (Z anky 1Y View Y. ch,LT> (45)
k=1 k=1 k=1 k=1

(with the p operators omitted in the last equation).
W -tensors for the spin-down chain are equivalent, but with transposed matrices, and a column
instead of a vector for the rightmost MPO. Finally, the 1/ -tensors for the impurity sites are

0o 1 0
1 em m 1 eonoy c& Coy
Wor = oo Tl =10 1 0 o |. (46)
T lo d 0 v
or 0 Ungg 0 0
0 Cot 0

Multiplying all these matrices together produces the desired Hamiltonian Eq. (42).

2.5 Previous MPS impurity solvers

As spelled out in the introduction, we need to calculate the ground state of an Anderson Impurity
Model (AIM), apply a creation or annihilation operator, and time evolve. In order to do this
efficiently with MPS, where the computational effort for matrix dimension m grows like m?,
we need small matrices and few physical degrees of freedom per site. For a single spinful
orbital, it turns out that it is best to split spin-up and spin-down into the chain geometry of
Fig. 6 (top). Using real-time evolution, this allows for a very precise impurity solver, with large
baths (easily O(100) and more) and with excellent energy resolution in DMFT [31]. With two
orbitals, a successful strategy has been to split the orbitals into two separate chains, which also
provided a precise impurity solver [31]. An advantage of this geometry is that the spins of each
orbital, which are likely to be entangled, are located together. However, now the local Hilbert
space at each MPS site has doubled, from two states (occupied, unoccupied) to the four states
of a spinful orbital. Unfortunately this squares the computational effort. With a geometry like
in Fig. 6, the computational effort will grow like

computational effort ~ g orial (47)

More than two orbitals have turned out to be infeasible with this geometry, and the MPS ap-
proach to impurity solvers was stuck at this stage for a while.
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3 Fork tensor product state (FTPS) method

3.1 Geometry and tensors

The key ingredient of the new FTPS method is the geometry of Fig. 7. This is a special case
of a so-called Tree Tensor Network. For a 2-orbital NRG calculation such a geometry was also
employed in Ref. [39]. Each bath chain has a fixed spin and orbital, i.e., the local Hilbert space
dimension in the bath is only two (occupied/unoccupied). In addition, the interacting impurity
site 1s also split up into a chain of FTPS sites with dimension two (single orbital of fixed spin).
An apparent disadvantage of the FTPS geometry seems to be that entanglement between bath
sites of different spin or different orbitals has to be transported by the encoding matrices over
a large distance, so that each bond may have to carry a lot of entanglement. This is however
similar to the situation in Fig. 6 and turns out not to be a big problem on the bonds between
the bath sites. The actual bottleneck in this approach is the entanglement on the vertical bonds
in the figure, between the sites representing the impurity, which must contain the entanglement
between the baths as well as additional large entanglement from the interaction between the
impurity degrees of freedom. As we will see, the computational effort for precise calculations
will still remain reasonable.

The FTPS sites for the impurity (like ;) now each contain a tensor with three instead of two
bond indices, and one physical index, like I

afy:
cut through any bond still bipartitions the system into two subsystems. Therefore one can still

Because of the geometric tree structure, a

obtain a Schmidt decomposition. In the case of MPS, we needed to combine one bond index «
with a physical index s of an MPS “matrix” Aj ; in order to obtain an matrix A(,s) s to which an
SVD can be applied. For FTPS, we need to combine the indices of the impurity tensors. To get
an idea of the computational effort, suppose that the impurity bond dimensions are m, the bath
bond dimension at the impurity is n, and the physical Hilbert space dimension is d(=2). Then
the size of the matrix is m n d X m and the computational effort for the SVD will be O(m? n d).
For all bipartitions, one can also obtain properly normalized states, and therefore apply all the
usual MPS and DMRG algorithms. Note that off-diagonal hybridizations can in principle be
incorporated into the method [5].

e e de
AR

"G o—0—0—0
oo

Va2

Fig. 7: Tensor geometry of the Anderson impurity model for the FTPS method, drawn for two
orbitals A and B. Further orbitals can be incorporated with additional bath chains. From [5].
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3.2 Star representation of the bath orbitals

A second ingredient of FTPS is a special encoding of the bath. Usually, the bath has been
represented in MPS approaches as a tight binding Wilson chain, which can be obtained from
Eq. (1) by a basis transformation. The Wilson chain appears natural for MPS since it is a
one-dimensional physical system with only nearest neighbor hopping and local energies for
occupied sites. It was shown by Wolf er al. [40], that, quite surprisingly, it can be better to
use the original bath sites & of Eq. (1) sequentially as the sites of a bath chain. This so-called
star geometry (see Fig. 1) is also used in FTPS. One can, for example, number the sites by
increasing local energy ;. The advantage is that sites with low 5 will be almost completely
occupied, and sites with large 5 almost completely unoccupied, so that they do not contribute
much to the entanglement. Only sites with intermediate ¢; will have sizeable contributions
from both occupied and unoccupied basis states and therefore contribute to the entanglement.
Wolf et al. [40] showed that the maximum matrix dimension necessary in star geometry can be
considerably lower than in the Wilson chain representation.

The disadvantage of the star geometry comes from artificially putting it on a chain of sites in
order to apply the MPS formalism. Each bath site interacts with the impurity, by the hopping
strength Vj, but not with its neighbors. We thus have many non-local couplings, from each
bath site to the impurity, which are usually difficult and expensive for MPS approaches. Wolf
et al. [40] treated the nonlocal hopping with a Krylov based [41] method.

We will instead use successive swap operations which effectively transport the impurity site
(like B;) along its chain, and later back, so that interactions become local. Details will be
described below. It turns out that this approach, together with a specific Trotter breakup, has a
very small error in time evolution, which is more than an order of magnitude better than with
the Wilson chain representation for similar computational effort.

3.3 Kanamori Hamiltonian and FTPOs

In the results section, we will treat the multi-orbital Kanamori Hamiltonian

H = Hloc + Hbath (48)
Hyoe = €0 Z Mmoo + Hpp + Hsp + Hpy

mo

Hpp = Uznmmnmm + (U —2J) Z Mmoo im0 + (U — 3J) Z Nm0oTVm/ 0o

m'>m,o m’>m,o

m
_ T T
Hygep= J Z <cmmcm0icm,0¢cm,0¢ + h.C.)

m’/>m

_ T T
Hpy = —J Z (cmmcmmcm,mcm,m + h.C.)

m’>m

Hpan = Z EMmic + V) (Clnogcmla + h.c.) ,

mlo

where m numbers the orbitals.
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Hpp contains density interactions and Hgg and Hpy incorporate spin-flip and pair-hopping
terms. For our FTPS geometry, the MPOs ("Matrix Product Operators”) now become FTPOs
("Fork Tensor Product Operators”) with tensors in the same geometry as the FTPS in Fig. 7.
For the bath, the W -tensors are very similar to the single orbital case. For the impurities, one
needs tensors with two or three auxiliary indices for the connections in the fork structure, and
two physical indices. Since the Kanamori Hamiltonian contains more terms than the simple
AIM Hamiltonian in Eq. (42), the WW-tensors become much larger, up to 8 x 13 x 4, with 4
corresponding to the MPO dimension of the bath tensors, Eq. (45), for one bath chain. Details
can be found in Ref. [9].

3.4 Ground state and time evolution

Ground state

Given the FTPO representation of the Kanamori Hamiltonian and the tree geometry which
assures a bipartition of the system at every bond, the ground state can now be calculated by the
DMRG method. For FTPS, this takes a considerable amount of computer time, and care needs
to be taken that the true ground state is reached.

The most expensive parts of the calculation are SVDs. For the bath chains this is relatively inex-
pensive, since they have the structure of an MPS and the entanglement in the chains is relatively
small in practice. The most expensive part is in the optimization of the impurity tensors and
the accompanying SVDs. When the bonds between impurity tensors have dimension m and the
bonds from the last bath tensor to the corresponding impurity tensor has dimension n, the cost
for two-site DMRG will scale like O(mnd)?, where d = 2 is the physical dimension.

Time evolution of the FTPS

The time evolution operator for a small time step can be decomposed by repeated application
of the second order Suzuki Trotter approximation into [5]

e—iAtH% H e_i%(HSFm,m’J’_HPHm,m’) 6—2'%HDD e_iAtHfree e—i%HDD H e_i%(HSFm,m"i_HPHm,m’)
)

m/>m m/>m

(49)
where Heee = Hpan + €0 _,,, Mmoo Note that Hgr and Hpy commute with each other, but
not with Hpp. The time evolution operators for Hpp, Hsk, and Hpy can each be written as
an FTPO, i.e., an operator acting on the impurity tensors in the FTPS: Hpp does not change
particle numbers. Therefore fermion anticommutation plays no role and the FTPO for ¢~*4po
can be constructed by exponentiating the 4™Vor x 4™ov matrix of Hpp and then bringing it into
FTPO-form (i.e. a product of local tensors) by repeated SVDs.

Hgr and Hpy do move fermions between orbitals, so that the fermion sign needs to be treated.
Both cases can be simplified in the same way because A3 = Afor JA = Hgr and for —JA =
Hpy. Then

piAtJA _ g + A2<COS(A7§J) — 1) — A sin(AtJ). (50)
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FTPOs for A and A2 with the correct fermion signs can be constructed directly. With respect
to bond indices connecting impurity orbitals, they become sparsely populated matrices of sizes
up to 6 x 10 [9]. To perform time evolution with, e.g., e~*A*#o>_one applies the corresponding
FTPO and subsequently brings the state back into normalized form. This leaves the time evolu-
tion with Hy.. to be performed. Since in Eq. (48) there are no terms connecting different baths,
it decomposes directly into separate time evolutions for each bath chain.

Time evolution of a bath chain in star representation

As mentioned above, we choose the star representation for the baths. In Ref. [40], the time
evolution was done by a Krylov technique, which involves multiple applications of the MPO
for Hyee constructed in section 2.4. In the best case, up to two orders of magnitude were saved
in CPU time vs. a Wilson chain calculation. In our FTPO method we use a different technique
based on a Trotter expansion. A comparison between different techniques for the star geometry
has not yet been performed.

Each chain (m, o) is evolved independently. For ease of notation, we leave out the orbital and
spin indices m and o and now number the sites from left to right as 0 (impurity), 1,2,3, ..., Np
(cf. Eq. (51)). Defining V;; = 0 we can write He = Zfi% H;, with H; = gy +V, (cgcl + h.c.>

. . _ At . Np _ At
and use the second order Trotter expansion e ~*Atfiee = =15 Hoe=idt 2,25 Hig=i5 Ho 4 O( At3),

which after iteration becomes

Npg 0
o 1At Hee _ He—i%Ho H o5 Ho + (’)(Ats). (51)
1=0

I=Ng

At first glance this looks just like a first order Trotter expansion with two time steps of size
At /2, but due to the reversed order in the second part, the expansion is in fact of second order.
Eq. (51) still contains long-range hopping. We solve this problem by use of swap gates: First

- A . . . .
i5"Ho which connects an impurity site and the

apply the nearest neighbor two-site operator e~
first bath site and subsequently swap these two sites. These two operations can be combined
into a single two-site gate, so that no additional SVD is necessary. Now the impurity is located
between bath sites 1 and 2 and we can apply e~ H1 followed by another swap of the impurity
to the right, and so on. The procedure is graphically depicted in Fig. 8. After reaching the last
bath site on the right, the time evolutions continue to the left, following Eq. (51) until at the end
the impurity site is back at its original location.

We find [42] that this time evolution in star geometry produces results which are more than
an order of magnitude more precise than results with a Wilson chain geometry. Furthermore,
indirectly due to the almost diagonal nature of Eq. (42), the error does almost not grow with
bath size Np, differently from what would have been expected naively from Eq. (51).

This completes the steps listed in section 1.2 for the impurity solver, i.e., for calculating the
spectral function A(w), which can then be fed into the DMFT iteration to obtain an improved
bath spectral function, until the DMFT loop converges.
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Fig. 8: Sequence of time evolution gates for the bath.

4 Results

In order to provide an impression of the possibilities and limitations of the real time FTPS
solver, we will consider some examples. Further details can be found in Refs. [5,6]. Before we
go to DMFT spectra, let us first look at the parameters involved in an FTPS calculation, and at
related checks of correctness, robustness, and convergence.

Correctness. The solver and its implementation was checked by comparison to exact solutions
of small interacting and large non-interacting systems, as well as by comparison to results of an
earlier one- and two-orbital MPS solver [31], which itself had been thoroughly verified.

Bath size. FTPS work on a discretized bath representing the hybridization function A(w), with
completely flexible discretization. It becomes more precise when the number Ny of sites in the
bath chains is increased, which is quite inexpensive to do because the MPS calculations on the
bath in star geometry are very efficient (in contrast to, e.g., Exact Diagonalization). Baths of
O(100) sites per orbital and spin can be treated and the results shown are converged in Np up
to some small variations [5, 6].

Matrix dimension and truncated weight. The numerical approximation in MPS/FTPS methods
is in the finite bond dimension achievable (O(100) — O(1000)), associated with a truncated
weight ty, usually of the order of 10~%. Convergence of results was verified in Ref. [5].

Time evolution. Time evolution is done in finite steps, e.g., At = 0.01 eV, small enough so
that the associated Trotter errors are not important. However, during time evolution, the en-
tanglement increases, making larger matrices necessary, and eventually limiting the maximum
time which can be reached reliably. Fortunately, the Green function G(t) only involves a local
excitation from the ground state at the impurity, for which entanglement growth is quite slow.
In the examples below, time evolution was done both forward and backward in time [43] and
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typical total times reached were 16 eV~!. The finite maximum time puts some limit on the
energy resolution. This can be improved by so-called ,.linear prediction” [27,7,31] of the time
series, which is badly named and actually amounts to a clever way of describing the spectrum
with O(100) or more Lorentzians. The reliability of this procedure for a DMFT solver, includ-
ing very sharp spectral features, was investigated in detail in [31]. In the FTPS calculations for
SrVOs, the extrapolation is, for example, done to 250 eV~!. In order to avoid effects of the
remaining cut-off and potential inaccuracies, the Fourier transform from G(t) to A(w) in these
calculations was performed with a broadening of 7 = 0.02 eV. The full five-orbital calcula-
tions for StMnO3 were more demanding. A maximum bath size of Ng = 49 was used, during
the DMFT loop a broadening of n = 0.2 eV, and for the final spectrum a broadening of only
1 = 0.01 eV in order to obtain optimal energy resolution.

4.1 SrVOs;: 3 orbitals

Fig. 9 shows DMFT spectra obtained with the FTPS solver [5] for the benchmark material
SrVO3 modeled by the Kanamori Hamiltonian with 3 orbitals, in comparison to results ob-
tained by CTQMC at similar computational effort. Both spectra show a compatible central
peak, an excitation below, and an upper Hubbard peak around 3 eV. However, the FTPS spec-
trum resolves much more detailed structure, especially within the upper Hubbard band, and
even peaks around 8 eV. Both are missing in the CTQMC results. In Ref. [5] it is shown that
this is due to the analytic continuation (by a standard Maximum Entropy technique) from the
imaginary times/frequencies of the CTQMC to the real frequencies of the Green function. In-
deed, when one transforms the FTPS Green function to imaginary frequency, it is compatible
with the CTQMC Green function, which however has fairly large statistical errors. When one
adds such noise to the FTPS Green function in imaginary frequency and transforms back to real
frequency, the result is almost identical to the CTQMC spectrum, without structure in the upper
Hubbard band and beyond.

At the central peak, FTPS is less precise than CTQMC, because very small frequencies cor-
respond to very large times, which are less precisely calculated in FTPS. Conversely, high
energies (small times) are easiest to resolve with FTPS. The structure of the spectrum in the
upper Hubbard band contains interesting physics. In Ref. [5] it is shown that the peaks corre-
spond directly to the excitations of the atomic model, i.e., the Kanamori Hamiltonian without
bath, but shifted and broadened by the interaction with the bath. The atomic energies and cor-
responding states are shown in Table 1. From the positions of the peaks, one can thus extract
couplings for an effective atomic model which would have peaks at the same positions (with
some slight variations). The bare U = 4 eV becomes U,z = 5.97 eV, ¢ = —0.86 eV goes
to egerr = —2.00 eV and the Hund’s coupling becomes Jo.g = 0.59(6) eV, 0.66(3) eV, and
0.72(2) eV at bare couplings of 0.5 eV, 0.6 eV, and 0.7 eV, respectively. The amplitude of the
peaks relates to their degeneracy in the atomic description. However, the detailed shape of the
peaks is entirely due to the interaction with the bath and is not covered by this effective atomic
model.
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Fig. 9: DMFT spectra for SrVOs, at U = 4 eV and J = 0.6 eV, for a case without spin-flip and
pair-hopping terms. With full rotational symmetry, i.e., including those terms, similar results
are obtained. From Ref. [5].

particle sector | atomic energy | degeneracy | state
0 €0 1 |0,0,0)
1 0 6 |1,0,0)
U—-3J+¢ 6 |1, 1,0)
2 U—-2J+¢ 6 I1,4,0) ...
U + €0 3 |14,0,0) ...
3U —9J + 2¢ 2 T, 11 ...
3 3U —5J + 2¢ 6 1,1, 4)
3U —=7J + 2¢ 12 |1,71,0)

Table 1: States of the Kanamori Hamiltonian without spin-flip and pair-hopping terms.

Amazingly, even the next set of excitations, around 8 eV, is resolved very well by the FTPS
calculation, even though the amplitudes are very small. Again the individual peaks correspond
to atomic excitations, however with somewhat different effective couplings. This set of peaks is
entirely missing in the CTQMC results, likely because analytic continuation becomes extremely
difficult at high energies.

4.2 SrMnOs: 5 orbitals

Finally, we will briefly discuss results for a full five-orbital calculation with FTPS, for the ma-
terial StMnQOs. In Ref. [6], such calculations were used to examine the influence of different
strategies for getting from a DFT spectrum to an effective Hamiltonian, specifically which or-
bitals and which range of energies of the DFT spectrum to include. It was shown that for
SrMnOQs3, it is important to use a wide energy range and to include the e, orbitals. In the DFT
spectrum (not shown), the e, orbitals have are almost completely located above the Fermi en-
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Fig. 10: DMFT spectra for SrMnQs in a five orbital description, from FTPS calculations and
from CTOMC. From [6].

ergy. Fig. 10 shows DMFT spectra for five-orbital calculations with a wide energy window. The
FTPS spectra are compatible with the CTQMC but show considerably more detail. CTQMC
is especially difficult for the e, orbitals here because they are almost unoccupied, which makes
the number of events for measuring the Green function in the Monte Carlo small.

From the combined spectrum in Fig. 10 (bottom) one sees that the size of the gap is in fact
determined by the e, contribution to the spectrum. Here one can also identify the e, vs. 1y,
nature of the successive peaks in the spectrum.

Fig. 11 compares the total FTPS DMFT spectrum to experimental results for the Mn-3d or-
bitals in SrMnQOj3 obtained by Kim et al. [44] with two different experimental techniques: photo
emission spectroscopy (PES) below the Fermi energy and xray absorption spectroscopy (XAS)
above. The normalization of the experimental results is arbitrary; they were therefore nor-
malized to the same area as the corresponding parts of the FTPS spectrum in the figure. The
absolute position of the XAS spectrum is not well known; for the figure it was shifted by 0.8 eV
to lower energies.

The theoretical prediction from FTPS and the experimental result in Fig. 11 then agree rather
well, both in the peak structure and in their bandwidths below and above the Fermi energy.
Notably, the assignment of orbitals to peaks from the experimental conclusions agrees with
those of the theoretical peaks and their atomic nature (similar to table 1 [6]).
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Fig. 11: Spectrum for SrMnO3 obtained by FTPS compared to experimental results [44],
from [6]. The assignment of orbitals to peaks above the Fermi energy is from the experimental
paper. Spin up refers to an excitation with majority spin, and spin down with minority spin.

Encouragingly for the new method, the new FTPS calculations took about the same computa-
tional time (about 700 CPU hours on 8 cores) per DMFT iteration as the CTQMC calculations
for this full five-orbital calculation, while providing considerably better energy resolution.

5 Conclusions

The new FTPS impurity solver for DMFT is based on the Matrix Product State (MPS) formalism
that is also the basis for DMRG, and on tensor extensions thereof. It works by calculating the
ground state for an impurity model with a given hybridization function, generating an excitation,
and then time evolving it directly in real time. It reaches very good energy resolution even and
especially at high energies, impossible to achieve for example with CTQMC. The latter can
have an advantage at very small frequencies.

The key new ingredient with respect to numerous earlier MPS based methods is the fork-like
structure of Fig. 7, which separates the baths for different impurities and spin directions as much
as possible and makes the method very efficient — as fast as CTQMC for three- and five-orbitals
in calculations done so far. The FTPS method is very new. Its possibilities and limitations
remain to be explored. Further improvements and generalizations are likely possible. The
method will hopefully enable new investigations and physical insight in DMFT calculations.
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1 Introduction

Fermion-boson systems play an important role in many domains of physics. An example in the
solid state is the electron-phonon problem that leads to many collective phenomena such as su-
perconductivity [1-3], charge density waves [4,5], and topological effects [6,7]. In high energy
physics, especially lattice gauge theories, the bosonic modes account for the gauge fields that
mediate interactions between fermion matter fields. Recently a number of so called designer
Hamiltonians have been introduced to describe a variety of phases and quantum phase transi-
tions [8—14]. As we will see, these models all fall in the class of electron-boson Hamiltonians
and are designed to capture the essential physics at hand without encountering the infamous
sign problem. In doing so, nematic and ferromagnetic quantum phase transitions in metals as
well as topological states of matter can be studied unbiasedly and on large system sizes.

In a former issue of these lecture notes [15] we had already considered this problem, but for
the special case of non-interacting bosons coupled to interacting fermions. We had adopted
an action based formalism and integrated-out the bosonic degrees of freedom in favor of a
fermion-only problem, albeit with retarded interactions. Such action-based problems are con-
veniently solved within the continuous-time interaction-expansion (CT-INT) algorithm [16,17]
that is very powerful for a variety of models including the electron-phonon problem [18-20].
Integrating-out the phonons certainly facilitates things and local sampling strategies turn out to
be efficient in many cases. However the approach has some drawbacks. i) The computational
effort scales as the cube of the number of (interacting) fermion sites, /N, times the cube of the
inverse temperature . Even if the pre-factor of this scaling law is small, it will ultimately be
hard to reach very large system sizes. For example, for the one dimensional Holstein model, a
very efficient directed loop algorithm for retarded interactions has been formulated that clearly
out-preforms the CT-INT approach [21]. ii) Integrating-out the bosons actually can generate a
negative sign problem which would not occur in formulations where the bosons are explicitly
taken into account. This happens in the two dimensional case [22]. iii) Finally, integrating-out
the bosonic modes is only possible if they do not interact.

In this review we will discuss various formulations of the auxiliary-field QMC (AFQMC) ap-
proach for electron-boson systems. We will concentrate only on models where the so called neg-
ative sign problem is absent, such that the problem reduces to the sampling of a non-local prob-
ability distribution in a high dimensional space. There has recently been tremendous progress in
defining the class of problems that can be solved without encountering the negative sign prob-
lem [23-26]. The models we will define here are certainly inspired from these new insights.
In particular we will start with a many body classic, the Su-Schrieffer-Heeger (SSH) model [6]
introduced to study soliton excitations in polyacetylene. Here we will consider the two dimen-
sional case, and show that in limiting cases the model is equivalent to Z, lattice gauge theories
where the Gauss law is dynamically imposed at low temperatures. Models with Z; symme-
tries, local or global, are more easily formulated by considering Ising bond variables coupled to
fermions. This class of problems shows extremely rich phase diagrams [8—14] and it is of great
interest to find efficient algorithms to simulate them.
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Since, as mentioned above, the infamous negative sign problem is absent in the class of models
we will consider, the reader could ask the pertinent question: what is then so hard? It is the
sampling. For fermion-boson problems, the major issue that we will encounter are very long
autocorrelation times [27] when adopting simple single spin-flip updates. Historically for the
Ising model cluster updates circumvent critical slowing down [28]. The beauty of these algo-
rithms is that, as one approaches the critical point, blocks of spins, the size of which tracks the
correlation length, are flipped and accepted with unit probability. Cluster algorithms have been
formulated for problems where the action is local. For fermion systems the action is highly
non-local and defining cluster algorithms for fermions is an open question.

Faced with this challenge, one can progress in various ways. One approach is to use concepts of
machine learning, more specifically so called self-learning algorithms [29,30]. Here the idea is
to define a simpler auxiliary model on the same configuration space as the original one endowed
with a set of free parameters. Assume that one has a representative set of configurations and
associated weights for the original model, then we can train (i.e. tune the free parameters) of
the auxiliary model, so as to at best reproduce the data set of configurations and weights. If this
step is successful, one will then use the auxiliary model to propose new configurations.

In this review we will adopt other strategies, presented in [31], to argue that so called hybrid
molecular-dynamics sampling is the method of choice for a class of electron-boson problems.
We will combine two approaches: the Blankenbecler-Scalapino-Sugar (BSS) formulation [32]
of the AFQMC supplemented by a hybrid molecular-dynamics sampling of the fields [33,34].
This review is organized as follows. In the next section we will first introduce a set of mod-
els, that are all free of the negative sign problem and that fall in the category of fermion-boson
problems. They all have in common an O(2/N') symmetry where N corresponds to the number
of fermion flavors. In Sec. 3 we will derive in all details the equations required to formulate the
AFQMC. Our approach will be based on the Grassmann algebra, aspects of which are reviewed
in Appendix A. It is however beyond the scope of this monograph to discuss the detailed im-
plementation of the algorithm. For this, we refer the reader to [35] and to [36] for a generic
implementation of the AFQMC. In the last section, we will give some reasons why single spin-
flip updates suffer from long autocorrelation times. To circumvent this problem we will discuss
alternative forms of sampling strategies, in particular Langevin and hybrid molecular dynamics.
We have tested favorably these ideas in Ref. [31]. Finally, we give our conclusions.

2 Model systems

In this section we review a number of models that show extremely rich phase diagrams with
exotic phases and quantum phase transitions. They are all related to each other, and fall in
the greater class of fermion-boson models. We will start with the canonical Su-Schrieffer-
Heeger (SSH) model and show that in limiting cases it maps onto unconstrained Z; lattice gauge
theories. Using duality transformations we can map Z, lattice gauge theories, in the absence
of visons, to Falikov-Kimball models [37]. Finally, breaking the local Z, symmetry to a global
one, naturally leads to the problem of fermions coupled to an Ising model in a transverse field.
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2.1 The Su-Schrieffer-Heeger model

In the one-dimensional case, the SSH model describes solitonic excitations in polyacetylene [6].
In this dimension, the model can be solved efficiently with the CT-INT approach [38, 15]. In
higher dimensions the phase diagram of the model is essentially unknown and the CT-INT
approach suffers form a negative sign problem. The model is given by

[:[ = F[el + F[ph + [:Iep- (D
Here
Ho=—tY (éj‘ﬂaw n ajyga}ﬁ) , )
(i,3),0

is the kinetic energy and (7, j) denotes the nearest neighbors of a square lattice. é;a creates an
electron in a Wannier state centered around lattice site 7, and with flavor index o. We allow
the flavor index to take any integer value. Remarkably, this will not introduce a negative sign

problem. Harmonic oscillators on links account for the lattice vibrations,

/\2 2
T =" Plij) | mw” o
e (%* 3 T | @

(6,9)

with p,  being the canonical conjugate momentum and position operators. The electron-phonon
coupling leads to a modulation of the hopping matrix element:

f{ep =9 Z 'fj<l'7j> <éji{,oéj,a + é},a@',o’) (4)
with coupling strength g. To simplify the notation we label bond indices as

b:= (i, j), (&)

and introduce the bond hopping as

Kyi= Y (ot + 00, ©)

o

2.2 Unconstrained lattice gauge theories

Unconstrained lattice gauge theories can be derived from the above SSH model, provided that
we set the hopping matrix element to zero. This step certainly violates the harmonic approxi-
mation central to the very definition of phonons. Nevertheless the model is well defined, and
the flexibility inherent to systems of cold atoms trapped in optical lattices may offer possible
realizations of such systems [39]. Introducing the boson operators,

b WIMEGg) — 1Gy)

T
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we can rewrite the model as
. 1 R . . SN
_ T o T
Hz, = g\|5—> <b<z‘,j> + b<m>) Ky +w ) 0 by ®)
(4,9 b

Due to the lack of a direct hopping term, the above model acquires a local symmetry. In par-
ticular, the boson parity on the four links emanating from site ¢ times the fermion parity on the
site is a local conserved Ising variable. That is, for

C

Q; = (_1)ﬁ?i,i+ax>+ﬁ?i,i—ax>+ﬁl<’i,i+ay>+ﬁl<)z‘n:—ay> (—1)% 9)

we have
[Qi,ﬁb] —0 with O?=1 and [Qi,c}j} —0. (10)

~

In the above, ﬁ?z = iﬁiyﬁbm andnf =) éz,géi’a. (); defines a Z, charge that is conserved
locally in space but not in time.! To see this we note that

Qi by | = 2Qibmy B+ 010)  and Qi | = 2Quts0 01, (11)
such that
(&:el) = b (12)
and a similar equation holds for the bosons. The above merely states that since the electron
carries a Z, charge that is locally conserved in space, the equal time propagator between differ-
ent lattice sites has to vanish. The difference between the above Hamiltonian and lattice gauge
theories is that the Z, charge is not conserved along the imaginary time axis: (¢;(T) é;) = 0;;
with ¢;(7) = €™ ¢; e, Such so called unconstrained gauge theories, where the Gauss law is
not imposed, have recently attracted considerable interest [10,40,41].
The above model has the same symmetries as a Z lattice gauge theory and the exact relationship
can be obtained by restricting the boson Hilbert space to two states: the vacuum and the first
excited state, {|0),[1) = bt|0) }. This reduction of the Hilbert space amounts to replacing the
soft core bosons by hard core ones, b'bt = 0, which is certainly a valid approximation in the
antiadiabatic limit, w — oo. Next, we define Ising variables: |+) = \/% (|1) £ |0)) such that for

Xy=200b,— 1, Zy=1b} +1b, (13)
Xp|£) = |F) and Zy|+) = £|£). (14)
With this reading, the SSH model reduces, up to a constant, to

Hz =Y ZayKan —hY X (15)
(i.d) (i)

Here we have set g/v/2wm = 1 such that h = —g*/4m. Under the above mapping the con-
served Z, charge transforms to

~

Qi = X(i,i+az>X(m’faz)X<i,i+ay>X(i,ifay> (— 1)71’?- (16)

! This stems from the fact that the constraint, say Ql = 1, is not imposed on the Hilbert space.
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The above model has captured a considerable amount of interest [10, 11, 14]. It is extremely
simple and hosts deconfined and confined phases of matter as well as exotic quantum phase
transitions (see Fig. 1).

2.3 Duality transformations and a Falikov-Kimball model

In interacting systems, interaction terms that do not break the macroscopic symmetries of the
model will generically be dynamically generated. For example in the functional renormalization
group [42] flow, one will be able to study the dynamically generated interactions in various
channels. Let us follow this idea in the context of the above unconstrained lattice gauge theories.
On a square lattice, the flux term

Hp =F Z Z(i,z’JraI) Z(i+am,i+az+ay> Z<i+az+ay,i+ay) Z(i+ay,i) (17

does not break any symmetries of the model and will hence be dynamically generated. In fact,
for h = 0 in Eq. (15), the Ising fields will order so as to accommodate a m-flux (Z(Z-J-Jrax)
Z<i+az’i+az+ay> ZA<i+az+ay7i+ay> ZA<i+ay7i> = —1) per plaquette [10,43], so as to dynamically gen-
erate Dirac fermions. A Falikov-Kimball model [37] is related to Eq. (15) in the sector where

the flux per plaquette vanishes

Z{i,i—i—aI) Z(i—&-az,i—i-az—i-ay) Z(i—i—az—&-ay,i—&-ay) Z(i+ay,i> = 1. (18)
This corresponds to the zero vison, i.e., plaquettes with 7-flux, sector. Let us work in a basis
where Z is diagonal and consider a zero vison state. The transverse Ising field term creates a
pair of visons on neighboring plaquettes and thereby violates the zero vison constraint. The first
non-trivial term that complies with the constraint reads

Y Xiiivan) Xiiivan) Xiiivay) Xiiioay)- (19)
The zero vison constraint can be satisfied with the Ansatz
Z 35 where = [+ (20)
< J) 7 0 _1
With this rewriting
A A 5 A iy . e 01
Xiiivas) Xiiji—ap) X(ijitay) Xiji—ay) = T; With 77 = Lol 21
Hence in the zero vison sector, the unconstrained Z, lattice gauge theory, is given by
Hix =Y. (T e, + h.c.) ~RY (22)
(i.4).0 i

and the local conservation law reads

~ ~ ~

Qi = Xiiitar) Xiji—as) X (iitay) X (ii—ay) (—1)% T (—1)ﬁi- (23)
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Fig. 1: Schematic zero temperature phase diagram of the model in Eq. (15) in the N vs. h
plane (a) as well as cartoons (b)-(e) of a selected number of phases. The fermions carry a
global U(1) electrical charge as well as a local Zy one. (a): We observe a 7 Dirac deconfined
phase (ZsD), a Néel antiferromagnet phase (AFM) (or a superconductor (SC), depending on
the pattern of particle-hole symmetry breaking), a charge density wave (CDW) phase as well
as a valence bond solid (VBS). For N = 1, we do not find evidence for a Z;D phase beyond
h = 0, consistent with the arguments in the main text. The phase transitions from the ZsD
to AFM/SC (N = 2) and VBS (N = 3) are seemingly continuous. At N = 3 we observe a
deconfined quantum critical point (DCQP) between the VBS and AFM phases. (b)-(e) Cartoons
of the corresponding phases. Circles correspond to fermions and the color code to the flavor
index. Circles with two colors represent a pair of fermions on a site with corresponding flavors.
The low energy properties of the ZyD phase resemble SU(N ) fermions propagating freely in
space-time and connected by a Z, gauge string (b). The symmetry broken phases correspond
to the confined phases of the model. At N = 3 the AFM phase, (e), has the fundamental
(conjugate) representation of SU(3) on sublattice A (B). The corresponding Young tableaux are
included. The VBS phase, (d), corresponds to a pattern of inter-site SU(3) singlets. This Figure
is reproduced from Ref. [10].
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The explicit form of the Falikov-Kimball model can now be obtained by defining the fermion
operator fj =77 c _ and noting that 7% = Q;(—1)" #I. Finally, since (—1)ﬁzf: HU(intgfiﬁ—l)

we obtain

fpc =" (flofi+he) - hz Q; H (2l fie—1). (24)

(i.5).0

Since @); is a Z, local conserved quantity, it can be interpreted as the static density of spinless
fermions in a SU(/V) symmetric Falikov-Kimball model [37]. A detailed study of this model
shows that it harbors fractionalized orthogonal metal phases at finite temperature [44], while at
low temperatures the Ising variables order (Q; = 1), such that the physics of the Hubbard model
is recovered. Finally in the particle-hole symmetric case and in the limit of infinite dimensions,
the model is equivalent to the Hubbard model [45,44].

2.4 Models of fermions coupled to Ising spins

The common feature of this class of models is again to couple fermion degrees of freedom to
Ising spins. However, and in contrast to the above, one will allow spontaneous Z; symmetry
breaking such that the ordering of the Ising spins can trigger a transition in the fermionic system.
This route to engineer models that can be simulated without encountering the infamous negative
sign problem has recently been very successful [8—14].

The models presented in the above section have an extensive set of conserved local quantities,
Qi, and as a consequence the correlation functions (Zbe/) vanishes for b # b'. In other words,
there is a local Z; symmetry, and local symmetries cannot be broken [46]. To avoid this, one
has to add terms that reduce the local Z, symmetry of the model from to a global one. Among
many choices, one can add an Ising term of the form

7Y 74,7 (25)

(b,v')

between nearest neighbor bonds, as well as a direct hopping
—tY K, (26)
b

such that the general model we will consider is given by

N
=Y (—t+g2b) Z( i, Jg+cjgcw> —hZX” +IY 2,2 @D
b

o=1 (b,b")

The last two terms correspond to an Ising model in a transverse field. When formulating the
path integral for this model, one will notice that it is identical to a D+1 Ising model, albeit
with space-time anisotropic couplings. Since anisotropies in the couplings are irrelevant in
the sense of the renormalization group, the critical phenomena of the model fall in the D+1-
dimensional Ising universality class. Coupling to gapless fermions can be relevant and lead to

2 D corresponds to the spacial dimension



QMC for Fermion-Boson Systems 10.9

novel critical points. This idea has been successfully used to study a variety of phenomena such
as the dynamical generation of quantum spin Hall [47] and Kekule mass terms [13] in Dirac
systems as well as Ising nematic [48] and ferromagnetic [12] transitions in metals. This very
rich set of phenomena can be studied by merely appropriately choosing the lattice, the coupling
between the Ising and fermion degrees of freedom, as well as the interaction between the Ising
spins.

2.5 Symmetries

The symmetries of the model will be very important to avoid the negative sign problem. In the
form of Eq. (27) the SU(/V) spin symmetry is manifest. On bipartite lattices this symmetry is
enhanced to a O(2/NV) one. To see this, we define the Majorana fermions

. . . . L/, .
Yio1 = Cio + C:'r,cﬂ Yio2 = ; (Ci,cr - CI,U) (28)

on sub-lattice A, and

1
(s At Y of
Vil = 7 <Ci,0' - Ci,a) o Vg2 T T <ci,a + Cz’,a) (29)
on sub-lattice B. The above Majorana fermions satisfy the anti-commutation relations

{ﬁi,gyna ,?j,U’,n’} = 26@,] (3070/ 6"771,’ (30)

Provided that the hopping matrix elements occur only between the two sub-lattices, the Hamil-
tonian can be written as

N 2 .
=3 (—t Yy Z}im) >3 % SomViom — S Xin + 3 JwZp 2. (D
o=1 n=1

(i.4) (i.4) b.b!

Here the global O(2N) symmetry, 5, — O7; where O corresponds to an orthogonal O(2N)
transformation and :YZ,T:(%M N1 Vire Ving)s is manifest. This symmetry plays an
important role in the formulation of the negative sign free Monte Carlo algorithm.

3 General formulation of the BSS algorithm

In this section, we will show how to simulate the model of Eq. (27). It is beyond the scope of this
article to offer a detailed account of the auxiliary-field QMC approach, and for a detailed review
the interested reader is referred to Ref. [35]. We also note that an open-source implementation of
this algorithm is available online at https://alf.physik.uni-wuerzburg.de [36]. This
implementation allows to simulate the model defined in Eq. (27). Here we will concentrate on
the general formulation and place emphasis on issues arising when considering boson-fermion
problems. For the numerical stabilization of the algorithm as well as for an efficient implemen-
tation, the reader is referred to the aforementioned references.
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3.1 Partition function: discrete variables

The Hilbert space of the Hamiltonian of Eq. (27) accounts for the Ising degree of freedom per
bond and to /N-flavored fermions per site. Thereby, the partition function reads

L,
Z = Tr <€_ﬁﬁ> — TI. (( H e—AT(—t+ga)Kb) e_ATZb,b’ Jb,b’Zb Z{) eATth Xb> + (9 (A7_2) ’
b
(32)
where the trace runs over the fermion Fock space and the bond Ising degrees of freedom. In
the above 5 = L, A7, and we have used an asymmetric Trotter decomposition that introduces a

systematic error of order A72.> We carry out the trace over the Ising variables by introducing a
complete set of Ising spins on each time slice

Zb|517 T SN,) = SISt s) Z |1, 5w, (81, 8| = 1. (33)

51, ,SNy

Here N, counts the number of bonds and 1; is the unit operator in the Ising space. Noting that

eATK

- 2 cosh(ATh) 34)

<§ ‘emhzbf(b

§’> =AM K% with  tanh(K) = e 24

and |s) = [s1,- -+, Sn,) We obtain
7 — NbLT Z e—So({s}) Trr <H6 t+95b7)Kb> . (35)
S15 8L,
Here s has acquired an imaginary time index with boundary condition s, = s;_and
So ({s Z <Z AT Ty Spr S0 — Kz SbyrSbr— 1> : (36)
=1 b,b’

Using the determinant formulas derived in the appendix, we can integrate out the fermions, to

obtain
N
Z =Nk 3" et det <1 +]]e t+95bT>Kb> , (37)
81y SE, 7,b
where the sparse matrices K are defined as K, = ZM’ i Cio (Kp), ¢, Note that since the

fermions symmetrically couple to the Ising fields s; , the trace is block diagonal in the flavor
index 0 = 1,...,N. Thereby we just have to compute the determinant for one flavor and
elevate it to the power . This explicitly reflects the SU(N) symmetry of our formulation.

3Strictly speaking the error should be of order Ar. However, one can show that for our specific model the
coefficient of the linear in A7 error vanishes [49].
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3.2 From discrete to continuous fields

In the above formulation, the configuration space for the Monte Carlo sampling will corre-
sponds to a set of discrete Ising fields. As will be apparent, it may be more efficient to consider
continuous fields, for which sampling strategies such as hybrid molecular or Langevin dynam-
ics can be used. Instead of considering the discrete Ising spin we will introduce a Gaussian
transformation that formulates the problem in terms of the average magnetization. These types
of transformations explicitly show the equivalence between Ising and scalar fields. We use the
short hand notation

So ({s}) = %STAS, (38)

where A is a Ny L, x Ny L, matrix and s” = (s, ---,s] ), and will assume that A is positive
definite. Here there is no loss of generality since sTs = N, L, such that we can add a constant
to A so as to guarantee that all the eigenvalues are positive. Next we use the Gaussian identity

/ d¢1 PN d¢NbLT 67%¢TA_1¢*3T¢ — (27_()NbL7/2 \/m e%STAS. (39)
RNp L7 N e’
=D¢

With C' = (27)™%7/2 \/det A, the partition function reads
14T A—1 2
7 — Do e 3% A ¢T —8¢p,7 ,—AT(—t+gs)Kp 40
1 (R W

and we can evaluate > __ e % e~ AT(-t+g9)K, using the fact that A7 is small

Ze 30,7 o= AT(~tHg9)Ky Z e~ 50 (1 — Ar(— t—l—gs)Kb) +0O(AT?)
s==x1 s==%1
= 2 cosh(¢p.) (1 — Ar(—t + gtanh(cﬁbﬁ)f(b) + O(AT?)
= 2cosh(¢p.) exp(—AT(—t + gtanh(gbbﬁ))f(b) + O(AT?). 41)

Thereby, the partition function can now be written as
7 — 2NbL-rC /N ) D¢ €_§¢TA 1¢+Zb - log cosh(gy, ) (H e~ —t+g tanh(¢p, 7.))Kb> ’ (42)
RNb L7

where we have omitted the Trotter error. Using the determinant formula for fermions, we see
that

7 = ol-C / D¢ e=5@) (43)
RNbLT
with

S(4) = %¢TA—1¢ — 3" log cosh(gy,) — N log det M(g) (44)
b

and

M(¢) -1+ (H e—AT(—t-‘rgtanh(%,T))Kb) ) (45)

T,b
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For future purposes, it will be useful to introduce the super-index
t=(,b) (46)

that runs over the sequence of space-time bonds, and the propagators

ty A
Uplto, t,) = [ e ?rCrrommt@Bo for ) >, (47)
£:£1+1

Note that Uy(t, 1) = 1.

3.3 Positivity of the determinant

An exact enumeration of the Ising spins for large euclidean volumes N,L. is prohibitively
expensive. A way out is to estimate the sum stochastically with importance sampling methods.
This reading requires

e—50{s}) det (1 + Hf,b e—AT(_tJrgsbJ)Kb)N
P({s}) = . )
Eﬁl,... SL e—50({s}) det (1 + 11, e—AT(—t+gsb7f)Kb>

to be positive. Obviously, for even values of /N and since K are real symmetric matrices,
the weight will be positive for each configuration. What about odd values of N? Using the
Majorana basis introduced above, we have for a single flavor

2

Trp H o~ Ar(—ttgsy o) (ele;rele ) Try H e AT(=ttgse ) 5% | (49)

7,b=(i,j) 7,b=(3,5)

Here Tr,; corresponds to the trace over a single Majorana mode. We now want to show that
—Ar(=t+gsy,r) 599 §
Tra[ ], ppij € 277 is a real number

Try, H e—AT(—t—i-ng,T)%%’?j = Try, H e*AT(*t+ng,7);2i'?¢’?j = Try, H €*AT(*t+ng,7)%ﬁiﬁj

7,0=(i,) 7,0=(i,) 7,0=(i,)

(50)
with

= 51
—4; forie B D

. { q; forie A
Since the above is a canonical transformation, the trace over the 7)’s is equal to that of the 4’s.
Note that we have used the fact that the hopping links only the A and B sub-lattices. Thereby
the O(2/N') symmetry of the model allows us to show that for arbitrary number of colors P ({s})
is positive semidefinite. For more general symmetry based arguments that lead to the absence
of a negative sign problem, the reader is referred to Refs [23,25,26,50]. In Appendix B we
summarize some useful determinant identities for Majorana fermions. Note that the positivity

of the determinant is valid for both discrete or continuous fields.



QMC for Fermion-Boson Systems 10.13

3.4 Calculation of observables

The calculation of observables proceeds as follows. Let us consider observables O that involve
only fermionic degrees of freedom such that

Trp (04(L-13,0) O)

1
O)y=-——— _ / D¢ e 5@ i (52)
) D¢ =5 ¢ Trg Uy(L. Ny, 0)
We now consider observables of the form
O =Te, (t)é) ())&, t,) el (&) (53)
with
G(t) = UM (t,0) ¢ Uy, 0). (54)

In this section we omit the spin or flavor index. 7' corresponds to the time ordering in which
the time indices, t, are organized in ascending order. To achieve this ordering, one will permute
operators and not forget to include the sign of the permutation in the result. For example,
T ¢ (1) éj (3) = —é;r- (3) ¢;(1). Using the Grassmann algebra briefly introduced in Appendix A
we can show that

JET) d - Y e we )
J A | | (T () e ititt! ’
TrF<U¢(LTNb,0) O) /it §it) d&i(1)

Trp Up(L, Ny, 0)

Ealty) EL(E1) - € (8) €L (21)

G, (Lt)e )

> LA X
/H dfj(i) d¢; (t) et
ivt

Giw"l (zlﬂzll) co Gil,i’n (tlvzgl)
= det : : . (55)

Ginyl’/l (z’nﬂ z&) T Gln,lfn (tn) t;;,)

The last equation corresponds to Wick’s theorem, the demonstration of which can be found in
Ref. [51]. Hence the knowledge of the Green function ( is sufficient to compute any correlation
function. Fort >t/

TI'F <U¢(L7Nb, t) éz U(z)(t, f) é;r/ U¢(£/, 0))
Gi,i/ (L ﬁl) = ~ . (56)
Trg Uy( L, N, 0)

Noting that

[qug_l(ij )& Uy(t,t) = ZB¢(L )i ¢ (57)
J
with
2
By(ty, t,) = [ e 2ot for 1, >, (58)

izﬁl +1
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the calculation of the imaginary time displaced Green function reduces to the calculation of the
equal time one

Trp (Ua(LrNo, ) ¢, Us(2,0))

G (t,t) = =
TI'F U¢(L7—Nb, 0)

0 ~ i) o
= 6.0 — — log Trp (U¢(LTNb, e O et 0)) (59)
877 n=0
with ¢t O ¢ = ¢l.¢,. Using the determinant formula and the fact that det A = ¢™"°84 one
obtains .
G(t', ) = (14 Bo(t'.0) Bo(L-Nis ) (60)

The equal time Green function allows to compute any equal time correlation function and as we
will see it will also determine the Monte Carlo dynamics. For a given operator O, we denote by

~

((O))4 the result of the Wick decomposition for a given field configuration ¢.

3.5 Summary

All in all, we have now recast our problem into a form where importance sampling can be used.

Our probability distribution
c—5)

" [D¢ 5@

is positive semi-definite and for each configuration of fields we are in the position of computing

P(¢) (61)

the expectation value of any operator O. Our task is now to sample P(¢) so as to compute
quantities of the form

(0) = / D P($) ((O))s. (62)

4 Sampling strategies

The semi-positiveness of the determinant allows us to avoid the negative sign problem, and
to thereby potentially formulate a code that scales polynomially in the Euclidean system size.
However, care has to be taken with sampling strategies. We will argue below that single spin
flips algorithms are bound to fail for small values of h and that a possible remedy stems from
using global updating schemes such as hybrid molecular or Langevin dynamics. Both these
updating schemes can only be formulated for continuous fields.

4.1 Single spin flips

Just by analyzing the form of the action, .Sy, one will readily see that single spin flips are bound
to be inefficient in the small A limit. The first term, — K wa S+ Spr+1, corresponds to a one-
dimensional ferromagnetic Ising model at X = arctanh (e*MTh). For this problem [52] the
correlation length is set by ¢! = log(coth(K')) = 2Arh. Thereby, kinks or domain walls of
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the ferromagnetic order in the imaginary time direction will be separated by a length scale set
by £. However single spin flips produce pairs of kinks separated by the imaginary time step
At and will be very inefficient if A7/¢ is small. Since A is dimension full we have to set a
scale to appreciate this result. Let us consider the model of Eq. (27), and let us assume that g
is the largest scale which we set to unity. We will then have to choose A7 < 1 to validate the
Trotter decomposition, such that At/¢é = Ar?h < 1, and the single spin flip update will be
very inefficient. This argument is based on the discreetness of the imaginary time such that with
continuous time methods it may be possible to circumvent sampling issues using Ising fields.

4.2 Langevin and molecular dynamics: calculation of forces

In Langevin and hybrid molecular dynamics the key point is to compute the forces

95(9)

- dp ©3)

and to assess if they are bounded or not. For our bosonic problems we can show explicitly
that the determinant is positive semi-definite and we will make the bold assumption that it
vanishes only at isolated points. Away from these isolated points, the forces will be bounded
and we foresee that the Langevin and hybrid molecular dynamics walks through configuration
space will be smooth. As argued in Ref. [31] this is not the case for the Hubbard model. In fact
choosing a Hubbard-Stratonovich transformation that couples to the z-component of spin, splits
the configuration space in distinct regions separated by logarithmic barriers where the forces
diverge. For these types of landscapes formulating Langevin and hybrid molecular dynamics is
very challenging. In Ref. [31] we have tested positively the above assumption for the special
case of the SSH model.

Starting from the action of Eq. (44) the forces can are computed as

0S(#) 1

90 = §(A—1¢ + ¢TA_1)L — tanh ¢ + NgA7 (1—tanh® ¢;) Tr(Kt(l - G(t, E))) (64)

Here we see that the equal time Green function, G(¢, t), is the only fermionic quantity required
to compute the forces.

4.3 Langevin dynamics

Langevin dynamics corresponds to a stochastic differential equation for the fields ¢. They
acquire a Langevin time ¢; and satisfy the stochastic differential equation

Oty + 0ty) = de(t)) — S(@) 5t, + /26t 0. (65)

0
Oy (th)

Here, 7, are independent Gaussian stochastic variables satisfying

(Me)n =0 and (N M)y = 0pp- (66)
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We refer the reader to Ref. [53] for a more in depth introduction to stochastic differential equa-
tions. To see that the above indeed produced the desired probability distribution in the long
Langevin time limit, we can transform the Langevin equation to the corresponding Fokker-
Planck equation. Let P(@, t;) be the distribution of fields at Langevin time ¢;. Then

P($. 1+ 6t)) = /D¢' P& 1) <5<¢ - ( - 8?;?'% + 26tm>)> (67)

where ¢ corresponds to the L. /N, dimensional Dirac J-function. Taylor expanding up to order
0t; and averaging over the stochastic variable yields

os(¢) & ., o 0

P(¢,t,+t;) :/D¢' P(¢/, tl)G(qﬁ'—qb)— 5(¢'—¢)5tl)+(9(5t12).
(68)
Integration by parts and taking the limit of infinitesimal time steps gives the Fokker-Planck

equation

0 _ 0 95(¢) | OP(, 1)

The stationary, a%P (¢,t;) = 0, normalizable solution to the above equation corresponds to the

(69)

desired probability distribution
=5
P(¢) = W. (70)
As mentioned above, Langevin dynamics will work well provided that the forces show no sin-
gularities. The great advantage of such an updating scheme is that there is no rejection and
that all fields are updated at each step. The following points that highlight potential issues with

Langevin dynamics are in order:

e [angevin dynamics will be carried out at a finite Langevin time step and thereby we have
introduced a further source of systematic error.

e The factor v/20t; multiplying the stochastic variable makes the noise dominant on short
time scales. On these times scales Langevin dynamics essentially corresponds to a ran-
dom walk. This has the advantage that one can circumvent potential barriers, but may
render the updating scheme less efficient than the hybrid molecular dynamics approach.

4.4 Hybrid molecular dynamics

Hybrid molecular dynamics circumvents the aforementioned drawbacks of Langevin dynamics.
It does not introduce a systematic error and does not boil down to a random walk at small time
steps. The approach is based on the Metropolis-Hastings importance sampling formula. (The
reader is referred to the lecture notes in Ref. [15] by the same author, where aspects of the
theory of Monte Carlo sampling are discussed in Appendix A.) Let C' and C’ be configurations
in the Monte Carlo space. The probability of accepting a move form C to C’ is given by

To(C"— C)P(C") 1)

To(C = C)P(C) 71

P(C = C') = max <
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where Ty (C”" — (') is the probability of proposing a move from C”’ to C'. In the Monte Carlo ap-
proach, we will iterate the above procedure so as to generate a time series of configurations C,,.
Provided that we are able to reach all configurations in the Monte Carlo space from any starting
configuration,
RS

lim = Z_l dc,.c = P(O). (72)
Ideally, one would like to propose global, ergodic moves that satisfy P(C' — C”) = 1 and
thereby hope to have small autocorrelation times. This is a property of cluster algorithms such
as the loop [35], SSE [54], or Wolff [28] algorithms.
We will start by expanding the configuration space to C' = {p, ¢} and define the Hamiltonian

2

H(p.¢) == +5(¢). (73)
p and ¢ are canonical conjugate. Clearly,

JDge 5@ <<O>>¢ _ JD¢ Dp e 1P ((0))y

0 = 74
(0) = [ D¢ e—5@) [ D¢ Dp e~ Hp9) 74)
and in the hybrid molecular dynamics scheme we sample
e~ HP9)
P 75
Hybrid molecular dynamics consists of two steps:
Step 1: Updating the momenta p
Here we choose ,
efp
—C = 76
(= {p6) > C=pd) = [ (76
such that P(C' — C") = 1.
Step 2: Updating the positions ¢
This step is numerically expensive and uses the Hamiltonian equations of motion
0H . 8]—[
p = —— d 77

that conserve energy, H, for time independent Hamiltonians As for the Langevin dynamics,
the fields acquire an additional time index, ¢,,,, and ¢ —=. We can propagate the fields over a
given molecular dynamics time interval, 7', to obtain

{p. ¢} (tm + Tn) = U, ({P, 6} (tm)) (78)

where Uf! ({p,#}(t,n)) propagates the initial state {p, ¢}(t,,) with Hamiltonian dynamics for
a time interval 7;,. The Hamiltonian equations of motion are time reversal symmetric and,
according to Liouville’s theorem, conserve volumes in phase space. Thereby,

To(4p, @}t + T) — {p, @} () e~ HUPSYEn+To))
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and the acceptance will be of unity. Clearly this corresponds to the ideal case, and in practice the
integration will be carried out with a finite time step such that the energy will not be conserved
exactly and the acceptance will not be unity. Provided that we choose an integrator that is
time reversal symmetric (see below) then the Monte Carlo acceptance-rejection step will cure
this systematic error. The acceptance-rejection step of the molecular dynamics trajectory is the
reason why this updating scheme is coined hybrid molecular dynamics. The algorithm then
proceeds by iterating step 1 followed by step 2.

4.4.1 The leap-frog integrator

In practice one will adopt an integrator that conserves time reversal symmetry such as the
Leapfrog algorithm. Our Hamiltonian can be split into H; = p?/2 and H, = S(¢). Propa-
gating with H; only allows for an exact solution since in this case p is constant and ¢(t) =
o(t = to) + (t — to) p. Similarly for Hs, ¢ is constant and p(t) = p(t = to) — (t — to)ag—ff).
Hence both for H; and H, the propagation can be carried out exactly, such that time reversal
symmetry and Liouville’s theorem hold. In very much the same manner as for the symmetric
Trotter decomposition, the leapfrog approach carries out a dt,,, time interval propagation of the

full Hamiltonian H = H, + H, as

Ul = U;{;ﬂ 120 Fs Ugjn ptO (6t2,) - (80)

Clearly time reversal is satisfied and because of this property the error contains only even powers
of the time step. The energy = H; + H, will however not be conserved exactly such that, as
mentioned above, the molecular dynamics trajectory will be accepted according to:

Tt tm + T t,.)) e~ H{PS}(tm+Tm)) ~H({p$}(tm+Tm))
(o<{p,¢}< +T,) — {p. ¢} (tw)) e 71):max(e

1
To({p. @} (tm) — D, (Em + Tp)) € HPB}Em) e—H{pg}HEn)
81

5 Conclusions

In these notes, we have discussed a set of very interesting boson-fermion models that are free
of the negative sign problem, but that are numerically challenging due to sampling issues. The
case was made that the underlying O(2/N') symmetry of the Hamiltonians we considered render
hybrid molecular dynamics an attractive sampling strategy. This statement was partially tested
in Ref. [31]. More work is required to further test this conjecture that will hopefully allow us to
unravel many salient aspects of a class of boson-fermion problems.
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Appendices

A Determinant formula for fermions

In this appendix, we derive a set of so called determinant formulas for fermions. They are the
basis for various forms of fermion Monte Carlo approaches and an elegant derivation is based
on fermion coherent states. The reader is referred to Ref. [S1] for a detailed introduction to
the Grassmann algebra. Here we will briefly summarize the important formulas and concepts.
Grassmann numbers, &, anti-commute and are defined as

&,1€) = &,1€) (82)

with
{ef ¥ V=t &} =0 (83)

and
€)= ] (1 - &él) 10). (84)

x
In the above the subscript = denotes the quantum numbers of a single particle state and # = T, -.
Integration over Grassmann variables is defined as

Jiee=1. fac=o (85)

such that for example [d€, d¢f €, &l = —1 due to the anticommuting properties of the algebra.
The following identities for overlaps

(€]¢') = eZeeher (86)

the resolution of unity in the Fock space
1= / []del de, e =% ey, (87)
and the trace over the Fock space
TrA= / [T delde, e ==& (—¢| AJe) (88)
hold. Finally, we will need the determinant formula

/ H del de, e™ e Moy — ot M. (89)

As mentioned above, these formulas are standard and can be found in Ref. [51].

Our aim is compute
ot A e ot Age ot Ay
Tr (ec Ane elAse | etAse ) , (90)
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where ¢f = (éi, e ,éj\,) with N, the number of single particle states. The first step is to

&t Ae

transform e into a normal ordered expression. We will see that for a general A

pitAe _ :eéf(e“‘—1>é: 7 1)
where : O : denotes the normal ordering of the operator 0. To prove the above, we diagonal-
ize A: A\ = UAU™!, with \ a diagonal matrix, and define ' = ¢/U and ¥ = U~'¢ . These
operators satisfy the anti-commutations rules

{nxaﬂ)/y} - xy, and {771«’77;5} = {:)/Qc?:)/y} =0 (92)
such that
i A :Hexml% ZH(1+(€A”C—1)TA}§E%) :H : eﬁi(ekm_l)%: — g2 ﬁi(ekx—lm: —. et -e.

With the above, we can evaluate the matrix element

(E]eFT4% |€7) = &1 -DE (g ery = (£TeNE (94)

Using the Grassmann trace formula and inserting the resolution of unity between the operators,

we obtain
Tr<eemna i Ane cmlc / H det(7) de, (r) e (Thrm €me)-Tr lrnetrem)
z,7=1
:/H del () d,(T)e” &) G o1, G (7). (95)
z,7=1

In the above, the Grassmann fields have acquired an extra dimension 7 and we have defined
£l(n+1) = —&I(1). Finally with the determinant formula we can integrate over the Grassmann
variables and obtain

1 0o - 0 efn

44 A A a At A —etz 1 ... 0 0
Tr(eCTA"C At ecTAlc> = det 0 (96)

0 R T |

The size of the this matrix is of n/N, x nlN,, and is the starting point for many applications in
the realm of the so called hybrid QMC approaches used in the high energy community. For
many applications in the solid state, it is more convenient to reduce the size of the matrix down
to Ny x N;. This can be achieved with Schur’s determinant identity

det (é lB) ) = det(D) det(A — BD'0) 97)
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Setting D = 1, corresponding to the bottom right unity matrix, C' = (0,--- , —e~“n-1) and
BT = (e, ---0) gives

1 0 0 eAn 1 0 - 0 eAn pAn—1
—ef2 1 0 0 —ef2 1 ... 0 0
det = det ) . (98)
e 0 : e 0
0 —eAn-1 ] 0 —eAn—2 1
Iteration produces the final result
Tlr(eém"é L ) = det (1 +edn. .. eAQeAl) . (99)

B Determinant formula for Majoranas

Here we will prove the following identity

TrM <€i&TTfy . eiWTp“y) — \/det(l + el . .. e4z’TL> ; (100)

where T, are skew symmetric real matrices of even dimension (77 = —T), and 4T = (Y115 V1.2
" V1> Yn,2) are Majorana fermions.
First, we show that one can find an antisymmetric matrix h that satisfies

T A T » T A
eV L gV T — gt R (101)

The above follows from the fact that, using the anti-commutation rules of Majorana fermions,

dilT e i ¢ = 4i > T () (102)
=5, (7) ’
such that
Alr) = 7. (103)

Iteration gives

_ AT ~ _ AT PN AT ~ AT ~ . N _ AT A
e~ TLY L o= TV 4 oV T1Y W TLY _,64ZTL756 1yt hy

Ae 4Ty

e e 3. ¢ (104)

The last equality is the defining equation for & and leads to

4Ty

e et — gtih (105)

e‘”h)T = 1. We will pro-

ceed by assuming that h is a real skew symmetric matrix.* Thereby one can find an orthogonal

That h is skew symmetric stems from the fact that, by definition, e*™ (

transformation O such that

0o —diag ([ © M) [0 M)}z (106)
A0 A, 0

A generalization to complex skew symmetric matrices is mentioned in Ref. [50]
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Since O is orthogonal, /) = O4 are Majorana fermions and

n

Tryed 'Y = Try e’ 020" = Try, H XX iz — Tr, H( cosh(2\;)+sinh(2X;)7; 1 772‘72).

i=1 i=1
(107)
We can now refermionize the Majorana operators
. S . 1
Mo =&+, = - ), (108)
and carry out the trace for each fermion flavor, to obtain
. - 1
Tryed ™ = TrFH (cosh(2);) + sinh(2)\;)=(2él¢, — 1))
1
i=1
n 1/2

1/2
= 2COSh 2\;) et o=t 4 9 = (det(1 + ¢407H0)
)

%

. (det(l + el 2 = (det(1 4 7. i) /7 (109)
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11.2 Erik Koch

The analytic continuation of Monte Carlo data may appear as an exercise in achieving the un-
achievable. To understand why, let us consider the example of a fermionic finite-temperature
Matsubara Green function G(7). For imaginary times 7 € [0, 3] it is related to the spectral
function p(w) by the integral equation

1 (e 9] e—w’T

While calculating G(7) from p(w) is a straightforward integral, the inverse problem is hard.
This is not because we have to solve a Fredholm equation of the first kind, the difficulty rather
arises from the remarkable insensitivity of the imaginary-time data on changes in the spectral
function. To illustrate this, we write the spectral function as a sum of delta-peaks w; d(w — &;),
for which the imaginary-time Green function becomes a linear combination of exponentials

1 1
G(T) = —% Z ’LUZ(l — nFD(gi)) e T — _ﬁ Z w; nFD(Si) e+€i(ﬁf7')’

where we have introduced the Fermi-Dirac distribution ngp () = 1/(e*# +1). While a peak at
zero energy simply contributes a constant to G (7 ), the contribution of peaks at large frequencies,
le|] > 0, is only noticeable close to 7 = 0 or 3, while inside the interval (0, ) it becomes
exponentially small. To reconstruct the spectral function reliably over the entire w-range, we
thus need to know G(7) very accurately very close to the boundaries of the interval (0, 3).
Numerical simulations can give, however, only a finite number of data points, G/(7;). Appar-
ently, this does not provide enough information to reconstruct a continuous spectral function:
we expect that there are many different spectral functions p(w) that reproduce a given set of
data points {G(7;)}. Such a problem without a well-defined solution is called ill posed [1]. If
we insist on obtaining a unique result, we need to add constraints, e.g., by including additional
information about what kind of solution we consider reasonable. In addition, Monte Carlo data
are noisy. When reconstructing the spectral function, we thus need to take the accuracy of the
data into account and quantify how reliable the result is, given the noise in the input. Both types
of information, the estimate of the reliability of the data and our expectations about a reasonable
solution of the inverse problem, can be handled using Bayesian reasoning [2].

In the following we will introduce the analytic properties that allow the continuation of Green
and correlation functions. We then describe how to quantify the statistical errors in the numer-
ical data and to set up the inverse problem. In the main part we use this to give an overview
of methods to solve the inverse problem. The most straightforward approach simply performs
a least-squares fit to the data points. We explain why this approach is ill posed and how it fails
spectacularly. We then discuss the idea of regularization by introducing assumptions about a
reasonable solution. This makes the problem well posed, but dependent on prior information.
The effect of the prior information included in the regularizer can be quantified using Bayesian
techniques. We discuss how they are used to argue for the different flavors of the Maximum
Entropy method. Finally we introduce the average spectrum method which tries to avoid in-
troducing prior information by calculating p(w) as a functional integral over the space of all
possible spectral functions.
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1 Setting the stage

1.1 Analytic continuation

A system at finite temperature with time-independent Hamiltonian H is described as an ensem-
ble of eigenstates, H|n) = E,|n), weighted by their Boltzmann factor. The expectation value
of an operator A is thus given by

~BEn(n|A 1
Z"ez 6_<BTLE!71 ) =7 Tr (e_ﬁHA) . (D)

For a canonical ensemble the trace is over the N-electron Hilbert space. For a grand-canonical

(4) =

ensemble we get the same expression when measuring energies relative to the chemical poten-
tial, 1.e., choosing ;1 = 0, and taking the trace over the entire Fock space.
Time correlation functions can be calculated using the Heisenberg picture

(At +1)B(t)) = %Tr e A D) pem i) Gl Bo=illl — (A1) B) = (AB(—t)),
(2)
where the t'-independence follows from the cyclic property of the trace Tr ABC' = Tr CAB.
Monte Carlo techniques are ideal to evaluate the high-dimensional sums needed to calculate
such traces [3]. But since the time-evolution leads to complex coefficients, Monte Carlo sam-
pling will have to fight with a serious phase-problem. This can be avoided using a Wick rotation,
i.e., working in imaginary time. For this we need to analytically continue (2). This is straight-
forward: simply replace ¢ in the analytic expression by the complex variable ( = ¢t — 7 and
determine for what values of ( the result is well defined. This is most easily done using the
spectral representation, i.e., evaluating the trace in the basis of eigenfunctions

(A(t—iT)B) = 1 TreltHm=AHY o~ (+nHp — 1 Z eUHT=REn o=+ Em () A|lm) (m|B|n).
A Z oy

3)
For systems with a finite number of states the sum is always analytic, while for systems where
the spectrum is not bounded from above, we need 5 > 7 > 0 to maintain absolute convergence.
Thus (2) can be analytically continued to a stripe below the real axis {¢ € C|— < Im{ < 0}.
We can then use quantum Monte Carlo to sample the function Cyp(7) = (A(—ir)B) for
7 € [0,5]. The analytic continuation back to the real axis is a bit less obvious, since QMC
only gives us the function values, i.e., the left hand side of (3) for ¢ = 0, but not the explicit
functional form on the right hand side, for which we would have to know all eigenenergies
and matrix elements. We can, however, define a spectral function that neatly contains all the
required information by taking the Fourier transform

/_OO dt e (A(t)B) = 2% Ze’ﬁEn<n\Alm><mlB|n> §(w—(Em — Ey)) = pap(w) @)

[e.9]

in terms of which we can write (3) as

(A(t —ir)B) = L /OO dw e p(w) . (5)
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For the special case ¢t = 0 this gives us an integral equation directly relating p4p(w) to Cap(7)

1 o0
Cap(T) = dwe ™ pap(w), (6)

_%700

which is, however, not suited for practical calculations since the integral kernel, exp(—w),
diverges for w — —oo. We can get around this problem by modifying the kernel, dividing it by
a function that makes it finite, and correspondingly multiplying the spectral function to leave
the integral unchanged

oo e—wT
Cr) = e [ oS wlpante) )
oo W) ——

=:p(w)
A suitable kernel modification would be j(w) = 1 4 e~#“, which makes the kernel finite for
w — —oo as long as 7 < [, while keeping it finite for w — +o0. To analytically continue

Cap(7) = (A(—i7)B) to the real axis we then solve the integral equation (with finite kernel)

e—u}T

1 [ ~i
Cap(T) = %/ dw 1+ o Bw Pap(w) ®)

—0o0

for % z(w) and use pap(w) = pip(w)/(1£eP) in (5) to calculate the analytical continuation
on the real axis. Note that 1/(1 & e~#%) € [0, 1]. In fact, for the plus sign it is the Fermi-Dirac
function ngp(—w) = 1 — npp(w), while for the minus it is —npg(—w) = npg(w) — 1.

It is reasonable to expect that 57 (w) is a spectral function in its own right. Reordering the
spectral representation (4), we can write it as

Fap(W) = pap(w) £ pap(w)e ™™

= pan() = 2 S el Alm) | Bln) (o — (B — B,))) om0

n,m

= pap(w) £ ppa(—w). 9)
Comparing with (3) and (4) we see that ﬁf p(w) is the spectral function of
iGhp(t) == (A(t)B) £ (B(—t)A) = (A(t)B) £ (BA(t)) = ([A(t), Bl+),  (10)

which, for ¢ > 0, is the retarded correlation function G5%(t) = O(t) G%5(t), with © the step
function, ©(t > 0) = 1and O(t < 0) = 0. As discussed above, the first term can be analytically
continued to {¢ € C| — f < Im < 0}, while the second term can be continued to the stripe
of width 3 above the real axis. It is thus natural to define the Matsubara function

— G5 (1) = (T;" A(=ir)B(0)) (11)

with the imaginary-time ordering 7.~ A(—i7)B(0) = O(7)A(—it)B(0) F O(—7)B(0) A(—ir)
taking care of selecting the appropriate analytic term for the given 7. This introduces a discon-
tinuity at 7 = 0

Gap (07) = GAE (07) = —([A, Bls). (12)



Analytic Continuation 11.5

From the cyclic property of the trace in (3), it follows that the Matsubara functions for positive
and negative T are related (anti)symmetrically, i.e. for 7 € (0, )

GY5 (B —17) = —(A(=i(8 — 7))B) = —(B(—ir)A) = —(BA(ir)) = TG (-7). (13)

For 7 € (0, 3] we obviously have (remember the sign introduced in (11)) GA'5 (7) = —Cap(7),
so that from (8) we obtain

1 oo e*UJT

GlE (1) = 5| Wi pap(w) forr € 0,5]. (14)

It is convenient to choose the sign in the kernel modification to obtain a simple relation for the
sum rule, which directly follows from the spectral representation, using |n)(n| = 1
1 oo

2r) o

dw pyp(w) = ([A, Bls). (15)

For observables and bosonic operators we thus choose the commutator, while for fermionic
Green functions it is more convenient to choose the anticommutator.
For the special case B = A" we find

2
Prian(@) =2 (PP £ e ) (] Alm)? 6 (w = (En — En), (16)

n,m

which is obviously non-negative for the fermionic case, for the bosonic sign choice it is non-
negative for w = (F,, — E,) > 0, non-positive for w < 0, and vanishes at least linearly at
w = 0. We can thus define a non-negative function p, z(w)/w which is regular at w = 0

_ 2 _
lim Pan(w) = ZB ;;Le BB |<n|A|m>|2 6(En — E) an

w—0 w

so that we can rewrite (14) with non-negative functions as

1 e8] e*WT

M+ _ ~f
GAAT(T) = —% _OOdCUm pAAT(w> (18)
_ 1 [ we ™ par(w)
M _ AAt
GAAT (T) - o 7oodw 1 — e_ﬁw W ) (19)
which, when A is an annihilator, applies to the diagonal elements of Green functions.
When A is an observable, we see from (9) that 5, ,(w) = —p,4(—w), so that we can restrict

the integral tow > 0
1 00 wle—wT _I_efw(ﬁfT) ~—
GJ\A/[A—<7_) - dw ( ) pAA(w)

2 Jo T " when A hermitian. (20)

We could actually cancel the factor w in the integrand since p, ,(w > 0) is non-negative by
itself, but when calculating susceptibilities it is common to keep it, since it shows the behavior
for w — 0, (17), more clearly.
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1.2 Analytic properties of the integral equations

We can gain some insight into the integral equations (18) and (19) by realizing that they are
intimately related to the Euler and Bernoulli polynomials [4]. Introducing the reduced variables
r = fwandy = 7/ € [0,1] and the functions f(x) = p*(z/B)/B (scaled to conserve the
sum rule) and g(y) = GM*(By) we obtain, for the fermionic case

=——/ v f(@), @1

from which we see that, for fixed kernel, the spectral function is spread out over an ever wider

range as we go to lower temperatures. The scaled kernel of this equation is essentially the
generating function of the Euler polynomials F,(s) on s € [0, 1], which are defined by

i @2
With s = 7/ and t = —fw we find from (18)
1 o0
G (7)== ) Bl = ?)/ dw " pt (w) (23)
n=0 -

that the fermionic Matsubara function is a linear combination of Euler polynomials, where the
expansion coefficients of E,,(7//3) is proportional to the n-th moment of the spectral function.
Since the Euler polynomials are not orthogonal, to determine the moments of j from G+ (1),
we first have to find the dual functions E"(s) with folds E™(s) En(S) = Op . Integrating them
with the generating function (22) we obtain

! t" et +1
n st _ 7
/0 ds E"(s)e* = 19 (24)
which is solved by
E"(s) = ﬂ <5(n)(5 —1)+ 5(n)(5)> (25)
2 n! ’

where (™ (s — a) is the n-th derivative of the delta function at s = a (to make the evaluation for
a = 0 and 1 unique, we consider the limit from inside the interval of integration). Integration
by parts then produces (—1)" times the n-th derivative of the rest of the integrand at a. Using
this in (23) and rewriting the Matsubara function at [ as that at 0, eq. (13), we find that the
discontinuity in the n-th derivative of the Matsubara function is proportional to the n-th moment
of the spectral function

d"GM+(B) N d"GMH(0)  d"GMT(0T)  d"GMT(07) _(—1)"/°°

drm dTm N dTn B dTmn a 2

dw w" p(w). (26)

The higher moments contain the information about the spectral function at large frequencies.
Extracting the derivatives from Monte Carlo data for G(7) is difficult. Instead, they can be
sampled directly: For 7 > 0 we have, (11),

—GMY(r <A —ir B> = Tre PHTH po=TH B | 27)
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Fig. 1: Dependence of the scaled Legendre kernel (21 + l)il(l)(a: /2)/cosh(z/2) on the order .
For | = 0, G, contains information about the spectral function close to the Fermi level, while
for increasing | it probes ever larger frequencies. As the Legendre polynomials themselves, the
kernel is even/odd for even/odd |.

Taking the derivative with respect to 7 brings down the Hamiltonian to the left and the right
of A, producing ([H, A(—ir)] B). Repeated derivatives produce repeated commutators defined
by [H; A], = [H; [H; A],_1] and [H; A]y = A as in the Baker-Campbell-Hausdorff formula.
The moments can then be determined directly by sampling the expectation values
—1)n [o°

([[H; A, B]) = —(2—7T)/ dw w" pt (w). (28)
Working with the Euler polynomials can become cumbersome due to their lack of orthogonality.
This inconvenience can be overcome by expressing them in terms of orthogonal polynomials,
e.g., shifted Legendre polynomials P;(2y — 1). When the Matsubara function is expanded as [5]

() =3 \/216 1

the expansion coefficients are related to the spectral function via (18) by

0,
G:<>mwu-ﬂ/ af%%yw» 29)

G P(2r/5—1) with G;=+v2l+ 1/27’ P(27/B —1)GM* (1)
0

=0

where il(l)(x) are the modified spherical Bessel functions of first kind. As shown in Fig. 1, for

increasing [ the integral kernel probes spectral features at higher and higher frequencies. From
the derivatives of the recursion relation (2! + 1)F(x) = F/,,(x) — P/_{(x) and (26) we find
that the n-th moment of the spectral function is given by a sum over all even or odd Legendre
coefficients, starting at [ = n

pyn dk+2n+1 2(k+n 1 [~
n|zv (2(k +n))! /

Gt (2(k —n))! Gogin = o dw w" p (w). (30)

—0o0
For bosonic Matsubara functions we can obtain similar results using the Bernoulli polynomials
B, (s) whose generating function is directly related to the bosonic kernel.
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1.3 Preparing the data

Certainly the most important aspect of preparing Monte Carlo data for analytic continuation
is the decision what data to sample. As we have seen, the information about spectral features
further away from the chemical potential is concentrated in the Matsubara function extremely
close to 7 = 0 and 3. Reconstructing the spectral function from data given on a uniform 7-grid,
we can therefore only expect to get reasonable results close to the chemical potential. Using, on
the other hand, the derivatives of the Matsubara function at 7 = 0 and [ gives us the moments
of the spectral function, which, as we know, e.g., form the Lanczos method [6], accurately
characterize the spectral function over the entire frequency range using just a few tens of the
lowest moments.

The second concern is to properly characterize the statistical errors in the Monte Carlo data.
Considering the integral equation

o) = [Klp.o) fa)da. a1
the actual numerical data is not given as the function ¢(y) but as vectors of M discrete data
points g = (g1, ..., gar)! representing g(). The mean over K independent samples is then

| K
g = — 32
9= ;gk (32)

with its statistical uncertainty being characterized by the M x M covariance matrix
1 K
cC=-— -~ —g)(gr — )" 33
KK = 1) (gr — 9)(gr — 9) (33)
k=1
By the central limit theorem the probability density of measuring g with covariance matrix C
instead of the exact result geyact 1S then

1

_ (G—Gexact) O (G—Gexact
P(g, C| Gexact) = (27T)M/2 det Ce (97 gexact) O TG Genact) /2, (34)

This probability will play a central role in the reconstruction of the spectral function represent-
Ing Gexact- 1t 18, therefore, crucial to have an accurate estimate of C. Rewriting it as

C = mzk:(gk -9)(gr—9)' = mzk:gkgl - ﬁggJr
and realizing that g g' is the (scaled) projector onto g, we see that the covariance matrix is a
linear combination of K projectors to one-dimensional subspaces. We therefore need K > M
independent samples g in (33) to have a chance of obtaining a non-singular covariance ma-
trix. Thus, reducing the discretization error requires taking more samples. The easiest way for
obtaining independent samples are independent Monte Carlo runs, e.g., on a parallel computer.
If we do not have enough CPUs available, we need to construct independent samples from a
sequential run. This can be done, e.g., using the blocking technique described in appendix, A.1.
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For the numerical solution of the integral equation (31) we also have to discretize f(z) into a
vector f = (f1,..., fv)T, e.g., by representing it as a piecewise constant function of value f,,
on interval n. The integral equation then becomes a simple linear equation g = K f, where the
kernel matrix is obtained, e.g., from the Riemann sum [7]

9(Ym) =Y K (Y x0) wn f(20), (35)

with w,, the width of interval n or, when the functions are expanded in an orthonormal set of
functions [¢,,,) like in the Legendre expansion of the Green function, it is given by

Im = Z/dy/dx Vm(y) K (y, ) on(z) fr = Z<wm|K|90n> In- (36)

n

Assuming f is the exact model, i.e., it gives the exact data, K f = geyact, it follows from (34)
p(g,C| f) x ¢”@-KN'CHg-Kf)/2 (37)

Factorizing the inverse covariance matrix, C~! = T'T, e.g., by Cholesky decomposition, we
can absorb the explicit dependence on C' by introducing g := T'g and K =TK

G-Kf'CHg-Kf=G-TH(G-Tf) =lg—TsI" (38)

The covariance of the transformed data g is then the unit matrix, i.e. the transformation produces
uncorrelated data point g,, that all have the same (unit) errorbar.

2 Optimization methods

After discretization of model f and data g and transformation to g, analytic continuation is
reduced to solving the linear system

g=Kf. (39)

Nothing could be easier than that! When the number of data points M we are given equals the
number of points /N at which we want to know the model, the solution is unique, f = K1 g,
as long as the kernel is not singular. When M > N the model is overdetermined so that in
general there will be no solution. Normally, however, we want to know the model at many more
positions than we are given data points, M/ < N so that the solution is underdetermined. A
natural choice is then the f that gives the best fit to the data.

2.1 Least squares and singular values

When we ask for a best-fit, we first have to define what we mean by that. Least-squares methods
define “best” in the least-squares sense: minimize x2(f) := ||g — T f||>. We can justify this
choice using Bayesian reasoning: As we have noted in (37), the probability of measuring g
when the true model is f is given by p(g| f) = (27)"M/2exp(—x?(f)/2). We can invert
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this relation using Bayes’ theorem [2], p(B| A) p(A) = p(A, B) = p(A| B) p(B), stating that
the probability of outcome A and B can be written as the probability of B given A times the
probability of A, or, equivalently, as the probability of A given B times that of B. For the
relation between model and data this implies

(flg) = 19 DNT) 'pf;f 2 (40)

The most probable model f given g thus maximizes p(g| f) p(f). In the absence of any further
information about possible models it is reasonable to assume that p(f) is the same for all f, i.e.,
to use an “uninformative prior”. A model that maximizes p(f|g) is then one that maximizes
exp(—x2(f)/2). It is called a “maximum likelihood estimator” and gives a best fit in the least-
squares sense. Since the rank of the kernel matrix, rank K < min(N, M), for M < N the
least-squares solution will not be unique: We can add any vector that is mapped by K into zero,
without changing the fit. The least-squares problem is thus ill-posed. The usual way of making
the solution unique is to ask in addition that fig has vanishing overlap with any vector that is
mapped to zero, i.e., fig is orthogonal to the null space of K.

A practical tool for the theoretical analysis of least-squares problems as well as for numerical
calculations is the singular value decomposition (SVD) of the matrix K =UDV', where U is
a unitary M x M matrix whose column vectors |u,,) define an orthonormal basis in data space
and V' likewise is a unitary N x N matrix with columns |v,,) spanning the space of models,
while D is a diagonal M x N matrix with diagonal elements dy > dy > ... > dyin(v,a) = 0.
For the underdetermined case, M < N, the singular value decomposition can be pictured as

5 U D
K |= Vi

For the least-squares solution it is convenient to define the reduced singular value decomposi-
tion, where the null space of K is dropped in V, pictorially,

~ ~

K |=|Uu || D]|| vt

The singular value decomposition provides a spectral representation of the kernel

min(M,N)

=1
which allows us to write the residue vector for M < N as

9) — K|f) =1) = > [w) di (il f) = |uy) (<ui|g> — di<vi|f>) (42)

3 2

so that the least-squares solution (for which the residue vanishes when djy; > 0) is

| fLs) = Z <U;l|g> lv;) or, equivalently, fis=VD 'U'g. (43)

i
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Fig. 2: Least-squares solution for the analytical continuation of a fermionic imaginary-time
Green function. The exact data (bottom left) is constructed from a simple model spectral func-
tion consisting of three Lorenz peaks (top left). We add noise of amplitude 108 to the data
(bottom right). The least-squares solution given the noisy data is shown in the top right panel.
It varies over ten orders of magnitude showing no resemblance at all to the original model.

As simple and elegantly the least-squares solution can be constructed, as useless it is for the
analytic continuation problem. This is illustrated in Fig. 2, showing that fig, despite giving a
perfect fit to the data and, in particular, fulfilling the sum rule for > f,, is completely domi-
nated by numerical noise. What is the reason for this catastrophic failure? Making the noise in
the data explicit, § = Gexact + Ag We see that

(ui|Ag)

|fLS> = |fexact> + Z d

When the kernel has close to vanishing singular values, the noise component is divided by a

lv;) (44)

number close to numerical accuracy. This is, in fact, what we are seeing in Fig. 2: dividing
noise of order 10~ by the numerical epsilon of double precision numbers (of order 10~16),
we would expect the least-squares solution to vary over about eight orders of magnitude. We
can verify this picture more quantitatively by looking at the singular values of the kernel matrix,
shown in Fig. 3. The exponential decay of the singular values seen in this example actually is the
hallmark of an ill-conditioned problem. It is a consequence of the orthogonality of the modes
|v;): With increasing ¢ they develop more and more nodes. Integrating over these oscillating
modes with the positive fermionic Green function kernel means that the integral will decrease
with the number of nodes. Once the singular value reaches the machine precision, the singular
modes become numerically degenerate. These modes contribute negligibly to the fit of the data,
but cause the catastrophic numerical instability of the least-squares result.
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Fig. 3: Singular values of the kernel matrix used in Fig. 2 on a logarithmic scale. The singular
values decay exponentially until leveling off at a value determined by the numerical accuracy of
the calculation. The insets show some of the singular modes |v;). With increasing mode index i,
i.e., decreasing singular value, they have an increasing number of nodes. Once the singular
value reaches the numerical accuracy, the singular modes become numerically degenerate so
that the SVD routine returns arbitrary linear combinations as exemplified here for |vsg).

2.2 Non-negative least-squares

When motivating the least-squares approach using Bayesian reasoning, (40), one assumption
was that we have no knowledge whatsoever about the possible models. When we are interested,
e.g., in a diagonal spectral function, this is not quite true: We actually do know that f cannot
be negative, cf. (18). To incorporate this information, the prior probability p(f) should, in
fact, vanish when f has a component f,, < 0. In other words, we really should maximize
the likelihood over non-negative models only: maxs>qexp(—x?(f)). This approach is called
non-negative least squares fitting (NNLS). A practical algorithm is discussed in A.2. It will, in
general, not give a perfect fit, x?( fxnws) > 0, but what is not fitted is the part of the data that is
incompatible with a non-negative model, i.e., pure noise.

As shown in Fig. 4, using non-negative least squares gives a dramatic improvement over the
least-squares solution. Just incorporating the information about the non-negativity of the model
reduces the oscillations in the result by nine orders of magnitude, bringing it into a reasonable
range. This is because the amplitude of oscillating modes is now strongly limited by non-
negativity. In fact, the constraints give the modes with small singular value or in the null space
an important role: All modes except the first have nodes, so they can often not be included in the
solution with their optimal value (43) without violating the constraint. Since the contribution of
the modes with tiny singular value to the fit is tiny, they are free to arrange such that the modes
with larger d; can move closer to their optimum. Thus in NNLS the behavior of all modes is
coupled, making the fit much more robust. Moreover, the non-negativity constraint makes the
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Fig. 4: Non-negative least-squares solution of the same problem as in Fig. 2. Using our knowl-
edge about the non-negativity of the spectral function gives a dramatic improvement, bringing
the solution form a scale of the order of £10'° to a positive function with peaks of the order of
102 so that the original model shown on the left can actually also be seen in the plot on the right
(dashed line). While the NNLS solution does show some resemblance to the original function it
is far to spiky, even in the present case of exceedingly small noise (~ 1078) in the data.

problem well posed, i.e., giving a unique solution. Still, the spiky NNLS solutions indicate that
we are still overfitting the noise in the data and this problem becomes stronger when considering
data with noise levels larger than the ~ 10~ used for the example.

While the least-squares approaches do take information about the covariance of the data into
account, via the modification of the kernel from K to K, so that the data points that are given
with higher accuracy have more weight, the result are completely independent of the absolute
scale of C: Multiplying it by a scalar o simply rescales all singular values of K by 1/0, which
is compensated but the same rescaling of g, leaving the solution unchanged. Thus the least-
squares type solutions completely neglect the information about the overall noise in the data.
This problem can be addressed when we include our intuition that the “true” solution should
show some degree of smoothness. We then have to introduce a measure of smoothness, which

puts an absolute scale in the fitting problem. This is the idea behind regularization approaches.

2.3 Linear regularization

To understand the failure of the least-squares methods better, we expand the noisy data and
the fit in their respective singular modes |u,,) and |v,). For the example of Fig. 2 this is
shown in Fig. 5. It shows that, initially, the expansion parameters of g decrease somewhat
faster with the mode index ¢ than the singular values. Consequently the expansion of the least
squares solution also decrease with 7. But once the (u;|g) reach the level of the noise in the
data, here 0 = 1078, at i ~ 30, the expansion coefficients of the data remain constant while
the singular values decrease further, leading to exponentially increasing contributions of the
highly oscillating modes with large 7 that render the least-squares solution useless. The situation
is quite similar for the non-negative least squares solution. The main difference is that the
contributions of the modes with small or vanishing singular value are bounded |(v,| fanrs)| <1
by the non-negativity combined with the sum-rule for the model.
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Fig. 5: Picard plot for the example of Fig. 2. Since the model is symmetric, the expansion coef-
ficients for the odd modes should vanish. For noisy data, instead of vanishing, the coefficients
of odd modes are at the noise level. The even coefficients initially decay somewhat faster than
the singular values so that the corresponding coefficients of the least-squares solution decrease
with i. Once the (u;|g) have decreased to the noise level, here 1075, they remain at that level
while the singular values decrease further. This leads to exponentially increasing contributions
of the corresponding modes to the least-squares solution.

By maximizing the likelihood e X*(N)/2 with or without non-negativity constraint, we appar-
ently overfit the noise that becomes most visible in the modes for which the singular value
is below their contribution to the (noisy) data. The assumption behind this is that the exact
solution cannot be dominated by the highly oscillating modes with vanishing singular value,
i.e., that (u;|gexact)/d;, for large ¢ decreases with the mode index. This is called the Picard
condition. When it is not fulfilled, the reconstruction of the exact model is hopeless, since the
relevant information is contained in vanishingly small coefficients (w;|gexact) that will be com-
pletely masked by the noise, cf. (44). When the exact model is not highly oscillating, the Picard
condition holds and we have a chance of reconstructing the model from noisy data.

When the Picard condition is fulfilled we can get rid of a large part of the noise by suppressing
the contribution of modes with singular value below the noise level in the data. This amounts
to a least-squares fit with a truncated singular value decomposition, where the singular values
beyond a limiting index are set to zero, d;~,,,,.. := 0.

A somewhat more refined method is to continuously switch off the small singular modes. This is
called Tikhonov regularization. Introducing a regularization parameter «, the Tikhonov solution

is given by
M
d; 8
Fr(@) =) 1oz uilg), (45)
i=1

which in the limit « — 0 becomes the least-squares solution (43), while for « — oo the
solution vanishes. For finite regularization parameter modes with large singular value d; > «
are not affected, while the contribution of small singular values to fr(«) vanishes. To employ
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Fig. 6: Non-negative Tikhonov regularization for the example of Fig. 2, but with noise level
increased from 1078 to 1074, The insets show the solutions fr(«) at selected values of o.. The
dotted line shows the exact model for comparison. For small o the method overfits the noise,
leading to strongly oscillating solutions, while the quality of the fit changes little. For large o
the method underfits the data, leading to a rapid increase in x*(fr(a) and a loss of structure
in the reconstructed models. The solid line indicates the expected noise in the data, X2 =M,
relevant for the discrepancy principle.

Tikhonov regularization for non-negative models we need to formulate it as an optimization
problem. Expanding in singular modes and completing the square, it can be written as

M N
1K f =gl £IP="" ((wilg) — di(wi £))* + a® Y (wil £)? (46)
i=1 n=1

N

7 uz]g di{uilg) ' 2 2
_Z a2+ a? (\/ervd?ﬂLOﬂ(vilﬂ +@n%:+<lvz‘|f>

which attains its minimum Y, o*(w;|g)/(d? + o) for the unique solution (45). In Bayesian

terms, (40), Tikhonov regularization chooses p(f) o e~ ’lIfI7/2 a9 prior probability.
Alternatively, we can express Tikhonov regularization as a least-squares problem with an ex-

(&) (8)

Performing the minimization over all models gives Tikhonov regularization, restricting the op-

panded kernel and data as
2

min (| 1K £ = gI* + o?||£]”) = min 47)

timization to f > 0 defines the non-negative Tikhonov regularization method.

The crucial question is how to choose the regularization parameter . Fig. 6 shows the results of
non-negative Tikhonov regularization for the example of Fig. 2 increasing, however, the noise
level from 10~ to 10~ to make the problem not too easy. For small « the solutions show
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strong oscillations, while the mean-square misfit, y2, increases only little with «.. For large o
the solution becomes featureless except for the peak at the Fermi level, which is already present
in the leading singular mode, cf. Fig. 3, while x*(fr(«)) rapidly gets worse. A compromise
between overfitting of the noise in the data and smoothness of the model should be reached
when « is chosen such that the deviation from the optimum fit \?(fr()) = ||§ — K fr()|[?
equals the noise expected in M data points g, with unit covariance: x> = M. This criterion for
choosing the regularization parameter is called the discrepancy principle [8]. We can formulate

it as a constrained optimization problem with a2 playing the role of the Lagrange parameter:
: L i =
min |f[ + 5 (1l — K£IP - M) 48)

has the same variational equation as (46).

The regularization parameter « is the crucial ingredient of any regularization approach. Its role
is to strike a balance between fitting the noisy data and keeping the solution smooth in some
sense. While it is clear that with increasingly accurate data the chosen « should get smaller,
there is no unique procedure for actually determining its value. The discrepancy principle is just
one very reasonable way of choosing « but there is a plethora of other approaches, see [8] for a
first overview. Likewise, the choice of the regularizer is not unique. Instead of || f||? = (f|1|f)
we could choose any positive semidefinite N x N matrix M and use (f|M|f) > 0 instead.
An obvious choice follows when we remember that f is the discretized version of the model
function f(x). As in (35), assuming a uniform z-grid, we can then write

1 1 &
VISP = g Sl = [arisar 9)

Changing the integration variable from x to z, the integral and its Riemann sum in the new
coordinates becomes

Jaels@p = [a: sk =+ 3 2 ) (50)

so that Tikhonov regularization, M = 1, on the old grid becomes regularization on the z-grid

with a diagonal matrix M that contains the Jacobian factors M,,,, = dxé‘z")

Alternative choices of M impose smoothness by implementing finite-difference versions of the

on the diagonal.

first or higher derivatives, choosing, e.g.,

1 -1 0 o --- 0 0 0 0

-1 2 —1 0 0 0 0 0

N1 0 -1 2 -1 0 0 0 0
Molfa=fandlP = (I 3 RV NENEIY

n=l 0 0 0 0 -1 2 -1 0

0 0 0 0 0 —1 2 —1
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A regularizer that penalizes the k-th derivative does not have full rank. For, e.g., the first deriva-
tive matrix in (51), all constant models give zero. In practice there is, however, no problem
since the information about the low moments of the model are usually well contained in the
modes with the largest singular values.

Going back to the Tikhonov regularizer, we might wonder why it actually has the effect of
smoothing the solution. After all, ||f||> = > |f.|* is local, i.e., does not depends on the
change in neighboring values. So if we permuted the coordinate values {1,..., N} in an ar-
bitrary way, the value of || f||* would remain unchanged. The main reason why the identity
regularizer M = 1 leads to smooth models is that it reduces the effect of modes with small
singular value. As we have seen in Fig. 3 these modes are highly oscillatory, while the modes
that are least affected are the ones with few nodes that are relatively smooth. Still, even the
leading mode is not entirely featureless. While a simple first derivative regularizer like (51)
would reduce the contribution of such a mode, that is usually strongly supported by the data,
Tikhonov will leave it largely unaffected. In that sense, Tikhonov regularization respects the
variations in the important modes. To emulate this with a derivative regularizer would require
to laboriously taylor an M suitable for every specific kernel K.

There is also a second aspect. As we noted above, fr(a — o0o) = 0. When we impose a sum
rule, however, we force the solution to be finite and find from

min (Z i+ o (1 - Z f)) (52)

that the Tikhonov regularizer prefers a flat solution, f, = 1/N, or, in the case of a general
diagonal matrix, f, o 1/M,,. These are the models resulting in the absence of data, i.e., for
diverging variance resulting in vanishing K and g, except for the 0-th moment sum-rule. They
are called the default model of the regularizer.

We are, of course, not limited to bilinear regularizers of the type (f|M|f). An important non-
linear regularizer is the entropy of the model. It is the basis of the maximum entropy approach.

2.4 Maximum entropy

Maximum entropy methods differ from Tikhonov-type regularization in the assumptions they
make about the solutions. While Tikhonov is based on the Picard condition giving preference
to the modes with large singular value, maximum entropy favors models that contain as little
information as possible. This is measured by the information entropy, see A.3 for details. Using
the generalized entropy (89)

H(fvp):_z<fnln£_n_fn+pn> (53)

n

as regularizer that should be maximized, we have to solve the non-linear optimization problem

min (X*(F) ~ aH(f:p)). (54)
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where we use « instead of o as in (46) to conform with the conventions used, e.g., in [9].
A convenient property of the non-linear entropy regularizer is that it automatically ensures the
positivity of the solution since the gradient

OH(f;p) | fn
T Ton M,

diverges for f,, — 0 while the gradient of the fit function
05°(f) _ a1 - 2 - -
= P G — Kmn’ n’) = - KT (~m - Kmn’ n’) 56

is always finite, so that any solution of the variational equations f, has the same sign as p,,.

(55)

Since it is straightforward to also calculate the Hessians

- O*H(f;p)
=3 Rl a0 =S = 7

62
é’fn afn

it is straightforward to solve the non-linear minimization problem using, e.g., the Levenberg-
Marquardt method. The only slight complication being that finite steps in the iteration might
change the sign of some component f,.

In the absence of data, minimizing (54), i.e, setting (55) to zero, we find f = p. Thus p is
the default model and, as in (88) or (50) it can be related to the choice of the grid. Even when
we have decided on a default model, we still have to determine the value of the regularization
parameter. Choosing it according to the discrepancy principle is called historic MaxEnt [9].
Other flavors of the maximum entropy method determine the regularization parameter using
Bayesian methods. For this we write the entropy regularizer as a prior probability

p(f |p, @) o Tl (58)
so that the minimization (54) becomes equal to maximizing the posterior probability, cf. (40),

b lgupra) = HILLAVITIR0) o tryesesnrn, (59)

where we have used that the QMC data g is actually independent of our choice of regulariza-
tion parameter and default model. The Bayesian approach to determining the regularization
parameter uses the posterior probability of «

p(a 1§, p) /H o(f. a1 p) /HQd i piflg.p.0)p(elg.p) o

p(g,p)

obtained from marginalizing out f, i.e., integrating over the space of models f. The peculiar
choice of the integration measure, 2d+/ f,,, is discussed in [9]. It naturally appears in the ex-
pression for the entropy when using Stirling’s approximation to one order higher than in the
derivation given in A.3, which rather suggests that the factor 1/+/f,, should be considered part
of the entropic prior and not the integration measure.
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For historic MaxEnt it was not necessary to know the normalized probabilities (58) and (59).
When, however, we want to compare the probabilities of different renormalization parameters,
we need to determine the normalization of the distributions that depend on « by, again, inte-
grating over f

9) = / [T 0 = 2 (61)

etaH(f.p)

/ H L S (62)

Since the likelihood is a Gaussian, the integral is straightforward, cf. (34). The normalization
of the entropic prior is more difficult. In MaxEnt such functional integrals are approximated by
Gaussian integrals obtained from expanding the exponent to second order about its maximum.
As already discussed above, the entropy term is maximized when the model equals the default
model. The second-order expansion (57) is thus given by the diagonal matrix —d,,/py, i.e.,
the entropy becomes just a Tikhonov regularizer with general diagonal matrix. Also expanding

L/ fo = (1=(fa—pn)/20n)/+/Pn» the normalization of the entropy prior thus is approximated
by that of the simple Tikhonov prior without non-negativity constraint [9]

B N/2
e () ()7 e

To calculate p(a|g, p), (60), we still have to choose a prior probability p(« |g, p). From the

(fn ﬁn)

discrepancy principle it seems reasonable that it should be independent of the data normalized
to have a unit covariance matrix. If we also assume that « is independent of the default model,
we only have to choose p(«). Assuming that the prior is scale invariant

pla) da = p(sa) d(se) (64)

one obtains the Jeffreys prior p(«) o< 1/c [2], which might not be the most appropriate choice,
since the scale of the regularization parameter is fixed by the noise in the data, which we know.
Using all this for calculating the posterior probability of the renormalization parameter, there
are two different flavors of how « enters the analytical continuation: Historic MaxEnt chooses
the « that maximizes p(« |g, p) to determine fiisioric = f(Qmax). Bryan’s method no longer
insists on picking a specific value of a. The approach rather determines the model as the average
over all regularization parameters, weighted with their posterior probability

fBryan = /0 do f(Oé) p(Oé ’ga p) . (65)

It might seem that the MaxEnt approaches could be improved by actually performing the in-
tegrals over model space exactly rather than using simple Gaussian approximations that even
violate the non-negativity of the models, which is one of the precious priors that we are sure
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of. But doing these integrals is fiendishly hard. A second drawback of MaxEnt, or rather of
all regularization approaches, is the need to deal with a regularization parameter, introducing
the need for making assumptions about its behavior, its prior probability and the like, for which
there is no apparent solution. If only we could efficiently integrate over model space there might
be a way of eliminating all these complication arising from the need to regularize. Instead of
looking for a solution that maximizes some posterior probability, we could ask for the average
over all possible models, weighted with their likelihood. This approach which is free of explicit
regularization parameters is the average spectrum method.

3 Average spectrum method

The average spectrum methods is an appealing alternative to the optimization approaches. It
was probably first proposed by White [10] and reinvented several times after. The basic idea
is of striking elegance: The spectral function is obtained as the average over all physically
admissible functions, weighted by how well they fit the data

Faswi(x) = (2) /2 / Df f(a) eV, (66)
f(x)=0

Due to the ill-conditioning of the inverse problem there are very many functions that differ
drastically but essentially fit the data equally well. Taking the average, we can thus expect that
the spectral features not supported by the data will be smoothed out, providing a regularization
without the need for explicit parameters. So far the practical application of this conceptually
appealing approach has, however, been hampered by the immense computational cost of nu-
merically implementing the functional integration.

It is worth emphasisizing that the non-negativity constraint is essential. An unconstrained in-
tegration over the Gaussian in (66) actually produces a least-squares solution. Since the width
of the likelihood increases with the inverse of the singular value this would, of course, be nu-
merically very inefficient, and since the width diverges for the modes in the null space of the
kernel, their contribution will never converge to a definite value, reflecting that the problem is
underdetermined.

When we discretize the model function f(z) as discussed in Sec. 1.3, the functional integral
becomes

N 00
fswex [ [ dpeor, (67)
n=1 0

where the N-dimensional integral can be evaluated by Monte Carlo techniques. The most
straightforward approach is to perform a random walk in the space of non-negative vectors f,
updating a single component, f,, — f/, at a time. Detailed balance is fulfilled when we sample
the new component f’ for the conditional distribution oc e=X*(F/2)/2 with

- ~ - - o~ - - - 2
V(i 1) =1 g = Kf + Kby Ko il = KIK, (i - K[ §,/K[K,) . (©69)

=ign
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where K, is the n-th column of K. We thus have to sample f} from a univariate Gaussian of
width o = 1/||K,,|| centered at u = K g, /||K,||* and truncated to the non-negative values
f € [0, 00). This can be done very efficiently, e.g., as described in A.4.

Still, sampling components can be very slow because the width of the Gaussian (68) is, in
general set by the inverse of the largest singular value, i.e., the random walk performs only
exceedingly small steps. This is even more evident when sampling spectral functions, where
we cannot change just a single f,, without violating the sum-rule (15). A way around is to
introduce global moves along the principal axes of 2, i.e., along the singular modes.
Transforming to the new bases h := U'g in data and e := VT f in model space diagonalizes

M

X(F) = [|U'g = DVIFIP = " (hi — dies)” (69)

=1

so that in the new basis the integral (67) factorizes into Gaussian integrals
e?SM X / de; e; o (hi=diei)?/2 (70)
f=0

Without non-negativity constraint the integrals would be independent and result in a least-

squares solution. With the constraint they are coupled via their range of integration. Updating

modes e; — €] is restricted by the condition f' = f + (e} —¢;)V; > 0, where V; is the i-th

column vector of V. This is equivalent to €, > e; — f,,/ V., for V,;; > 0 and correspondingly for
Vi < 0 so that € is constrained to

max { In

V..

ne

Vi<0p <e —e < =
} € — € mln{ ‘

ny

Vi > 0}. (71)

Sampling modes is usually much more efficient than sampling components: For modes with
large singular value the Gaussian is narrow so that the random walk quickly jumps close to
the optimal value h;/d; and then takes small steps around there. For modes with small or
zero singular value the distribution is very broad so that the random walk can take large steps,
allowing for an efficient sampling. Still, sampling may become inefficient when non-negativity
restricts a mode to a very narrow interval. This will happen when f has regions where it
becomes very small, e.g., in the tail of the spectral function. Then the scale for the step size is
not given by the singular value but rather by the width of the interval (71). Also this problem
can be overcome by using a real space renormalization group technique, introducing blocks
of varying size in which modes are sampled. This way the method can interpolate efficiently
between sampling components, i.€., blocks of size 1, and sampling modes, i.e., blocks of size V.
Details of the method and its performance are given in [11,12].

Using this method, we find that the results of the average spectrum method actually depend
on the choice of the discretization (67). This is not a problem of the particular method, but a
general feature of the functional integral and would also affect, e.g., MaxEnt were it to do the
normalization and marginalization integrals exactly, see e.g. Sec. 6.2 of [2]. We find that the
choice of the coordinates for the discretization grid plays the role of a default model, while the
number of grid points /V acts as a regularization parameter.
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Fig. 7: Average spectrum method on a Gaussian grid determined from NNLS for an optical
conductivity reconstructed from Matsubara data [11]. The resulting spectral shown below are
rather insensitive to the choice of the regularization parameter, the number of grid points N,
except for N = 8 where the coarse grid leads to discretization errors when evaluating the
Fredholm integral. The exact model is shown as the dashed line for comparison. The top panel
shows the histograms of x taken during the Monte Carlo sampling of the functional integral.
The small variations in the histograms indicate a robust choice of the grid.

The reason for this is that the notion of sampling uniformly, i.e., with a flat prior, is tied to the
choice of a specific grid. This is most easily understood when we consider what happens when
we double the number of grid points. On the original grid we sample f €0, 00). On the denser
grid we represent f over the large interval by two values fl and f2 over intervals of half the
width, so that f = f; + fo. If we sample the fi € € [0, 00) with a flat prior, p( fl) = const., this
implies a probability distribution for f

oo . 0 . . . fo
o) = [ dhp() [ dhp) oG+ - ) [~ 1 72
0 0 0
which is not flat. Properly defining the flat prior as p(f;) = limy_,oc € /* /A, p(f) becomes a
gamma distribution. More generally, we find that sampling with a flat distribution on a particular
grid defines a measure for the functional integral (66) represented by a gamma process [11].
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Fig. 8: Average spectrum method on a Lorentzian grid of the same width as the Gaussian in
Fig. 7. The resulting spectral functions shown below are now quite sensitive to the choice of
the regularization parameter, the number of grid points N. In the top panel we see from the
histograms of x that the fit sizeably deteriorates with increasing N, indicating problems with
the choice of the grid.

Still, we can give a practical recipe for determining the regularization parameters and checking
the quality of the results. To find the grid type (default model), we use non-negative least-
squares to determine the width of the spectrum. This implies a Gaussian grid of particular width.
We then vary the number of grid points to check how the results change with increasing V.
When N is too small, the result will be inaccurate because of discretization errors in evaluating
the integral (31) entering x?. When N becomes to large there is a rapidly increasing number
of vectors f that, despite having a small weight e X*(H/2_ contribute to the average due to their
sheer number. In between there will be a region, where the results are fairly independent of the
actual choice of N. This is shown in Fig. 7. When the grid is not chosen well, as in Fig. 8,
where the grid uses a Lorentzian density of the same width as the Gaussian in the previous
figure, results vary strongly with V.

This approach gives already reliable and robust results. When we have to deal with particu-
larly difficult cases, we can use Bayesian techniques to make the method even more robust by
sampling over different grids, albeit at an increased computational cost [11].
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4 Conclusions

As for so many problems, there is no magic solution to the problem of analytic continuation.
Any method can only reconstruct what is in the data and must substitute missing information
ideally by exact prior knowledge or, otherwise, by mere assumptions about the solution. The
most important aspect of analytic continuation is thus encountered already before the solution of
the inverse problem is even started. Depending on what features of the model we are interested
in, we have to decide where to measure the data. If we want, e.g., to reconstruct the spectral
function far from the Fermi level, it does not help to just have highly accurate values for the
Green function when they are not close enough to 7 = 0 or 3 to give information about the
discontinuity in its derivatives.

Moreover, it is deceiving to just look at the single result returned by a regularization approach.
There is not “the” solution, rather every method produces an expected solution with its uncer-
tainty quantified by a non-intuitive N x N covariance matrix. This is, however, rarely analyzed
because it is hard to calculate and difficult to interpret. Still, there are approaches to estimate
the error in observables derived by integrating over the spectrum. They are nicely discussed
in [9] and should be used wherever possible.

We have presented the approaches to the analytic continuation problem in the order of increasing
sophistication and accuracy — and numerical cost. The analysis of QMC data should ideally fol-
low this progression until the desired information about the spectral function has been reliably
obtained. A Picard plot will give a first impression of how much information is actually con-
tained in the data and what can be expected from a straightforward linear regularization. Despite
the uncontrolled approximations in the practical flavors of MaxEnt, the approach has developed
into the standard approach for analytical continuation. The average spectrum method, that is
now numerically competitive, provides an appealing alternative since it makes all assumptions
via the choice of the discretization explicit, while being numerically exact.

The most important lesson is that results of analytic continuation must not be overinterpreted.
When the results depend on the details of the method, they rather reflect the choices made by
the approach than the data. Thus before interpreting details of the spectral function, we have
to make sure that they are robust under (reasonable) variations in the regularization parameters.
The discrepancy principle and the fit histogram are practical methods for doing this.
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A Technical appendices

A.1 Blocking method for correlated data

Let us assume we have an ergodic Markov chain Monte Carlo method, e.g., using Metropolis
sampling, that generates a set of K data points my, ..., my drawn from a probability distribu-
tion p(m) dm and we are interested in the mean value = [dm p(m) m. The obvious estimate
for p 1s the average m = 25:1 my./ K. Tt will, of course, be different for different Monte Carlo
runs, but, by the central limit theorem, for large K the averages m of different runs will tend to
be distributed as a Gaussian centered at ;. with variance

o (m) = (m?) = (m)? = = > ((man) — ) () ) (73)

where (- ) is the average over all possible Monte Carlo runs producing K data points. How can
we estimate o%(m) from the simulation data of a single run? Splitting the double sum

o)=L LS (@) = ) + -5 5 (Grmam — ) (74)

k=1 . k£l

we see that for uncorrelated data, (mgm;) = (my)(m;) for k # [, the variance is given by
so/ K. But in general, samples obtained from Markov chain Monte Carlo will be positively
correlated, so that o?(m) > so/K. We can eliminate this correlation using an elegant renor-
malization group technique [13]. For this we consider the transformation of the original data
set my, ..., mg of K samples (assuming K is even) into half as many data points, obtained by
averaging

L Mg My

i o= 2L (75)

Obviously, the average of the new data points :/ f my,/(K/2) is still m and thus must have
the same distribution as the averages of the original data. Consequently, o (1m) must remain in-
variant under the blocking transformation (75). Looking at the uncorrelated part of the variance
for the blocked data 7i2;, and remembering that the ensemble average (m3) is independent of £,

we see that
K/2 —
fo= — Z/ (may,_y + 2Ma Mo +Mm50) —@+;2/:(<WA o) = 1)
O_K/QI; 4 H) T 2K/21§: B
=1 -

(76)
contains part of the correlations not contained in sg. Therefore $y/(K/2) > so/K. Under
repeated blocking transformations the uncorrelated part of the variance will thus increase. When
it reaches a plateau, i.e., a fixed-point under the blocking transformation, it becomes equal to
o?(m) and the blocked data has become uncorrelated.



11.26 Erik Koch

0.0010

0.0008/\

U °

—

i€ 0.0004} .
o

~—

0.0002F

0.0000; 5 10 15 20
number of blocking transformations

Fig. 9: Estimate of the standard deviation of the average of correlated data obtained with the
blocking method. Initially the variance is severely underestimated but the estimate increases
with each blocking step until a plateau is reached, at which point the blocked data has become
uncorrelated. By that time the distribution of the m;, has become Gaussian of width ¢y, as shown

in the insets. Eventually the number of blocked samples, K=K /2", become so small that the
estimates become unreliable.

We can try to estimate the ensemble average s, from the data from one specific simulation run
as Y1 (m? — m?)/K. Taking the ensemble average and comparing to s

- kzi(<mi> ~ () = %g@m@ = ) = (1) = ) =0 (1= )

we find that the unbiased estimator actually is

K
o1 2 9 20N 1 2 72>
somco.—K_1k:1<m,C m> = a(m)NK(K_Dkgl<m,C m*).  (7T7)

K
In an actual implementation of the blocking method, we repeatedly block the data and calculate
the corresponding estimator of the uncorrelated variance S,/ K. An example is shown in Fig. 9.
As expected, ¢q/ K increases with each blocking step until it reaches a plateau. There the
blocked data m, are uncorrelated and, by the central limit theorem, approach Gaussian variables
of variance 02(r) = Ko2(in). For such variables the variance of the variance o2(m) is given
by ((¢9/K)?) — (¢9/K)? = 20*(m) /(K — 1), which provides us with the errorbars. Since the
number of blocked data points is halved in each step, eventually the blocked sample becomes
very small and ¢,/ K starts to fluctuate, also indicated by rapidly increasing errorbars. We
can then identify the plateau by checking when $,/ K does not change between blocking steps
within its error bar.
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A.2 Non-negative least-squares algorithm (NNLS)

The model f fitting a given data vector g best in the least-squares sense minimizes the norm of
the residual vector x*(f) = || K f — g||*>. At the minimum fig the gradient w vanishes

1 9xX*(f)
2 0fn |is

wy(frs) = =Re (K'(Kfis—g)), =0 Vn. (78)

Since x? is a non-negative quadratic form in f stationary points must be minima
X (fus + 0) = X*(fus) + 26 w(fis) + || K8|]> > x*(fus) - (79)
The least-squares fit can be found from the singular value decomposition (SVD) K = V DU
fis=VD 'U'g, (80)

where the diagonal matrix D has dimension K = rank(K) while the matrix U is M x K and
V is N x K-dimensional. In terms of the SVD the gradient (78) is given by

w(f) =ReVD(DV'f-Ulg). (81)

This way of calculating the gradient is numerically more stable than calculating it directly in
terms of K. It also immediately shows that the gradient vanishes for fig.

Finding the best fit, min||K f — g||?, under the constraint f > 0 (non-negative least-squares,
NNLS) is more complicated. When all components of the unconstrained solution are non-
negative, (frs), > 0, it is obviously also the solution of the constrained problem. When there
are components (frs), < 0 we might expect that the constrained fit assumes its minimum on
the boundary, (fxnrs), = 0, where the gradient is positive w, > 0. These are the Karush-
Kuhn-Tucker conditions [14]:

fn>0 and w, =0 or fn=0 and w, >0. (82)

We distinguish the two cases by defining the two sets P = {n| f,, > 0} and Z = {n| f,, = 0}
which partition the set of indices, P U Z = {1,..., N}.

When fir fulfills the Karush-Kuhn-Tucker conditions, it minimizes x*(f) on f > 0. To see
this we consider a vector fxr + & with 6, > 0 so that fxt + 6 > 0. Then

2 (fxr +0) = X2 (fxr) + 26 "w(Ffxr) + || KS||* > x*(Fxr) (33)

since §Tw = > d,w, = Y nep OnWn+Y . c = Opwy, > 0, where the first sum vanishes because
of the gradient, while in the second sum both factors in each term are non-negative. Conversely,
when fynrs solves the non-negative least-squares problem it must fulfill the Karush-Kuhn-
Tucker condition, otherwise an infinitesimal change (respecting non-negativity) of a component
violating it could lower 2. Thus, to solve the NNLS problem we just have to find a vector that
fulfills the Karush-Kuhn-Tucker conditions. For this we can simply go through all possible
partitionings of the indices {1,..., N} = P U Z. For a given partitioning we determine the
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least-squares solution on the indices in P, i.e., we minimize ||K Ppf — g||?, where Pp is the
projector to the space spanned by the components in P. This makes sure that the gradients for
these components vanish, w, = 0, while f, = 0. If also f, > 0 forall p € P and w, > 0 for
all z € Z, we have found the NNLS solution, otherwise we try the next partitioning. The only
problem is that there are 2V partitionings of the IV indices (each index can be either in P or Z).

A practical algorithm [14] considers possible partitionings in a much more efficient way. We
start from some partition for which fp > 0 and wp = 0, e.g., an empty positive set, P = {}
and fr; = 0. Given a set P and the corresponding fp for which the Karush-Kuhn-Tucker
condition is not yet fulfilled, we add the component ¢ with the most negative gradient. Least-
squares fitting on the expanded set P’=P U {i} will produce an improved fit x( fp/)<x*(fp):
because of the negative gradient, the new component will not stay at zero but rather take a
positive value. In case fp, > 0, we calculate the new gradient. If it is non-negative, we have
found the Karush-Kuhn-Tucker solution, otherwise we repeat the procedure. Each iteration will
produce a non-negative solution with improved fit, so that we will converge to the minimum of
X2(f) under the constraint f > 0.

In general, however, the least squares solution fp: will have negative components. In this case,
we can find a mixing with the previous fit f, = (1—a) fp+afp witha € (0, 1), that brings the
most negative component of fp: to zero. Since x?(f,) < (1—a)X2(fr) + ax?(fr) < X*(fp)
the fit will still be improved. We remove the components where f, vanishes from P’ and
perform a least-squares fit on the new set, repeating the procedure until we get a non-negative
least squares solution. This must happen after a finite number of iterations, since in each step at
least one element is removed from the positive set while the resulting f, > 0 keeps improving
the fit x*(f.) < X*(fp). Thus we can continue the outer loop with f,,, calculating the new
gradient and adding the component where it is most negative to the positive set.

Since each step produces a f > 0 with improved fit, the algorithm does not visit any partitioning
twice and will thus always converge. At worst it may take 2%V steps, but in practice the down-hill
search produces a solution after trying less than hundred partitionings. Numerically, the most
delicate part is the calculation of the gradient, which should be stabilized using a factorization
of the kernel. Obviously, checking the Karush-Kuhn-Tucker condition for the gradient must
take the numerical accuracy into account. Moreover, the implementation may not converge,
when, after adding the component with the most negative gradient, the least-squares fit gives
that component a negative value. This can only happen as a consequence of numerical errors.
In this case we rather include the component with the second most negative gradient in P.

Note that the non-negative least squares solution fynrs is unique, unlike the least-squares so-
lution (80), to which we can add any multiple of a vector with zero singular value without
changing the fit. While the least-squares problem is thus ill-posed when there are vectors that
do not contribute to the fit, these vectors play a crucial role in non-negative least squares fitting:
They take values such that the modes that are important for the fit can approach their optimal
value as closely as possible without violating the constraint. Thus NNLS is well posed.
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1: function NNLS(K, g)

2 f+<0

3 Z+{1,...,N} > below we use the abbreviation P = {1,..., N} \ 2
4 loop

5: w KT(Kf -9) > for robust calculation use, e.g., SVD
6 if w[Z] > 0 then return f

7 end if

8 i <— argmin(w[Z]) > find component with most negative gradient
9: Z+ Z\{i}

10: loop

11 f < LS(KPf.g) > LS solution on components P
12: > f; > 0, if not: numerical error in gradient! Do not pick ¢ again this round
13: if f'[P] > 0 then

14: f<f

15: break

16: end if

17: Q< min fifT"fi,z'GP/\fi/ZO}

18: f«0—-af+af >now f > 0and f; = 0 for i = argmin
19: P« P\ {ilfi =0}
20: end loop
21: end loop

22: end function

Fig. 10: Function that returns the non-negative least-squares solution f > 0of g = K f.

A.3 Shannon entropy

When developing The Mathematical Theory of Communication, Claude Shannon introduced the
bit as the amount of information needed to decide between two equally probable events [15].
Receiving an unlikely (surprising) message should convey more information than receiving a
likely one, and the information contained in two independent messages should be the sum of
the information carried by each individually. These axioms lead to — log, p; as the information
contained in receiving a message of probability p;,. Summing over a set of M possible messages
of probabilities p; and weighting the information contained in them by their probability defines
the average information or entropy of an information source

H({p}) = =) pilogyp;. (84)

It gives a lower limit to the number of bits needed for encoding the N messages. The maximum
number of bits, log, IV, is needed when we know least about which message to expect, i.e.,
when all probabilities are the same. In the opposite limit, when one of the messages is certain,
we need not encode it at all. Thus the entropy of an information source measures our ignorance
before receiving one of the possible messages.

Changing the base of the logarithm, log,(z) = log,(z)/log,(b), for b > 1 simply multiplies
the entropy by a positive constant, i.e., changes the units in which we measure information. For
convenience, we use the natural logarithm, In, working in natural units, 1 nat ~ 1.44 bits.
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An alternative derivation [2] of (84) starts by considering microstates representing the probabil-
ities as p; = n;/M by placing N (distinguishable) objects into M bins. Since we can place any
of the NV objects into any of the M bins, there are M such states. The number of different ways
of placing the objects into bins and obtaining the same set of {n;}, i.e., the same macrostate,
is also easily determined: We can pick any n; of the N objects and put them into the first bin.
Then we can pick any ns of the remaining N — n; objects and put them into the second bin.
The probability of realizing a macrostate {ny, ..., ny} is thus

1 NN /N —-n;\ (N —n; —ny nv) 1 N!
MN \n,; No ns ny ) MN nglng - omy!’

Taking the logarithm and using the Stirling approximation In n! ~ nIlnn — n we find

M
1
_NlnM+N1nN—N—Z(nilnni—ni) =N <lnM—Zpilnpi> ,

i=1
which is proportional to the H ({p;}) minus the entropy of a flat distribution {1/M }.
Subtracting the entropy of the flat distribution becomes crucial when taking the limit of a con-
tinuous probability distribution: encoding an infinite number of messages will, in general, take
an infinite number of bits. Subtracting — log 1/M keeps the limit M — oo finite. To see this,
we discretize a continuous distribution p(z) on an equidistant grid of M points, p; = p(x;)Ax
with Az = (Zmax — Tmin) /M = ([dz)/M, and take the limit of the Riemann sum

-3 () == 3o drnto o (B2 o (1),

This defines the entropy of a distribution p(x)

Hlp| = — / dz p(z) In (11;(]5233) . (85)

We can find the p(x) that maximizes this functional from the variational principle. Remember-

ing that the functional derivatives are defined by the expansion

Hlp+ 0p] = H[p] + /dm (;Z[xp)] dp(x) + %/dm dx'% 5p(ax’) dp(z) + O*(5p)

we read off the first variation from
Hlp+dp| = —/dx(p+5p)(ln(p+5p)+1nfdm) = Hp| —/d:}: <1+1n 7) ) ép+ O?,
N—— 1/fd

5H[P]
sp(x)

=lnp+In(1+ 6?17 )=In p—‘,—%’ +02

where we have used In(1+2z) = z—2x?/2+- - - ). In second order we find > H [p| /dp(z') dp(x) =
—26(x — ') /p(x) < 0 so that the stationary points are maxima. Imposing normalization of the
0-th moment via a Lagrange parameter, the variational equation becomes

Oz%mH[p]—i-)\o(l—fdxp(I)):—1—lnp —Infdx — Ao
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which is solved by the constant distribution, where \y = —1 is fixed by normalization
1 1
p(z) = me (1+20) _ m . (86)

Inserting into (85) we find H[1/ [dx] = 0, as is must by construction.
Likewise, we can ask which distribution maximizes the entropy, when we know in addition its
first moment y« = [dz 2 p(z). The variational equation then contains two Lagrange parameters

0 B p(z)
= 5 Hpl + Xo(1 = [dzp(z)) + M (p— [dzzp(z)) = -1 —In ds

and we obtain a Boltzmann distribution

0 —)\0—)\11’

1

pu(r) = W e~ (IHAotdur), (87)

where )\ and \; are fixed by solving the system [dx p,(z) = land [dx 2 p,(z) = u. Likewise,
when we also know the variance of p(x), maximizing the entropy results in a Gaussian.

Given the entropy functional, it is natural to ask what happens under a change of variable.
Remembering that density functions transform as p(x) dz = p(z) dz, we find

b= [ (0 ) = faspto (23

where we introduced p(z) dz = dx/ [dx. It reflects how the intervals on z change under the
under transformation to z. When we define p(x) = 1/ [dz, we see that the form of the entropy
functional is invariant under coordinate transformations

p(x)

Hipl gl = = [ depe)n 25 (38)
This is the relative entropy or Kullback-Leibler divergence. From Inz < z — 1 it follows that
Hlp| < 0. By construction, the maximum is attained for p(z) = p(z). The relative entropy
describes the average information contained in the distribution p(x) when what we expected was
the distribution p(z). The prior p(x) plays the role of a density of states: from the functional
derivative of the relative entropy 6 H [p|/op(z) = —1 — In(p(x)/p(x)) we see that the solutions
of the variational equations for p(x) derived above become proportional to p(z).
For convenience we might want to allow non-normalized densities of states p(z) and corre-

spondingly drop the normalization constraint for p(x). If we write [16]

5171 = [ (i) - ) - e 20 59)
px)
we obtain from the variational equation oH /0p = 0 (without normalization constraint) the
solution j(x) = p(x) with H[5| 5] = 0 as for (88).
We note that a flat prior p(x) = const. is bound to the choice of variable: Given any p(z) we
can always transform to z(z) oc [“p(z) d2’ to obtain p(x) = p(z)dz/dz = const., where =
must be restricted to a finite interval to be normalizable.
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A.4 Sampling from a truncated normal distribution

It is straightforward to generate a random variable x with a normal probability distribution

1 2
pn(T) = N S (90)

using, e.g., the Box-Muller method [17]. When taking a constraint into account, we need,

however, variables with a normal distribution restricted to some interval, x € |[a, b].

x > a: When z is restricted to be larger than some value a, a straightforward approach is to
sample normally distributed values x until we find an = > a. The probability for finding such
an z is, on average, just the integral over the Gaussian

P(a) = /OO dz p,(z) = I(a). 1)

This is easily written in terms of the complementary error function erfc(z) = 2/y/7 [dt e ?.
Fora > 0

I(a>0)= %erfc(a/\/i) , (92)

while for a < 0
I(a<0)=1-1(-a). (93)

The average acceptance probability (91) is shown in figure 11. For a to the left of the peak of
the normal distribution it is very likely that a proposed random variable x is larger than a and
thus is accepted. For a > 0 this probability is, however, rapidly decreasing to zero, meaning
that we would have to propose very many normally distributed variables x until we find one that
is larger than a. This is very inefficient, so for a > 0 we need a better approach. Following [18],
we generate random variables x > a with an exponential probability distribution

Pexp(T) = e~@=a) (94)

These are easily obtained as x = a — In(u/«a)/« from uniformly distributed random numbers
u € [0,1). To transform these exponentially distributed random numbers = > a into the de-
sired normally distributed random numbers we use the rejection method [17], accepting = with
probability proportional to the ratio p,,(z)/pexp(x) of the desired and the proposed probability
distribution functions. To obtain a probability, we introduce a prefactor to make sure that for no
x > a the ratio exceed one. Completing the square in the exponential we find

a2
1 e /2 1 —(x—oa)2/2

pacc(x; A) = 7

!
1 m = Z (S ea2/2—aa S 1. (95)
<1

For 2 > a the choice A = ¢*’/27°® maximizes the acceptance probability, which becomes

pacc(x) = ef(xfa)2/2 . (96)
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Fig. 11: Efficiency of the methods for sampling from a normally distributed variable x restricted
to the interval [a,0): For a < 0 the average acceptance probability for an unrestricted nor-
mally distributed random variable (P, (a), full line) is larger than 1/2, while for a > 0 it
rapidly approaches zero. For positive a we therefore propose exponentially distributed random
numbers (Pug(a > 0), dotted line), for which the average acceptance probability is at least

V/7/2e ~ 0.76.

The corresponding average acceptance probability is then the integral of the product of the
probability for proposing a value = times the probability for accepting it

Popla>0) = / A2 Pexp () Pace (@) = V21 ace™ /%20 [ (q) (97)

In this expression « is still a free parameter, which we choose to maximize the average accep-
tance. Solving the variational equation we obtain

a++Va?+4
5 .
We note that for a > 0, Pexp(a) has the same form as (91), differing, however, by a prefactor

o =

(98)

Yexp = V21 ae=*/2ea which grows faster than the complementary error function decays.
Therefore, as can be seen from Fig. 11, for @ > 0 this method is dramatically more efficient
than sampling from an unbounded uniform distribution. Thus for ¢ < 0 we choose the method
with 7, = 1, while for a > 0 we choose 7., Obtaining an average acceptance probability
P,(a) = (a) I(a).

x > b: When we need to sample a normal variable constrained from above we can use the
same methods as above, sampling —x > —b, with average acceptance probability Pv(—b).

a < x < b: When the random variable is constrained to a finite interval, an obvious approach
is to first sample an x € [a, c0) and to accept it if 2 < b. The average acceptance probability is
then P, (a) for proposing an z € [a, 00), times ffdx pa(x)/ [ dz p,(z) for accepting it, i.e.,

P,(a,b) = y(I(a) — I(b)) . (99)
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For large intervals this will be an efficient approach, while for narrow intervals the acceptance
will go to zero. In this case it becomes more efficient to propose x uniformly distributed on
[a, b] and accept them with probability

Pace = €@ 7m/2 (100)

where m is the coordinate at which the normal distribution assumes its maximum value on [a, b],
ensuring that p,.. < 1. When 0 € [a, b] then m = 0, otherwise m = min(|a|, |0|). The average
acceptance probability for this approach is

m?2/2

L —@m2 _ € V2r(I(a) — 1(b)). (101)

—a b—a

b
P,(a,b) :/ dx 5

Again, (101) differs from (99) only by its prefactor ~y,, which increases as the width of the
interval b — a becomes smaller.
For a given interval [a, b] we then choose the most efficient method:

e a < (0 < b: Since a < 0 we have to choose between normal sampling with 7, = 1 and
uniform sampling with v, = v/27/(b — a). For ~,, = 7, both methods have the same
average acceptance probability. Solving this gives us the critical width wy = v/27. For
intervals b —a < wy we thus use uniform sampling with -,, otherwise ~,,. The worst case
is P,—1(0,wp) = 1(0) — I(wp) = erf(y/7)/2 & 0.49.

e 0 < a < b: Since a > 0 we choose between exponential sampling with e, =
V2mavem@ /20 and ~, = 271 e®/2/(b — a). Solving Ve, = 7 gives the critical
width w- (a) = e(*%°/2/o. For intervals b — a < w-(a) we use uniform sampling
with 7, otherwise Yex,. The worst case is Py (0,w=(0)) = 7Yexp(1(0) — I(VVe)) =

Vm/2eerf(y/e/2) ~ 0.68.
e a < b < 0: We sample —z in the interval from —b to —a as described above.

Overall, we can thus sample from a truncated normal distribution with an average acceptance
larger than erf(/7)/2 =~ 0.49.

The generalization to sampling from a Gaussian distribution exp(—(z—p)%/20?)/v27w0 of
variance o centered at y restricted to x € [a, b] is then straightforward: use z=0%+p, where 7 is
sampled, as described above, from a normal distribution (90) on the interval [(a—u) /o, (b—p)/0].
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12.2 Hartmut Hafermann

1 Introduction

Correlated materials are at the heart of modern solid state physics. These strongly interacting
many-body quantum systems can display such diverse phenomena as the Mott transition [1],
non-Fermi-liquid and heavy-Fermion behavior [2], and high-temperature superconductivity [3].

At the same time they pose one of most difficult theoretical challenges. The reason is that they
are in the middle of two extremes. In solids with broad energy bands electrons can largely
avoid each other while moving through the crystal. The properties of such materials are suc-
cessfully described in a picture of nearly-independent electrons moving freely in an effective
potential generated by all other electrons as described by Bloch waves. In such a momentum-
space description the interaction is a perturbation. The framework of density-functional theory
(DFT) provides a very successful and often even quantitative description of the microscopic
properties of such materials, including simple metals like aluminum, or semiconductors and
band-insulating materials. It may even be used to design materials with desired properties.

When electrons cannot avoid each other, the process where an electron hops to a neighboring
occupied orbital may be energetically so unfavorable that electrons will remain localized. Mott
showed that this scenario can be understood in a real-space picture. These Mott insulators are
erroneously predicted to be metallic by band theories, with a classic example being NiO.

Strongly correlated materials are in the middle of these two regimes and exhibit a delicate bal-
ance between the kinetic and potential energy. Their name emphasizes the fact that the motion
of electrons in these materials is correlated in the true sense of the word: they do not move
independently. Neither a real-space nor a momentum-space description appears appropriate — a
situation which may be as hard to grasp as particle-wave duality.

Materials that fall under this category often have open d- or f-electron shells. Examples are the
transition metals V, Fe, Co, Ni, Cu, and their oxides. For example, CuO planes determine the
properties of the high-temperature superconductors. Small microscopic changes can have dras-
tic macroscopic effects. These materials are typically very sensitive to externally controllable
parameters, such as pressure and doping, and are therefore promising candidates for applica-
tions. The development of reliable theoretical tools to calculate their material specific properties
therefore remains one of the primary concerns of modern theoretical condensed matter physics.

An exact solution of the many-particle problem is clearly out of reach and we have to resort to
approximate methods. Naturally, certain limiting cases are the most accessible. In the opposite
regimes of weak and strong interaction, diagrammatic perturbation theory allows us to make
quantitative predictions. Importantly, it also provides us with the intuition for the underlying
microscopic processes. We will discuss the foundations of diagrammatic perturbation theory
below. In correlated materials, however, where the kinetic- is of the order of the potential energy,
such a perturbative description necessarily breaks down. In this regime dynamical mean-field
theory (DMFT) has provided important insights [4]. It becomes exact in both the localized
and noninteracting itinerant regimes and in the limit of infinite dimensions or coordination
number [5].
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Correlated materials typically are not close to any of these limits. While DMFT describes the
important strong local temporal correlations, as a mean-field theory it completely neglects spa-
tial correlations. This shortcoming is well illustrated by the fact that DMFT correctly predicts
the temperature dependence of the local moment in the transition metals iron and nickel, but
overestimates their Curie temperatures. Phenomena in which the electrons are qualitatively
affected by the presence of extended collective excitations cannot be described within DMFT.
Because of the complexity of the problem, there is not a single method which gives ’the best’ an-
swer. Instead, we are aiming to study the problem using different approximate methods. These
will have inherent limitations and exhibit limited parameter ranges of applicability. We may
be even unaware of the precise nature of these limitations. It may therefore not be possible to
distinguish true physics from artifacts of the method, so that we risk drawing the wrong conclu-
sions. The approach of the theoretical physicist will therefore be to apply different methods to
obtain complementary viewpoints and, step by step, draw a complete picture of the underlying
physics.

In this lecture, we will concentrate on the so-called diagrammatic extensions of DMFT [6].
These form a relatively recent class of methods which come in different flavors. They never-
theless all build on the common idea to formulate a diagrammatic perturbation theory around
DMEFT as the starting point, with the main goal to describe the effect of spatial correlations.

In the following we first describe the Hubbard model, which is believed to capture essential
properties of correlated materials, and briefly introduce the Green function as a probe for its
properties. We then formulate the basic equations of dynamical mean-field theory and sketch
the mathematical foundations of diagrammatic perturbation theory. After a brief introduction
to diagrammatic extensions of DMFT we develop a diagrammatic perturbation theory for cor-
related systems by the example of dual fermions. We conclude this chapter with the discussion
of some illustrative results and an outlook on further developments.

1.1 Hubbard model

The Hubbard model describes electrons hopping from site to site on a lattice as depicted in
Fig. 1, with a probability that is determined by the hopping-integrals ¢. Whenever two electrons
occupy the same site, their mutual repulsion incurs an energy penalty U. Because of its simplic-
ity it is probably the most widely studied model in this context. For concreteness we consider
the two-dimensional single-band model whose Hamiltonian is given by

H=—t Z CZTUCJ-U +U Z NN - (1)
(i i

Here the indices label the sites on the lattice and the first sum in the kinetic term is over all pairs
of sites or bonds.

In the absence of interaction, we can simply diagonalize the kinetic energy term in reciprocal
space: ), €k cLaCka' The second, potential energy term is apparently diagonal in the real-
space occupation number basis. In the opposite regimes of large and small interaction, we
can either view the kinetic or potential energy as a perturbation and formulate a diagrammatic
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Fig. 1: Left: lllustration of the Hubbard model showing lattice sites on which electrons interact
with Hubbard interaction U (red) connected by bonds through the hopping integrals t. Right:
DMFT picture of model showing a collection of decoupled sites exerted to an electronic bath,
as indicated by the blue spheres.

perturbation theory. We will however primarily be interested in the case where the interaction
becomes comparable to the bandwidth U ~ W = 8¢, where such a perturbative description
necessarily breaks down.

A complete solution would provide us with the entire spectrum of the Hamiltonian, which would
completely specify the equilibrium thermodynamics of the model and include information even
on many-particle correlations. A much simpler object is the single-particle Green function. The
Matsubara Green function

1 ~ N
Gojay(T1 — T2) = ~7 Tr (eiﬁ(H*“N) T:c,, (7'1)CL2 (72)) , 2)

where [ denotes inverse temperature, completely specifies the thermal single-particle prop-
erties. It can be viewed as a probe of the system: A particle inserted into the system in a
certain state apy = {io} at time 75 evolves until we remove it in state «; at a later time 7.
The Green function is the thermal average of this process and tells us how electrons propagate
in the system. For this reason, it is sometimes called a propagator. The bosonic (fermionic)
Matsubara Green function is a 2(3-(anti-)periodic function of imaginary time. As a result, its
Fourier representation is a function of odd v,, = (2n + 1)/ (fermionic) or even v,, = 2mmn /3
(bosonic) discrete Matsubara frequencies. This simplifies calculations significantly. The re-
tarded Green function is obtained from the Matsubara Green function through analytical con-
tinuation w,, — w + 40", which allows to compute the density of states. The latter contains a
wealth of information and, for example, tells us whether a system is metallic or insulating.

1.2 Dynamical mean-field theory

DMEFT has been an important step towards the understanding of correlated electrons in solids.
One of the challenges is to reconcile two vastly different energy scales to describe the redistribu-
tion of spectral weight through the interaction. DMFT for the first time allowed a simultaneous
description of both the long-lived coherent quasiparticles and the short-lived incoherent high-
energy excitations. The former give rise to the ’quasiparticle peak’ and the latter lead to broad
Hubbard bands in the electronic spectrum.
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DMEFT fully accounts for the local, time-dependent quantum fluctuations. We can understand
this by viewing it as the quantum analog of classical mean-field theories, which provides an
intuitive understanding of the approach. The construction of an approximation, in analogy to
the classical case, results in a nontrivial mean-field theory. The mean-field can no longer be
represented by a single number, but rather by a time or frequency-dependent field, hence the
name 'dynamical’.

The electronic self-energy may be expressed as a functional of the Green function. The central
approximation of DMFT is to assume that this functional is purely local and a functional of
the local Green function only: X~ = X[G"°]. Under this assumption, we may write the DMFT
lattice Green function in the form

DMFT 1

Gl = w o+ p— e — X[Ghe] )
The right-hand side is a functional of the local Green function G = + >, GPMFT. This
is a complicated self-consistent problem. The unknown local Green function determines the
self-energy, which in turn fixes the local Green function.
Even if we knew G'°¢, we still had to sum all diagrams for the local self-energy. As shown by
Georges and Kotliar [7], we can introduce a local effective quantum impurity model as a tool to
accomplish this. Often an Anderson impurity model is used whose action reads

Simplc”, c] = —Z Golw+p—A) o+ U Z Nt N 5

vo w

where v are fermionic and w are bosonic Matsubara frequencies. Here we have introduced
the hybridization function 4A,, which plays the role of a frequency-dependent Weiss field. In
this description the lattice no longer enters explicitly. Instead we can picture the situation as a
given lattice site immersed in a structureless ’bath’ of conduction electrons. We can imagine
that such a description becomes more and more accurate when the coordination number grows
large. Electrons can hop from the bath onto the impurity and back. Because of the mutual
repulsion when two electrons occupy the same site, the dynamics will strongly depend on the
time spent on the impurity. The Weiss field and Green function will therefore still have a non-
trivial energy dependence. As we can see in the illustration in Fig. 1, however, different lattice
sites are completely decoupled in the DMFT description. The motion of electrons in different
parts of the lattice is no longer correlated. We say that DMFT neglects spatial correlations.

By solving the impurity model for a given hybridization we obtain the impurity self-energy and
Green function, which are related by a form of Dyson’s equation,

1
T A,

9v “4)

We could attempt to do this perturbatively. As for the lattice, this will, however, not work in
the strongly correlated regime we are interested in. Since the problem is local, it is nevertheless
simpler than that of the lattice. Fortunately, sophisticated and accurate methods exist to solve
it efficiently and in particular to compute the impurity Green function g, = — (c,,(,c,"j(,>imp.
Notable examples are continuous-time quantum Monte Carlo methods [8].
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The hybridization function encodes the dynamics generated by all electrons on average and is
a priori unknown. Instead of finding the local lattice Green function, the problem has been
reduced to determining the hybridization self-consistently.

If we identify the impurity self-energy with that of the lattice, the hybridization will determine
the right-hand side of (3). If we additionally identify the local lattice Green function with
the impurity Green function, we obtain the following equation that implicitly determines the
hybridization function

1 1
L , 5
9 Ngg,jl—i—A,,—sk ()

This equation is the only place where the structure of the lattice enters in DMFT, namely in the
form of the dispersion &y.

In practice, we obtain the self-consistent solution by repeatedly solving the impurity model.
Starting from an initial guess for the hybridization, we can iteratively update it based on the
solution of the impurity model according to

A, A +&(g " — (G, (6)

where G'° is calculated from (3) using the impurity self-energy. A solution is found once the
impurity Green function equals the local lattice Green function: g, = G, ¢ €]0,1[is a
parameter to control the convergence speed. The loop typically converges in a few iterations.

2 Diagrammatic perturbation theory

Perturbation theory can be applied when the problem at hand is close, in some sense, to a
solvable reference problem. This implies that it can be described in terms of a small perturbation
of this reference. Often the reference problem is the non-interacting one and the perturbation
series is a series expansion in powers of the interaction. Wick’s theorem allows to express the
result in terms of the interaction and products of the known non-interacting Green function.
If the coupling, U in case of the Hubbard model, is small, the series will converge to the exact
result within any desired accuracy after a finite number of terms. If this is not the case, one may
attempt to obtain an approximation by summing an infinite partial series of dominant terms.
The expressions in the expansion become, however, increasingly difficult to handle with in-
creasing order as we will see in a few examples below. In addition the number of terms grows
factorially. It helps to visualize the expressions in terms of Feynman diagrams, where one as-
signs a symbol to the interaction and depicts non-interacting Green functions as lines. This
yields a diagrammatic perturbation theory. The usefulness of diagrammatic perturbation theory
hinges on the following simplifications.

The linked cluster theorem significantly simplifies the problem, because it allows one to con-
centrate on connected diagrams. Another simplification is obtained by gathering diagrams with
the same structure which yield the same contribution. Finally, one can formulate a set of rules
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which allows one to obtain the analytical expression corresponding to any diagram just from its
structure, without the need to consider the term in the expansion where it came from.

The diagrammatic perturbation theory is often developed in terms of expectation values of time-
ordered second-quantized operators. The theory can equally well be formulated in terms of path
integrals. In case of fermions these are coherent state path integrals. Instead of operators we
integrate over Grassmann variables to capture the fermion statistics. The expressions are for-
mally very similar and it is often straightforward to translate from one description to the other.
The dual fermion approach and the associated perturbation theory are formulated in terms of
coherent state path integrals. We therefore briefly introduce them and formulate the perturba-
tion theory in terms of them. An excellent introduction to coherent states and the coherent state
path integral can be found in [9].

2.1 Coherent state path integrals

For concreteness, we consider systems of fermions. Starting point for the description of the
thermodynamic properties of quantum many-particle systems is the grand canonical partition
function Z = Tre BUH-#N ), where H is the Hamiltonian in second quantized form, N is
the operator of the total particle number and the chemical potential ;. controls the number of
particles of the grand canonical ensemble.

Let us first recall the properties of coherent states. Coherent states |¢) are eigenstates of the
annihilation operator ¢, with eigenvalue ¢,: ¢, |¢p) = ¢, |¢). For fermions, the eigenvalues
are Grassmann numbers. The most important property of the Grassmann algebra is that its
generators anticommute: ¢,¢s + dgdo = 0. This implies in particular that ¢2 = 0. It is
straightforward to show that the state

j9) = e~ Zatoct|0) = [T (1 — ¢ach) [0) (7)

has the desired property. The adjoint of the coherent state is (0| [ ], (1 + ¢},c,). The overlap of
two coherent states follows straightforwardly:

(61¢") = O T[(1+ 8e) TT(1 = dwrch) [0) = [T + ¢26,) = eXe?% (®)

o «

The matrix element of a normal-ordered operator A[cl, c] therefore is given by

(] Alcl, c,] |6) = (Bl@) AL, Bo) = €2 Pa% A[¢7, ¢,]. 9)

The following closure relation is essential for the formulation of the fermionic coherent state
path integral:

[ T déndo e =evion o) ol =1 (10)

The coherent states form an over-complete set of states in a generalized Fock space, that is, the
set of linear combinations of states in the Fermion Fock space with coefficients in the Grass-
mann algebra. Any physical Fermion state can be expanded in terms of them.



12.8 Hartmut Hafermann

Given two states [¢)) and |¢) in the Fock space, it follows from the anticommutation relations
of Grassmann numbers that (1;|¢) (¢|1);) = (—¢|v;) (¥;]¢). For a complete set of states {|n) }
in the Fock space, the trace of a second quantized operator A can be written

A= 3 ol Al = /ch 6, 5 3 (016) (61 Al
/ch 6,0 (0| AT ) Gl
= / [T donde, e =%t (—g Alg) . (11)
With these prerequisites, the grand canonical partition function can be expressed in the form
7 Ty e—BU—pN) _ / [ détdg, e Setate (—g| =8E-18) ). (12)

where for fermions, the trace imposes antiperiodic boundary conditions.

We can obtain a coherent state path integral representation of the partition function by viewing
the exponential as an imaginary-time evolution operator describing the evolution of the state
from time zero to 5. While its matrix elements cannot be evaluated directly, we can exploit the
fact that the infinitesimal evolution operator can be obtained in normal-ordered form. To this
end, we break the time interval [0, 3] into M time steps of size ¢ = /M, such that e~ #(H 1Y) —
<€—e(H—pN))M_

The second quantized operator e—<(H=1N) i5 in approximate normal-ordered form, up to a cor-
emH-pN) — . c—e(H-uR) . L O(e2). Using (9), to evaluate the matrix

elements, we can write the partition function in the limit € — 0 in the form

rection of order €2,

/HHd¢a KAPo € P B 05 ko H (=ail 1 e 1O() [ Gapr)

k=1 « k=1

/HHd¢akd¢ake_zk 122 0(d ok Pak ~Po b Po - 1)— EZk 120 (H[¢ P k- = By P k- 1)

k=1 «

/ HHdobakdob ~Wanbanal, (13)

k=1 «

where ¢, 0=— ., 1 because of antiperiodic boundary conditions and we have defined the action

Sl¢ar ¢a) (ZZOM (bak - — 1Pk Pak—1 T H[¢Z7k>¢a,k—l]> : (14)

k=1 «

In the limit ¢ — 0, it is convenient to introduce the notation

ok T Yo,k— * a *
G PE T — (1) Do), b et = HIOA(D), 040 (19



Diagrammatic Approaches 12.9

Splitting the Hamiltonian into a one-body operator and an interaction, H = ) e ¢5¢, +

V0g:(T), ¢,(7)], the path integral can symbolically be written in trajectory notation as

7 — DI% (1), b, (1) €= o T (ZabaFrteamba+VIL ) (16)

ba(B)=—0a(0)
Formally, the problem has been reduced to quadrature. We have to integrate over all possible
realizations of paths ¢ (7), ¢ (7), weighted by the exponential of the action S[¢? (7), ¢, (7)].
In general, it amounts to computing high-dimensional integrals, so that Monte Carlo methods
are particularly suitable for this task [9,8]. It must be kept in mind that even though the notation
suggests it, it neither implies continuity nor differentiability of the paths and all quantities are
defined in terms of the discrete expressions (13) and (14).

2.2 Perturbation theory

In the following, we will develop a perturbation theory based on the path integral formulation
of the partition function and the Green function (2),

Goson( = 7)== [ DI, 0D 0N, (g (). 1D

Given that the fermionic path integral always implies antiperiodic trajectories, we omit the
indication here and in what follows. Furthermore we need not explicitly indicate the time-
ordering, remembering that it is implicit in the construction of the path integral.

We can view Green function as a thermal average over the interacting system, as symbolized by

the following notation: G, a, (71 —72) = — <d)a1 (11) %, (72)>. We readily obtain a perturbation
expansion of the single-particle Green function in powers of the interaction
Z *
Goyan(T1 — T0) = _70 <e*f05 dTV[Qba(T):d)a(T)}(bal (Tl)¢:;2(7'2)> (18)
0

X (_1\n /B
=2 S [t ar (VI oul)] VI, (5] () ()

n=0
The partition function of the non-interacting system, 7, is obtained by setting the interacting
V = 01n (16). It remains to evaluate the non-interacting average over a product of Grassmann
fields arising in above expression. This is accomplished using Wick’s theorem, which allows to
express it in terms of a product of non-interacting Green functions. Wicks’s theorem is usually
formulated in terms of second-quantized operators. In its familiar form it states that the non-
interacting expectation value of a time-ordered product of operators can be written as the sum
over all complete contractions. A contraction of two time-dependent operators is defined as a
symbolic pairing of these operators, which evaluates to their non-interacting expectation value.
In a complete contraction of a set of an even number of fields, each operator is paired with
exactly one other. Having defined thermal expectation values in terms of Grassmann fields, we
can equally well write a contraction in terms of them

¢o¢1 (7—1)¢22 (7_2) = <¢a1 (7—1)¢32 (7_2)>0 = _Ggqocz (Tl - TQ) : (19)
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In terms of Grassmann numbers, Wick’s theorem is based on the following Gaussian integral

IDI6", 6] 61, 0iy - - 03,85, - O O, € 2 i M
f (9%, ¢l e” ”¢ M”éj - Z sgn(o)M;, (1n> n M, (11) g (20)
0ESh

For simplicity we write Migl for the elements of the inverse of M. The left-hand side has the
form of an expectation value over a product of fields. On the right-hand side we have a sum over
the elements of the permutation group S,,, which is the Leibniz formula for the determinant of
the inverse of M.
Before relating this expression to the familiar statement of Wick’s theorem, we prove it by
means of the following generating function

[Dlp*, ¢le” Dij 0 Mijd+3, 5 T+,

* . ) _ M,
G(J ’ J> T fD[¢*, ¢] e~ >0 O Mijo; — ¢ ' (21)

The name generating function will become apparent below. Here the sources J*, J are Grass-
mann numbers and A is a complex matrix with elements M;;. We evaluate the following
derivatives

§*nG

_ (_1>n f,D[Qb*a gb] Giy - - - iy, ;kn 31 e 2 OiMie,
5T 0o, 0,

Dl e~ So ¥ 0

Here we have used that the derivatives anticommute with Grassmann numbers. Applying the

- (22)

same derivatives to the right-hand side of (21) yields

§2n (ez” JrM;j )
0J5 .8} 5Jjn o), e
= (=17 (5J* 8JF (Z T M5, ) (; lele;,ljJ (62” Ji*Miij)
1 J=J*=0
Z sgn(o) M} 5o M (23)

ocESn

which proves the identity (20). It remains to prove the identity for the generating function,
Eq. (21). This is readily accomplished by imposing the linear shift transformation whose Jaco-
bian is unity (summation over repeated indices implied),

O = L+ M, i bt M (24)
upon which the exponential on the left-hand side of (21) transforms to
exp(— ¢y Mijd; + &i i + Ji i) —  exp(— ¢y My, + JF M) . (25)

The term containing the sources J,J* can be taken out of the integral. The numerator is seen to
cancel the denominator, hence proving the identity.
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A first application of Wick’s theorem is the evaluation of the noninteracting Green function. By
inserting the discrete matrix M,; = —(0; + €, — :U’)i_jl defined through (14) into Eq. (20) and
replacing ¢; by ¢, i in the matrix elements of the path integral, we obtain

- T () (Z4ea— T *
[DIGL(T), bo(7)] € I T Eaba (G tzaméaD)gy (7)), 67 (73)
[DIG5(T), B (7)] €= 6 47 Ea 021 (G Hea=p)da(r)

GO (7'1 — 7'2) = —

ajan

= —(0r + €0 — Wiatriiagm = Go, (T1 = T2) Gaya,- (26)

Q1 T1;027T2

This shows that the non-interacting Green function equals the inverse of the matrix — ( %—i—ea —[4)
and allows us to recast the action in the following form

B

S[0a(7), 9a(7)] / (Zcb (1) G5 (7o — Taz)%(T)+V[¢Z(T)7¢a(7)]>- (27)

0

Similarly, with M;; = —(0;+€, —,u)” ,
average of fields. The right-hand side evaluates to a sum over products of non-interacting Green

the left-hand side of Eq. (20) equals the non-interacting

functions, or, by means of Eq. (19), to the sum over all complete contractions. To see this, we
note that the sign of the permutation apparently equals the sign of the permutation that brings
the fields in each contraction next to each other in the desired order.

With Wick’s theorem at hand, we can evaluate the non-interacting expectation values in each
term of the perturbation expansion for the Green function. This allows us to obtain successively
more accurate approximations. The result is expressed in terms of the coupling and the known
non-interacting Green function. As will be shown below, we can depict these elements with
symbols and draw a diagram for each of the resulting expressions to obtain a diagrammatic
perturbation theory.

The right-hand side of Eq. (20) contains a sum over all permutations of indices, so that the
number of terms grows factorially with order. The construction of perturbation expansions in
practice would be hopeless without two major simplifications.

The first simplification is based on the observation that different contractions at a given order
can lead to structurally identical diagrams, which give the same contribution to the overall
result. Instead of enumerating all of them, their multiplicity can be accounted for in terms of
combinatorial factors. Another major simplification is given by the linked-cluster theorem: Any
diagram generated by the perturbation expansion (18) can be decomposed into two parts: one
is a connected part with an incoming and an outgoing line which stems from the contractions
involving ¢, (71) and ¢,,(72). The second part is a (not necessarily connected) part consisting
of diagrams without external lines contributing to the vacuum amplitude. It is straightforward
to verify that the perturbation expansion of the partition function,

Z
- [Jarviea(r Q<r>}> 8
7 =1 . (28)

generates all the disconnected vacuum fluctuation graphs that appear in the expansion of the
Green function. The linked-cluster theorem states that the logarithm of the above expectation
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value, or In Z/Z,, yields the sum over all connected graphs. An important consequence is
that this contribution exactly cancels the factor (Z/Z,)~! in the expansion of Green function,
Eq. (18). As a consequence, when evaluating the perturbation expansion of G, we only have to
take into account the fully connected diagrams with external lines.

3 Diagrammatic extensions of dynamical mean-field theory

We have seen that diagrammatic perturbation theory is a powerful tool to construct approxi-
mations starting from a solvable reference system. The problem we are facing when dealing
with strongly correlated systems is that neither the non-interacting, nor the localized limit are
appropriate starting points. DMFT, on the other hand, already includes the presumably domi-
nant strong local temporal correlations. It would hence be desirable to include the effects of the
presumably weaker spatial correlations beyond DMFT perturbatively.

It turns out that there are different ways to systematically construct a perturbation expansion
around DMFT. It is crucial, however, that the DMFT reference system is solvable. Here and in
contrast to DMFT solvable means that not only the single-particle Green function, but at least
the two-particle and in principle all many-particle Green functions are assumed to be known.
Fortunately, reasonable approximations can be constructed from the knowledge of the single-
and two-particle Green function only. The need to compute higher-order correlation functions of
an impurity model explains why the first works of this kind appeared only around ten years ago.
To a large extent these developments were driven by the advent of continuous-time quantum
impurity solvers, which allow the efficient and accurate computation of higher-order correlation
functions [8].

The first approaches along these lines were the dynamical vertex approximation (DI'A) [10,11]
and the dual fermion approach [12]. A number of different approaches followed [6]. While
the construction and the justification of necessary approximation differs for the various ap-
proaches, the underlying principle is the same: the propagators and the interaction vertices of
the diagrammatic perturbation theory are obtained from the numerical solution of the impu-
rity model. Non-local processes are described in terms of renormalized propagation between
sites and a local frequency-dependent interaction between particles. Care has to be taken in the
choice of propagators and vertex functions to avoid double counting of contributions that are
already contained in DMFT.

The advantage of such methods is that the diagrammatic expressions are relatively inexpensive
to evaluate numerically, so that it becomes possible to treat truly long-ranged correlations. The
results, however, will be approximate on any scale. On the other hand, the diagrammatic ap-
proach provides intuition about the underlying microscopic origin of the observed effects. We
will discuss some examples in the result section below.
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Fig. 2: Illlustration of the dual fermion approach. Spatial correlations neglected in the DMFT
description of Fig. 1 are mediated through dual fermions (green). The dual fermions interact
locally via n-particle interactions.

3.1 Dual fermions

In the following we show how to construct a diagrammatic perturbation theory around DMFT,
based on the idea of dual fermions. We then study the perturbation expansion in detail and
formulate the rules of the diagrammatic perturbation theory.

As in conventional perturbation theory, we separate the problem into a solvable reference system
and a perturbation. The underlying idea is to treat the strong local correlations on the level of the
single-site impurity model and to embrace the presumably weaker coupling between the sites
perturbatively. A diagrammatic extension of DMFT is obtained by setting the hybridization
function equal to its DMFT value.

In the Grassmann path integral formalism, the Hubbard model is described by the action

Sle*, ] = — Z oW+ p—ex)e,, + UZ”an—wiv
vo w

We can formally add and subtract an arbitrary hybridization function at each lattice site. The

lattice action can then be expressed in terms of the impurity action as follows

Shar|c”, ] = Z Simp|C; s €] — Z Chveo (AV — 5k) Chvo - (29)
i kvo
In this form, the lattice problem can be viewed as a collection of impurity models at each lattice
site, each with their own electronic bath. The sites are spatially coupled by a hybridization- and
dispersion-dependent term. In principle it is possible to develop a perturbation theory around
the impurity model (and around DMFT for a correspondingly chosen hybridization function)
directly from this starting point: We could change the basis to transform the second term to
a sum over sites instead of momenta and expand the path integral Z = [D[c*, ¢| exp(—Siau)
in that second term. The integration over the fields c*, c could formally be performed and

would give rise to averages of the form <c ..Chc, >imp. There is clearly no Wick theorem

SN N

in this case, but we could nevertheless conipute at ljeast some of these impurity correlation
functions numerically and evaluate the perturbation series. It turns out that the dual fermion
approximation is a clever resummation of diagrams appearing in this approach [13].

To derive it, we first take a somewhat different route. Here we decouple the impurity models

by introducing new fermionic fields f, f*, the dual fermions. This is achieved by means of
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a Hubbard-Stratonovich transformation. Formally this transformation is a Gaussian integral
which we can obtain by generalizing (21) using the substitutions

¢: — fi*7 ¢j — fj, Jz* — C;k-bji, Jj — bijcj> (30)

which yields
[DIf*, fle” 25 Ji Mij fi+325 fibijej+¢ibig f

— ikt € by M, k bklcl ( |)
— e~~ij i . 3
f’D[} *7 J ] (& Zij fi Mij £

Letting Migl = A, — ey and setting the coupling between the physical and dual fermions to the
local quantity b;; = — gigl, we obtain the partition function in the form

Z = Df/D[f*’ f] e_zkvo' ff:yo-g’jo} (AVU—gk)ilg;UlkaO‘ /D[C*, C] e_zi(Simp[c'?ﬁi}—"_silf[c:?ci; z*7fz])
(32)
Here Dy is a determinant which arises from the numerator in Eq. (31) and which will be irrel-
evant for the calculation of expectation values. The term S is the local coupling between dual
and physical fermions

Selles & £ A1 = 3 (Fio 90 oo+ €l 90 ).
The goal is to arrive at a representation which depends solely on dual variables. We can formally
perform the second integral by expanding the exponential in powers of S.;. We can do this for
each site ¢ separately. For a translationally invariant system, the result will be site-independent

/D[Cj7 Cz]e_Simp[cz7Ci]6_SCf[chCi;fi*’fi} - Z <_n1|)n <( Z (fya gl/o' Cyo + Cua gya fl/U)) > .
. imp

n=0 vo

T, even
Only even orders contribute since the Gaussian integral over an odd number of ¢ and ¢* must
vanish due to particle conservation. Let us exemplify this step for the first non-vanishing term.
We have

%Zz<f;agua Cuo Vo"gyg fz/a +Cuagyo- fl/o'fl/o'/gyo'/cljo'>lmp

vo vio!

_Zzgya gya Cuo I/O’>1mp 0 = —wag Vo) (33)

vo v'o’/

where in the first line we have used the anticommutation relations to bring the two terms into
the same form. In the second line we have used the definition of the Green function for the

impurity, (¢,,C}s)imp = —Yvo O’ dge’, Which is diagonal in spin and frequency.

We can apply the same procedure to the higher order terms. For example, the fourth-order term
involves averages of the form

ooo’o’ -
Gov'w <

Cuacu+w oCur +w, U'/Cl/ o’ >1mp : (34)
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The result of this expansion can be cast into the following form
7SC‘[C;<,CZ-; ;»fl] — * -1 _ v, *
In{e™" Vi = = D L G Juo = VI, 1) (35)

As one might expect from the linked-cluster theorem, the left hand side generates the connected
correlation functions of the impurity model coupled to dual variables. To leading order, the
resulting dual interaction is given by

(7T L% 1 01020304 p* *
V[f 7f] = _Z Z 71/;’5 ° 4f1/0'1fu+w,o’2f1/+w,0'3fu’0'4 +. ) (36)
where -y is the reducible two-particle vertex of the impurity model
coo'o! .__ ggg/i]’a’ - 591/0 9uv's! 64,.; + ﬁgyo Gv+wo 51/1/’ 500’

Yov'w T

(37)

Gvo Gu+w,o0 9v'+we’ Gu'o’
The higher-order terms contain the three-particle (six-leg) and higher-order vertices describ-
ing the interaction between a successively larger number of particles. In terms of the original
Hubbard interaction, the vertices correspond to the sum of many high-order processes.
Combining Egs. (32) and (35), we see that the action in dual variables is given by

S == fire G frvo + VI 1] (38)

kvo

and the dual Green function is identified from the bilinear terms in the same two equations as

Goo = (902 + (Ao —21)) ™ = Guor (39)

We have reformulated the problem in terms of a Green function and an interaction which can

be computed given the solution of the impurity model. The interaction, however, is rather
complicated and frequency-dependent. So what have we gained? To see this, we first establish

a connection to DMFT by noting that by means of (3), the bare dual Green function can be

DMFT

written in the form G,

— gvo. While the hybridization function is arbitrary by construction,

0
kvo

see Eq. (29), we can fix it through the self-consistency condition ), GO = 0. It apparently
corresponds to the DMFT self-consistency condition discussed in Sec. 1.2.

At this point we have used the bare dual Green function and have not taken the dual interaction
into account. DMFT corresponds to the case of non-interacting dual fermions. This is not
surprising, since in the DMFT description sites are decoupled. It means that even the lowest-
order corrections based on the action (38) will already introduce corrections beyond DMFT.
Once diagrams are taken into account, the hybridization function can be fixed using a similar
condition on the interacting dual Green function, Zk ka = 0. This corresponds to the sum-
mation of an infinite partial series: all diagrams with a local propagator are eliminated from the
expansion. This property is unique to the dual fermion approach and highlights the fact that
the dual Green function is not a physical, but rather an auxiliary quantity. Since we have used
an exact transformation to introduce the associated field, we can nevertheless establish exact
relations between dual and physical quantities. In particular, the physical self-energy is given

in terms of the dual self-energy X by .
- 2xvo
Zkua = le,rgp + ~k

_— (40)
1 + Zkyagucr
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3.2 Perturbation theory for the dual propagator

We are now in the position to construct the diagrammatic perturbation theory for the dual prop-
agator and the dual self-energy. To this end, we explicitly expand the path integral in powers
of the dual interaction and apply Wick’s theorem to evaluate the resulting expressions. We will
show a couple of example diagrams to illustrate the procedure. We then describe the particulari-
ties of the dual perturbation theory, namely the determination of combinatorial prefactors of the
diagrams and how to determine the sign of resulting expressions. Finally we arrive at the gen-
eral Feynman rules for evaluating the expression of any diagram appearing in the diagrammatic
perturbation theory.

To have a more condensed notation, we gather frequency-, spin and other possible indices into
a single Greek index. To emphasize that the diagrams describe non-local corrections, we write
the positions explicitly and use Latin indices for them. To further clearly mark external lines
of a diagram, we use the combined index 1 = {i;, a; }. Even though the three-particle vertex
~(6)

generalizes to higher-order vertices.

is often neglected in actual calculations, we consider it here to illustrate how the theory

We start from the definition of the dual propagator

Gia =~ (1if5) == [ DU S s 00, @)
where the dual action is given by
S ==Y 2% fs+ D _Vilf5 £l (42)
k,af %

Formally these equations have the same form as those discussed in the introduction of the
diagrammatic perturbation theory. This means in particular that we can make use of Wick’s
theorem and the linked cluster theorem. We can therefore concentrate on connected diagrams.

Before considering the diagrams, let us first derive some explicit expressions. The perturba-
tion series is generated by expanding the exponential appearing under the path integral in the

interaction
S ViIfE f. * 1 *
e =V = 1=} VAT Fl 5 D VS RIS = Zk L FViLES £ Vilf fol+
7 1,) 2575
(43)
The zero-order term yields the bare dual Green function
~ ]_ % * — a *

Ghp == / DIf* flfifs e 0, (44)
with So[ f i, fl==>usfa éggl [f5- The next order gives two local contributions for the Green
function (G13, one from each of the vertices

1 * * X * —So[f*
(‘1) D Vs / DU VS5 Fiad il fis €10, (45)

1 R *
<%) Z 72‘(23756( /D[f*v f] f1f;fz2fzﬁfz>;fzafztfz< e~ Sl 11 (46)
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The second-order terms (only those involving (4 and v(9)) are

1/ 1)’
_5(_1> 277,(;1?3757]&)\“1// [f f] f1f2fzafzﬁfz7fz(5f]nf])\ jpd jv G_SOf /] (47)

.3

) va Yok e / DI f) fufsfiisli FsFif it Fitic eS0T 48)
%) Z’ym)\;we( ’Yjaﬁ'yé/ [f f] f1f2 fmfz)\fwfwfzefz(f]af]ﬁfyyfjé e_SO[f* 1] (49)

( ) 271(2)575({ ’yjn)\,uupn/ [f f] f1f2 fw‘fzﬂfw‘f25flEfZCf]HfjAijf]yf]p in 6—50 1* ]
(50)

Likewise, the third-order term involving only the two-particle vertex 7% is the following:

]. 1 3 4 _ *
+§ <_Z) Z’yz(a)ﬁmif}/g(n)kuyf}/kegpn/ [f f] f1f2 fzafz,é’fwfzéfjnf])\f]ufgufkefk{fkpfkn Solr* ]
igik
D
The terms quickly grow very complicated and it is hard to see the structure in these expressions.

In the following we show how we can represent the relevant contributions in terms of diagrams.

3.3 Self-energy diagrams

In general we can use the Dyson equation to sum infinite partial series of diagrams. We therefore
concentrate on one-particle irreducible self-energy diagrams in the following. We obtain these
simply from diagrams for the Green function by omitting the contractions corresponding to the
external lines (those connecting f, and f5). With the exception of diagram a), which we include
for illustration, we omit any diagram with a local closed loop on at least one of its vertices. Their
contribution vanishes because the local part of the dual Green function is taken to be zero via
the self-consistency condition. A contraction in the following is defined as f,, fi; = —Gijap-

We simply write G instead of G° because the expressions are also valid when written in terms
of the interacting Green functions.

e Diagram (a)

) 8
a B
This diagram is derived from (45). The corresponding pairing or contraction is
+ Sl ialislinfis = —Fifiafisfifighs = (—1)* G110 Gig2Glisy - (52)
1 | I— | — | —

The combinatorial prefactor of a diagram is the prefactor of the contribution times the number
of pairings that lead to the same (topologically equivalent) diagram. Apparently we obtain
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the same diagram if we exchange the ’incoming’ points of the vertex (marked by open circles
in the figure) or the outgoing ones. This yields 4 pairings which result in the same diagram,
which cancels the prefactor 1/4 of the vertex. The corresponding correction to the self-energy

is thus Ez‘(ialﬂ = - ,;(;1)575 é’u’&w-
e Diagram (b)
5. A ONF
a B [

This diagram yields the first non-local correction. The relevant term in the perturbation ex-
pansion is (47). The particular pairing corresponding to this diagram is:

il a0 Sl = ~afinfsfindn S fa el fi

L — |

= (=1)° Gria Gijpu Gjiry Gijor G (53)

There are 16 different pairings that correspond to the same diagram. We can count them as
follows: Draw two squares corresponding to the two vertices. There are four possibilities
to connect an incoming line (two on each vertex). After attaching the incoming line to say,
«, there are two possibilities to attach the outgoing line, since it must be connected to the
other vertex to yield the desired diagram. Connect this line to v. Now there are two more
possibilities to draw a directed line connecting the two vertices: A line going from the left to
the right vertex can only be connected to one point on the left vertex, but to two on the right
one. After this line is connected, say from v to A, there is only one possibility to connect the
remaining two lines. The number of equivalent pairings is thus 4 - 2 - 2 = 16. The correction
to the self-energy is hence given by

(b) lw @ a & ¢
ijov — _5 iaByd ,yjn)\uu 1jBu Gji/\’Y Gij&“C : (54)

@

e Diagram (c)

This diagram appears in the two terms (48) and (49), which differ in the order of vertices. The
corresponding pairing is

Ifaliatisli FishicFiclinfinfinliv = Th Fiaf s Fiy FisFiuf s FickicFiufista
Sty P R T s L d gA iy 36 g v ies 1 dud 1B

I

= (_1>661 iaéji)\'yGijénGjiueéijc,uéiﬁ2 . (55)
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Counting the number of equivalent pairings as before yields 36. The self-energy correction
therefore reads

1 6 4 A = =
Ez(zCZzB = (Z) Z ’Yi(a,)B'yéeC ’y]('n)/\,uu Gji/\v Gij5:‘i Gji’/f GijCM : (56)
J

e Diagram (d)

\
2

This diagram stems from (50). It corresponds to the pairing

ffinfofdslidiclisd il ilinlndi =hfinfalin it uf il fidicl il

=(=1)"C11aGij5pGiivy GijonGiineGijenGina-
(57)

Here the number of equivalent pairings already becomes quite large: 216. The prefactor is
hence given by (1/2)(1/36)% x 216 = 1/12. The self-energy correction reads

d 1 6 6 = ~ ~ ~ ~
z = (E Viahsec Vsihupm Giip Giivy Gijsu Giine Giien - (58)

e Diagram (e)

5 7 v ¢
a f Ko\ oo

The diagram stems from (51). The corresponding pairing is

Nl iakisl i FisF il inJ5ud s Fve werptintos == Fiak i S iut ju i fisFued inFrpF v T kn o
= mE Y 7 R R RS T R s R

:(—1)8é'1a é,‘jﬁﬁ éjiw éikée éjk)\p ijé‘u é?ﬂ
(59)

and the number of equivalent pairings is: 384. This gives the self-energy correction

4 4 4 A ~ A A
Ei(l:)an = (_1)2 fyi(a)ﬁ'w Py]('n))\uu vl(ce)(pn Gijﬁl‘f GjiV’Y Gik5€ ij/\p ijCM . (60)
J
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e Diagram (f)

The diagram stems from the same term as diagram (e). The following pairing:

hlaligl i LisF il s Fiul julrefucFeolinte ==IfialiaF jul v Fin fisFiuf inFeod ju frel i f2
l—’_l

‘

—=(—1)3G1:0GijxGricy G5 G iingGitveGin 2 »
(61)

however, leads to a topologically inequivalent diagram, as seen in the figure. The number of
equivalent pairings is also different from diagram (e) and equal to 96. The resulting self-energy
correction reads

(1 1 @ W @ A A A A
Dikay = (_Z> Z Viapys Visnw Yrecon Giisr Gricy Giou Gikap Gikve - (62)
J
We can deform this diagram as shown below by drawing the vertex in a different way. We see
that we have two parallel arrows connecting neighboring vertices. This diagram therefore de-
scribes renormalization of the self-energy by scattering of particle-particle pairs. Diagram (e)

by contrast describes renormalization through particle-hole scattering.

- F—

3.3.1 Determination of combinatorial prefactors

As we have seen, the determination of the combinatorial prefactors by counting the number
of equivalent pairings becomes cumbersome already for diagrams at moderate orders of the
perturbation theory. It is therefore desirable to have general rules to obtain these prefactors
simply by looking at the structure of a diagram. Fortunately we can derive such rules by the
following analysis:

First consider diagrams which contain no equivalent lines. Equivalent lines are equally directed
lines connecting to the same or same two vertices. This is the case for diagrams (a) and (e).
The prefactor of such a diagram is unity at any order of the perturbation theory. In order to
see this, recall that the prefactor of each vertex is 1/[(n/2)!]?, where n is the number of edges.
This applies to higher-order vertices as well. It is exactly the number of possibilities to permute
equivalent endpoints of each vertex among themselves. For example, the three-particle vertex
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has 3 incoming endpoints, and there are 3! permutations of them. We have the same number
for the outgoing ones, which yields (3!)? permutations.

An additional factor 1/m! arises from the expansion of the exponential, where m is the perturba-
tion order. Attaching a label to each vertex of one sort (e.g. two-particle vertices) to make them
distinguishable, one sees that all m! permutations appear in a complete contraction. If vertices
of different sorts are present in a diagram, the factor corresponding to the permutation of these
vertices among themselves explicitly appears in the expansion, for example the 2! terms (48)
and (49) contributing to diagram (c). Hence a diagram corresponds to the sum of 1/[(n/2)!]*m!
contributions with the same value, so that the prefactor exactly cancels.

This only holds if all ways of attaching the lines or permuting the vertices yield a different,
distinguishable diagram. If for example two vertices are connected by k equivalent lines, this
reduces the number of distinguishable diagrams (pairings) by the number of permutations of
these lines, since a permutation yields the identical, distinguishable diagram. Hence the prefac-
tor is cancelled only up to a factor 1/k! for each set of k equivalent lines connecting the same
two vertices. For example, there are two equivalent lines going from left to right and three
parallel lines from right to left in diagram (d). Hence the prefactor is 1/2! - 1/3! = 1/12. Dia-
gram (f) has two sets of two equivalent lines, while diagram (e) does not. This yields a prefactor
of (1/2!)? = 1/4 for diagram (f) instead of unity for diagram ().

For vacuum fluctuation diagrams, that is, those with no external lines and no unpaired endpoints,
additional symmetry factors arise. An example is the generic n-th order ring diagram shown
below. In this diagram, 2n cyclic permutations of the sequences (1,2,...n) and (n,...,2,1)
correspond to the same distinguishable diagram. Hence the symmetry factor of this diagram is
1/(2n). The symmetry factor is obviously unity for self-energy diagrams. The diagrammatic
rules for the dual propagator are similar to those for Hugenholtz diagrams [14].

3.3.2 Determination of the sign

Finally we need rules to determine the sign of a given diagram. For the case where the dual
potential is truncated after the two-particle interaction term, they can be obtained as follows:

A priori, 1.e., regardless of the particular pairing, the contribution to a diagram for Green func-
tion or the self-energy has positive sign. A sign of (—1)", where n is the order or the number of
vertices, arises from the expansion of the exponential. This sign cancels at any order due to the
negative prefactor of —1/4 of each vertex. In each contribution, the Grassmann numbers appear
as —ff*f*f... f"f, where the sign is due to the definition of Green function, G = —{(ff*).
Reversing the order of pairs to form a complete contraction and recalling that a contraction of
two Grassmann numbers is defined as f f* = —G, one sees that a diagram has positive sign. An
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overall sign of (—1)"* of a diagram arises due to n;, closed fermion loops, as in standard per-
turbation theory. It is, however, not obvious how to count the loops for a given diagram in the
present antisymmetrized technique, where the interaction is fully antisymmetric with respect
to permutation of its endpoints. This can be resolved by comparing with the unsymmetrized
technique, where the interaction has the form Uapys fof5/5 fs = U dap 0+5 [ f /5 f5» which can
be represented by a wiggly line as in

D (63)

Since the order of Grassmann variables is the same for the interaction 7Vasys5./5/ 5/ /5, the sign
of a diagram is obtained by replacing the square by a wiggly line as in

(R

and counting the number of closed loops (a single loop in this example). The relative orientation

(64)

of the line and the square must be kept fixed, e.g., both the line and the square in (64) have been
rotated counterclockwise by 7 /2 with respect to (63).

3.4 Dual perturbation theory in momentum space

With the above prerequisites, we are now in the position to formulate the dual perturbation
theory in momentum space. The rules to evaluate the expression for a given diagram are:

e draw all topologically distinct connected diagrams involving any n-body interaction ~y(>")

depicted by regular polygons with 2n edges or endpoints, whereof n are outgoing (in-
coming) endpoints, where a directed line originates (terminates)

e connect the vertices with directed lines, compliant with ingoing and outgoing endpoints
e with each line associate a dual Green function ékl,
e assign a frequency, momentum, orbital and spin label to each endpoint

e sum / integrate over all internal variables taking into account energy-, momentum-, and
spin-conservation at each vertex

e for each tuple of n equivalent lines, associate a factor 1/n!

e multiply the expression by (T'/N)™S~! x s, where m counts independent frequency /
momentum summations and S and s are the symmetry factor and sign described above.
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4 Numerical results

In the following, we describe two important diagrammatic approximations to the dual self-
energy and show results to illustrate their physical content.

4.1 Second-order approximation

We start with the second-order approximation given by diagram (b). We refer to it as DF(?).
Applying the above rules of the perturbation theory, we obtain the following expression

. 172 L . i y
E E 2 ooo'o o'c'oo
Ekl/o' = - 5 N2 Yov'w Gk+qy+wa Gk’—i—ql/’—i—wo” Gk/l//o.l Yo' v

k'q v'w o’

177

B §m Z Z Vglf’igék+qu+w& ék/+qyl+w5 ék/ll’a VZE/ZU' (65)

K'q v'w
Here we have left out the first-order contribution. Similarly to DMFT, we repeatedly solve the
impurity model. Contrary to DMFT the hybridization is updated to make the local part of the
interacting (instead of non-interacting) dual Green function and the first-order diagram zero.
The hybridization is therefore different from DMFT. In addition, we evaluate the self-energy in
each iteration and renormalize the Green function self-consistently using Dyson’s equation.
Fig. 3 shows results for the spectral function obtained in DF®) and DMFT just above the critical
interaction at which the model becomes insulating, which is U. = 9.35¢ in DMFT, while it is
significantly reduced by spatial correlations to 6.64¢ in DF®). The DF® value agrees much
better with the cellular DMFT value of U. = 6.05¢, which takes nearest-neighbor correlations
into account [15]. For better comparability the energy axis has been scaled by U.. We ob-
serve a significantly richer structure in the DF®) spectral function. While most spectral weight
follows the non-interacting dispersion (red line), we observe relatively broad ’shadow bands’
marked by arrows roughly following the dispersion shifted by the antiferromagnetic nesting vec-
tor g = (7, ) (blue line). These bands originate from short-range dynamical antiferromagnetic
correlations included through the self-energy correction. While the solution is paramagnetic,
spins on neighboring sites favor to align antiferromagnetically on short time scales.

Ak, w) Ak, w)

-1 -0.5 0 0.5 1 -0.5 0 0.5 1
w/UC W/Uc

Fig. 3: Momentum resolved spectral function in DF®) and DMFT along high-symmetry lines in
the Brillouin zone in the paramagnetic insulator. The DF?) spectral function exhibits shadow
bands due to short-range antiferromagnetic correlations.



12.24 Hartmut Hafermann

4.2 Ladder approximation

A more sophisticated approximation is the so-called ladder dual fermion approximation (LDFA)

\
SLDFA _ _ %l/l—h l J | | — ... (66)

The diagrams are given with with corresponding signs and prefactors. All higher-order terms

in the expansion have a prefactor of unity. The diagrams look like ladders, with an additional
Green function connecting the left and rightmost vertices to close the diagram. Here the rules
of the diagrammatic perturbation theory are crucial, because they allow us to derive expressions
for every diagram in this infinite partial series without actually carrying out the expansion. To
sum the infinite series in a practical way, we take a detour and first sum all the ladder diagrams
without the closing Green function (see Fig. 4). Applying the rules of perturbation theory and
taking into account all possible spin configurations, we can obtain the following Bethe-Salpeter

equation
ogoo'c! __ _ooo'c! T coa' g A "' o’
Fqlll/ 'w = Yoo T A7 E Yov'w Gk/'Jqu”erGk” ”Fqu Ww (67)
k//lj//o—//
o660 000’0 0G50 M A Rledededel
qu/ 'w = Twe T A7 E : Yovrrw Gk"+qV"+ka”V” qU''v'w: (68)
k// 11

Here we have omitted spin labels on the Green functions to emphasize that we consider the
paramagnetic state. The negative sign arises because we have a closed loop in the diagram.
It is easy to see that by repeatedly inserting the left-hand side into the right, we successively
generate the sum over all ladder diagrams. This is illustrated in the left of Fig. 4.

Spin seems to play a particular role here. We have two equations which differ only in the spin
labels. The first equation (67) actually corresponds to two coupled equations, one for each of
the signs of 0 = +1/2. Apparently it mixes different spin components of the vertex (there is a
sum over spins), while the second does not. To understand this, we observe that each vertex ~
has an incoming and outgoing line on the left, as well as on the right. If we interpret an arrow
pointing to the right as a propagating particle, the arrow to the left is a propagating hole. When
we read the diagram from left to right, v hence describes scattering of particle-hole pairs (the
same is true for processes from top to bottom). 777 7'7" hence describes a particle with spin o

W -0 - - - e - B -
wow e ee BN oBoG

[l m + B +
Fig. 4: Left: Bethe-Salpeter equation in the horizontal electron-hole channel and the first terms

in the infinite series it generates. Right: Vertical channel. Diagrams obtained when the vertex
v is replaced by the Hubbard interaction U (depicted by a wiggly line) are also indicated.
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and a hole with spin @ = —o entering from the left which scatter into a particle with spin ¢’ and
a hole with spin —¢’. The energy of the pair is w and is conserved in the scattering process. So
is the z-component of the spin: ¢ — o = ¢’ — ¢’ = 0. However the total spin is not. By forming

: e d(m) A Ty :
the linear combinations v, = 7,,., (—) 7,7, the two equations decouple. We may say the

scattering processes occur in different ’channels’ which each correspond to a definite value of
the total spin .S of the particle hole pair. The plus sign corresponds to the density channel, which
can be made plausible by forming the expectation value (n,n+) + (n,n;) = (n,n), while the
minus signs relates to the spin channel, as can be seen from (n,ny) — (n,n;) = (n,S,). The
latter therefore corresponds to a total spin of S = 1, while the former has S = 0. With the same
reasoning as above we see that the second equation (68) describes scattering of particle hole
pairs with projections S, = 0 + 0 = =1, so that S = 1. We have found all spin states of the

particle hole pair: S = 0,5, =0and S = 1,5, = 0,£1. In the paramagnetic case, the results
T _ M THT

v'w _’yl/u’w = ’yZ/V,oJ .

cannot depend on the spin projection and we have found the useful identity ~y
We have just performed a spin-diagonalization, after which the equations can be written in the
form

T ~ ~ ~
a E : a a
qu/’w = Tow'w — N le/l/”ka”"quN“FWGkUVNFql/”l/’w7 (69)

K/
where v = d(m) denotes the density (S = 0) or spin (S = 1) channel. The physical content of
this equation is the repeated scattering of particle-hole pairs which describes collective charge or
spin excitations. The self-energy in the ladder approximation describes effects due to scattering
of electrons and these bosonic excitations.
We can solve this equation simply by matrix inversion when viewing the convolution of Green
functions as a matrix in v and v/

[Tl = 08100 + (T/N) Y GrrarwGrain (70)
k

We can do this independently for fixed q, w and S, which are precisely the quantum numbers of
the particle-hole pair and which are conserved in scattering processes.

From the left part of Fig. 4 it would seem that we can obtain the self-energy by simply adding
a closing line on the vertex I*". However we observe a problem here: the second-order contri-
bution would miss the factor 1/2 expected from the diagrammatic rules.

A more systematic way to obtain the ladder self-energy is the Schwinger-Dyson equation (SDE)

ELDFA: o . % l y [ (71)

It connects the self-energy to the exact two-particle vertex. Here we construct an approximation
to the vertex via the Bethe-Salpeter equations. However, approximating it as I" ~ I with the
horizontal series shown in the left of Fig. 4, we would miss the entire series of vertical diagrams
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shown on the right. If the interaction were of Hubbard type, it would be obvious from the
figure that the corresponding diagrams are all valid contributions to the vertex which should be
taken into account. Both series are in fact the diagrams generated by the well-known fluctuation
exchange approximation (FLEX) [16].

On the other hand, if we replace the fully antisymmetric box by wiggly interaction lines,

1 4
Y1234 — —U(512534 - 514532) ) = % - v,
2

we see that already the series in the left of Fig. 4 generates all FLEX diagrams. It is hence
plausible that 1" and I give the same contribution to the self-energy. We approximate the
vertex as [ & [0+ [V — v, where we subtract -y once because it appears in both series for [eh
and 1. Inserting I into the SDE yields the LDFA self-energy

. T2 a A A A h,o 1 «
Ekll - - m Z Z Aa ’yyy’w Gk+qu+w Gk’—i—qzx’—O—w Gk'l// <F1/;yw - 5/71/’1/0.)) . (72)

Kq v'w
Here Ag = 1, and A,, = 3 accounts for the degeneracy (S, = 0,=+1) of the magnetic S = 1
channel. The two equal contributions from ™" and I™ have canceled the prefactor 1 /2 of the
second diagram in the SDE, Eq. (71). The double counting correction ~y in I” attains a factor 1 /2
and provides the correct prefactor of the second-order contribution in Eq. (66).
Fig. 5 shows results obtained within the ladder approximation for the two-dimensional Hubbard
model. Fig. 5 (a) shows the static (w = 0), homogeneous (q = 0) spin susceptibility computed
from the vertex. In DMFT the response to a homogeneous field increases as moments form with
decreasing temperature. After a similar increase in LDFA, neighboring spins start to couple
antiferromagnetically. Hence the temperature of the downturn marks the effective exchange
energy scale. We can see that the ladder approximation agrees well with Quantum Monte Carlo
(QMC) results within error bars. We can therefore be confident that we have included the
dominant contributions. Conversely, the entire series of diagrams made up by terms of the form
of diagram (f) describing particle-particle scattering that we have neglected apparently plays
only a minor role in this regime. We can further see a significant size dependence, indicating
that the self-energy corrections are truly long-ranged.
In DMFT the susceptibility diverges at the antiferromagnetic wave vector q = (m,7) (not
shown). We can view the Bethe-Salpeter equation as a generalization of a geometric series
S 04" = 1/(1—gq), where the matrix (T/N) ", 7%, Giraqutw Gl 6,0 plays the role of g.
The divergence hence appears when the leading eigenvalue of this matrix approaches 1. Here it
has physical significance and indicates a second-order transition to the antiferromagnetic Néel
state as indicated by the vertical line. It is clearly an artifact of the mean-field approxima-
tion, because the Mermin-Wagner theorem forbids breaking of a continuous symmetry in two
dimensions [17].
In LDFA, we account for the long-range fluctuations that are essential to the proof of the the-
orem and which destroy the spurious long-range order. To obtain a finite result in LDFA even
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Fig. 5: (a) Temperature dependence of the static homogeneous susceptibility for U/t = 4 and
different temperatures. (b) Local density of states in DMFT, DF?) and different orders of the
ladder approximation. All orders contribute to the formation of a pseudogap.

though the series diverges in DMFT is possible by computing the self-energy from Green func-
tions which are self-consistently renormalized by the self-energy itself. Below the DMFT Néel
temperature, this requires a regularization procedure [18].

Fig. 5 (b) shows the local density of states. In DMFT we see the quasi-particle peak and broad
Hubbard bands. In the second-order approximation, the spectral weight at the Fermi level is
reduced. By iterating the Bethe-Salpeter equation, we can compute the results to successively
higher orders. Apparently all orders of the perturbation series contribute to the result. Instead
of a quasi-particle peak, the LDFA spectral function exhibits a pseudogap.
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5 Summary and outlook

In just two examples we have seen that diagrammatic extensions of DMFT can introduce highly
non-trivial effects beyond DMFT and remedy artifacts of the mean-field approximation in par-
ticular in low dimensions. They can give qualitatively different and even quantitative results.
At the same time, the diagrammatic approach allows us to isolate the dominant contributions
and provides us with intuition on the underlying microscopic processes.

In the last ten years of their development, diagrammatic extensions of DMFT have been ap-
plied to a variety of systems and scenarios. They have been used to describe unconventional
superconductivity in the Kondo lattice model, magnetism in frustrated systems, disordered, in-
homogeneous and non-equilibrium systems and even quantum critical behavior in the Hubbard
and Falicov-Kimball models. First simple applications to materials have emerged. New meth-
ods based on different functionals and the fermion-boson vertices and extensions to cluster- and
extended DMFT have been developed. The diagram series has been sampled using diagram-
matic Monte Carlo techniques [19,20] and even more advanced diagrammatic approximations
like the parquet equations have been considered. All these developments are summarized in
Ref. [6]. For many of the applications the unique ability of the methods to simultaneously
describe the strong local dynamical correlations and extended critical fluctuations is crucial.
Diagrammatic extensions of DMFT provide a complementary viewpoint to results obtained
within other approaches. Most notably within cluster DMFT approaches, in which all diagrams
to the self-energy are summed within the range of the comparatively small clusters [21].

The approaches continue to be developed. Recently more fundamental questions are being in-
vestigated. For example how to construct conserving approximations when the approximations
are made two-particle self-consistent [22], the role of the self-consistency condition in dual
fermion [23,24], or the role of three-particle vertices [25] in dual fermion and DI'A.

Hopefully this introduction will inspire work in two important research directions: i) the com-
bination of diagrammatic extensions with the functional renormalization group and ii) a merger
with density-functional theory to arrive at a quantitative theory of correlated materials.
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1 Introduction

The collective behavior of electrons in solids gives rise to a range of different emergent phe-
nomena, including magnetism, the fractional quantum Hall effect, and superconductivity. Of
these, superconductivity is perhaps the most fascinating state that has captivated generations of
physicists over more than a century. When cooled below a critical temperature 7., supercon-
ductors exhibit conductance without resistance, the property that underlies most applications of
superconductors, including power transmission and generation as well as medical applications.
A second and equally important effect observed in superconductors is the complete expulsion
of an external magnetic field during its transition to the superconducting state (the Meissner-
Ochsenfeld effect). This repulsion of magnetic fields can be stronger than gravity which leads
to levitation, the most fascinating manifestation of superconductivity. Fundamentally, it implies
that the electrons in superconductors behave collectively.

Conceptually, two main ingredients, illustrated in Fig. 1, are necessary to understand the su-
perconducting state [1]: (1) Electrons form boson-like Cooper pairs driven by a net attractive
interaction; (2) These Cooper pairs condense into a coherent macroscopic quantum state anal-
ogous to a Bose-Einstein condensate. The energy required to break up the pairs (also called
energy gap) suppresses the scattering processes from defects and impurities that would other-
wise give rise to electrical resistance in normal conductors.

But why would two negatively charged electrons, which repel each other because of the Coulomb
repulsion, would be attracted to form pairs? For conventional superconductors, which include
many elemental metals such as Hg, Al, and Nb, the attractive force that binds the electrons
arises from the interaction between the negatively charged electrons and the positively charged
ions. The distortion of the ion lattice left behind by the motion of an electron attracts a second
electron and thus results in an effective attractive interaction between the electrons. This at-
traction is local in space, resulting in an s-wave structure of the Cooper pair wave-function and
thus an isotropic s-wave gap in momentum space. But since the ion dynamics is slow compared

Fig. 1: Main conceptual ingredients of the BCS theory of superconductivity: (/) Through
a net attractive interaction, electrons form Cooper pairs and (2) the Cooper pairs become
phase coherent and condense into a single macroscopic quantum state. The binding energy AE
required to break up a pair suppresses the scattering processes that lead to resistance.
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Fig. 2: Schematic temperature-doping phase diagram of the cuprate high-temperature
superconductors: The d-wave superconducting state below the critical temperature T, emerges
upon hole doping of the antiferromagnetic parent compound. Upon cooling, it arises from
a normal state that hosts a pseudogap at low doping, where an energy gap is present in the
electronic excitations, or a strange metal non-Fermi liquid phase at higher doping. BCS theory
is not adequate to describe this situation and non-perturbative approaches are necessary to
accurately treat the electron-electron correlations that give rise to these phases.

to the electrons, it is strongly retarded in time, i.e., active at long time scales, where the effec-
tively instantaneous Coulomb repulsion can be overcome. These concepts are well described
and understood within a rigorous theoretical foundation, the BCS (Bardeen-Cooper-Schrieffer)
theory [2, 1], and its extension, the Migdal-Eliashberg theory [3,4].

Superconductivity in heavy fermion materials, copper-oxygen, and iron-based materials and
other related compounds, however, is thought to arise from a different mechanism than the
electron-phonon mechanism [5]. While the two main conceptual ingredients of BCS theory,
1.e., the formation of Cooper pairs and their condensation into a macroscopic quantum state,
still hold, the pairing mechanism that leads to the attraction of electrons is believed to be dif-
ferent from the electron-phonon mechanism. Because of the strong local Coulomb repulsion
in these systems, local s-wave pairing is energetically unfavorable and the Cooper pair wave
function is found to have a different symmetry; in the cuprates, for example, the pairs are bound
in a d,2_,2-wave state, in which the pair wave function changes sign in momentum space and
which corresponds to pair formation on nearest-neighbor atom positions in the crystal lattice.
Similarly, in the iron-based superconductors, the pairs are believed to form an extended, sign
changing s-wave state, in which the local amplitude is strongly reduced. As we will see, such
a pair structure with a sign change indicates that the pairing interaction is actually repulsive
in momentum space, in marked contrast to the conventional electron-phonon case. It is there-
fore generally accepted that pairing in these “unconventional” superconductors has a different
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origin, and most likely arises from the strong magnetic interactions or fluctuations between
the electron spins that result in an antiferromagnetic phase in the undoped parent compounds.
Moreover, BCS theory assumes that the superconducting state is created from a normal metal-
lic Fermi liquid state with well defined quasiparticles. In contrast, the normal state in many
unconventional superconductors is everything but normal (see Fig. 2). Strong electron-electron
correlations in these systems often lead to non-Fermi liquid behavior and BCS theory is not ad-
equate. One instead needs a non-perturbative approach that can handle the strong correlations
and which does not assume a Fermi liquid normal state as a starting point. Dynamical mean-
field theory (DMFT) [6] and the dynamical cluster approximation (DCA) [7] provide such a
tool, which allows us to study how superconductivity emerges in systems where the normal
state behavior is governed by strong electron correlations.

These lecture notes are concerned with such unconventional systems, in which superconductiv-
ity arises from the strong local Coulomb repulsion between the electrons. Given that supercon-
ductivity requires electrons to form pairs, this seems like a paradox. The goal of this lecture is
to demonstrate how DMFT and DCA calculations have helped us resolve this paradox. Follow-
ing a pedagogical discussion of the DMFT and DCA frameworks to study superconductivity, we
highlight a set of applications that showcase the ability of these approaches to provide important
insight. In this lecture we assume a basic familiarity with BCS, DMFT, and DCA theory.

2 Dynamical mean-field theory and dynamical cluster
approximation

2.1 Preliminary remarks

To keep things simple, we will focus most of these lecture notes on one of the simplest models
of correlated electron systems, the single-band Hubbard model [8]. Its Hamiltonian

H = Ztij Cl'Loch + U Z niTnu (1)

ij,0 i
is divided into a non-interacting part H, given by the first term and an interacting part Hiy
given by the second term. Here cgl) destroys (creates) an electron on site ¢ with spin ¢ and

ni, = cl_c, isthe corresponding number operator. The first (/1) term describes the hopping of

ioCio
electrons between sites 7 and 7 with amplitude ¢;;, and the second (H;y) term raises the energy
by the Coulomb repulsion U when two electrons with opposite spin reside on the same site. If
not otherwise noted, we consider the sites in this model to form a two-dimensional (2D) square
lattice with a hopping ¢;; = —t if ¢ and j are nearest-neighbor sites. Despite its simplicity, this
model is commonly believed to provide a description of the generic physics of the cuprate high-
temperature superconductors [9], in which photoemission experiments find a single electronic
band crossing the Fermi level.

The single-particle dynamics of the Hubbard Hamiltonian at finite temperatures is described

by the thermodynamic Green function and its Fourier-transform to Matsubara frequencies and
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momentum space

Gijo = — <TTCZ-U(T)C;[U> 2)
g
Gijo (iwn) = / dr €“r" Gijo(T),  wn = (2n+ 1)nT (3)
0
1 4
Go(k,iwn) = (g CLJ>>iwn =N Z etk(ri=r;) Glijo(iwy) . 4)
ij

Here 7 is the imaginary time, 7 the time ordering operator, 5 = 1/7T the inverse temperature
and w, = (2n 4+ 1)nT are the fermionic Matsubara frequencies. For problems with trans-
lational symmetry in space and time, the Green function becomes diagonal in momentum k
and frequency iw,, as stated in Egs. (3) and (4). The Green function (G of the non-interacting
system, i.e. H = H,, is given by

1
Go(k,w,) = ——, 5
o(k, iwy) i+ 11— ex (%)
where p 1s the chemical potential and €, the dispersion, obtained from a Fourier-transform of
the hopping ¢;;. For our 2D model with only nearest neighbor hopping ¢, we have

e = —2t(cos k, + cos ky) (6)

with k = (k,, k,). Finally, the Dyson equation

1
Gy (K, iw,) — X(k,iw,)

G(k,iw,) = (7)
defines the self-energy X (k, iw, ) as the difference between the (inverse) non-interacting Green
function GGy and the fully renormalized Green function GG and thus describes the effects of the
interaction term H;,; on the single-particle dynamics.

2.2 General framework for the normal state

Calculating the Green function G and self-energy X' in the thermodynamic limit is prohibitively
expensive as the problem size grows exponentially in the number of degrees of freedom (sites in
the Hubbard model). The DMFT and DCA approaches reduce this complexity by representing
the infinite-size system by a reduced-size cluster, and use coarse-graining in momentum space
to retain information about the degrees of freedom (sites) not contained on the cluster [7]. In
DMEFT the cluster consists only of a single site, called the impurity site, while in DCA the
cluster has several sites. The size of the cluster is controlled by the way the momentum space
is coarse-grained. Fig. 3 shows several examples starting from the single-site (N, = 1) DMFT
impurity. The DCA is obtained for N, > 1. It reduces to the DMFT for N, = 1 and approaches
the exact result for N, — oo. Because the DCA includes the DMFT as a limiting case, we
restrict the following discussion to the DCA.

The first Brillouin zone is split into N, patches of equal size. As illustrated in Fig. 3, each
patch is represented by a cluster momentum K at its center. The basic assumption of the
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DMFT: Ne=1 Ne=16A Ne=16B Exact:Ne=co

Fig. 3: Coarse-graining of momentum space: At the heart of the DCA (and DMFT) methods
is a partitioning of the first Brillouin zone into N, patches over which the Green function is
coarse-grained (averaged) to represent the system by a reduced number of N, “cluster” degrees
of freedom. The bulk degrees of freedom not included on the cluster are taken into account as
a mean-field. For N. = 1, the dynamical mean-field approximation is recovered, while for
N, — oo, one obtains the exact result. For a given cluster size N., one can have different
locations and shapes of the coarse-graining patches, as illustrated for N. =16A and 16B.

approximation is that the self-energy is only weakly momentum dependent (or purely local in
DMEFT), so that its momentum dependence is well represented by the coarse-grid of cluster
momenta K, i.e.,

Y(k,iw,) ~ Yo (K,iw,) (in DCA) or X(k,iw,) ~ X;;(iw,) (in DMFT). (8)

Here, X (K, iw,) is the self-energy of a cluster of size V., and X;(iw, ) that of a single-site
impurity in DMFT. One then sets up an effective cluster problem to calculate X.( K, iw,) or
Yii(iwy,). To this end, the Green function is coarse-grained over the DCA patches (or the full
Brillouin zone in DMFT)

Nc Z 1
N kGPKiwn — &+ m = Zc(Ka an) ’

G(K, iw,) = % S Gk, i) =

kePKk

€))

where P is the patch centered at K containing N/N,. momenta k. Note that in DMFT, the
sum runs over the full Brillouin zone and the coarse-grained Green function reduces to the
local Green function. Given G and X., one can then set up an algorithm, such as, for ex-
ample, the quantum Monte Carlo (QMC) algorithms discussed in Refs. [10, 11], to calculate
the cluster Green function. The non-interacting part of the cluster problem is defined by the
cluster-excluded Green function

G(K ,iw,) = (GTYK, iw,) + Zu( K, iw,)) (10)

where the cluster self-energy has been added to avoid double counting. While G(K ,iw,,) is
the Green function of a cluster of size V., note that the remaining lattice degrees of freedom
are encoded in G through the use of the coarse-grained Green function GG. Together with the
interacting part of the Hamiltonian, one then sets up the action for the effective cluster problem,
which reads after Fourier-transform to real space

B B B
i) = = [ dr [ 32 00,0 Gusio =) 30+ | dr S UG (P)01007, ()0 (7).
7,0 i (11)
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Here ¢ and ¢* are the Grassmann variables corresponding to the operators c and ¢!, respectively.
From this the cluster Green function

GmAf—f%:%/wawwﬁwgﬁ36““@7 (12)

with

szbwww*WM (13)

the partition function, is evaluated and used to determine the cluster self-energy
YK iw,) = Gy (K iw,) — G, (K iw,) . (14)

Then, using this new result for X.( K, iw,,) in Eq. (9), these steps are iterated to convergence.
We note that this DCA algorithm was recently extended into the DCA™' method [12] through the
inclusion of a self-energy Y/ (k, iw,,) with continuous momentum k dependence that replaces the
piecewise constant self-energy Y.(K , iw,,) in the coarse-graining step, while leaving the cluster
problem unchanged. This has the benefit that results depend less on the shape of the cluster that
is being used.

2.3 Nambu-Gorkov formalism

In this section we generalize the DCA (and DMFT) formalism to perform calculations in the
symmetry broken superconducting state. This phase is signaled by an order parameter that
describes the finite expectation value for the creation of a pair of electrons in time-reversed
momentum states

Ag = (crrc_gy) # 0 for some k. (15)

Here we restrict the discussion to spin singlet pairs and note that A can only be finite for a
grand canonical ensemble in which the particle number is not fixed. This is not a problem
for DMFT or DCA, since these approaches are formulated for the grand canonical ensemble.
The momentum structure of A determines the symmetry of the superconducting state. Exam-
ples are Ay oc 1 (s-wave), cos k, + cos k, (extended s-wave), cos k; — cos ky (d,2_,2-wave),
sin k, sin k,, (d,,-wave) or asin k, + bsin k, (p-wave). Because 4y is finite in the supercon-
ducting phase, one has, in addition to the normal Green function

Gk, iwn) = ({hps Chy)icn (16)

a finite anomalous Green function

F(k,iwn) = ((Chrs €=kt )i - (17)

Using the concept of Nambu spinors [1]

C
%=¢Mc@,%=(ﬁ> ()
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one then defines the Green function matrix in Nambu space [1]

(19)

G (k. i) = (W V)i, = < G ki) F (K, dwn) ) ,

ek, —iw,) —G*(k, iw,)

which contains information about both the normal and the anomalous Green function. Note
that the G matrix contains only two independent matrix elements G and F'. The elements in
the second row are related to those in the first row by general symmetry relations for Green
functions. In the presence of an external pairing field n(k) = (k) + in”(k), which couples to
C_k|Ckt, the non-interacting part of the Hubbard Hamiltonian becomes

ZW <6k03 — k)Ul —|-77 (k) )Epk, (20)

where the o; are the Pauli spin matrices

1 0 01 0 —1 1 0
00:(0 1>, oy = (1 O) 2:<i g>,agz(0 _1>. 1)

With this, the lattice Green function in the superconducting state becomes

G(k,iw,) = (iwnao — (ex — p)os —n'(k)oy — 1" (k)oy — (K, zwn)> (22)

with the cluster self-energy matrix

(23)

SL(K, i) = (zc (K iw) e (K, iwn) ) |

Ge(K, —iwn) =2 (K i)

Here, the diagonal parts X.( K, iw, ) describe the usual quasiparticle renormalization, while the
off-diagonal parts ¢.(K,iw,) contain information about the momentum and frequency depen-
dence of the pairing state. As in the normal state, the coarse-grained Green function

G, o) = 3 3 Gl ) = (F*(K,—iwn) —G*(K;iwn>> -

kEPK

is then used to calculate the corresponding non-interacting (cluster-excluded) Green function

matrix
Go(K iw,) = (GHK i) + Ze(Kiw,)) . (25)

To calculate 3.( K, iw, ), an effective cluster model is set up using G together with the inter-
action U

B B
= —/dT/ dT/Z wl(7) Go,ij (T — 7") ¥;(7") (26)
o Jo r

B
+ 5 [ dr S o I (ol ()]
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where the ¥, and W; are spinors ¥ = ( 7> ¢;,) of Grassmann variables ¢! and ¢, which
1

generate coherent states corresponding to the fermionic operators c;,, and ¢;,, respectively. From

this, the cluster Green function
1 .
Guai(r = 7) = [ D B () e @)

where
Z = / D@ @] e "] (28)

is the partition function, is calculated using a cluster solver algorithm, such as e.g., a QMC
algorithm [13] or a non-crossing approximation (NCA) [14], and used to determine the cluster
self-energy

YUK, iw,) = Gy (K iw,) — G, HK iw,) . (29)

Then, just as in the normal state, using this new result for 3.( K, iw, ) in Eq. (22), steps (22) to
(29) are iterated to self-consistency. After convergence, the superconducting order parameter

AK) = XY (emen) = P(K,7 = 0) (30)

kePxk

is calculated from the coarse-grained anomalous Green function F'.
Two notes are in order:

e Usually one is interested in an instability to a superconducting phase in the absence of an
external pair-field, i.e., spontaneous U (1) gauge symmetry breaking. In this case, the cal-
culation is initialized with a finite pair-field n(k) with a given momentum structure. After
the first few iterations, the pair-field is switched off, and the system relaxes. If the calcu-
lation converges to a finite order parameter A(K), the system is in the superconducting
phase, otherwise it is in the normal state.

e The symmetry of the superconducting order is given by the momentum structure of the
coarse-grained A(K) and therefore restricted by the cluster size and geometry. In the case
of the DMFT, when N, = 1, A(K) = A is local, and therefore only superconducting
states with a local contribution such as s-wave or extended s-wave can be described.
Larger clusters are necessary to describe order parameters with a symmetry less than the
lattice symmetry. For example, a 2x2 cluster is the smallest cluster to describe phases
with a d2_,2-wave symmetry which transforms according to cos k, — cos k,,.

As a typical example of such a calculation, Fig. 4 shows DCA results from Ref. [14] for the
superconducting state of a 2D Hubbard model with U = 12t and electron filling (n) = 0.81
for a temperature 7" = 0.05¢. These results were obtained with a non-crossing approximation
to solve the DCA effective cluster problem on an N, = 4 site 2x2 cluster [15]. One sees
that the anomalous Green function F (K,w) = G'lg(K ,iw,) is finite, switches sign between
K = (7,0) and (0, 7), and vanishes for K = 0 and (7, 7). This is exactly what one expects for
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Fig. 4: d-wave superconducting state in a 2D Hubbard model: DCA/NCA calculation for an
N. = 4 site 2x2 cluster. Density of states near the chemical potential (a), and coarse-grained

anomalous Green function G12(K ,iw, — w+1id) = F(K,w+1d) (b), (c), and (d) for a system
with electron filling (n) = 0.81, temperature T = 0.05t and Coulomb repulsion U = 12t for
the different cluster momenta K . Figure from [14].

a d,2_,2-wave order parameter that transforms according to A(k) o< cos k, — cos k. Since the
DCA patches about K = 0 and (7, 7) contain equal parts of positive and negative contributions
of A(k), the coarse-grained result averaged over these patches vanishes, while A(k) has the
same sign over each of the patches centered at (7,0) and (0, 7) and switches sign between
them. The superconducting gap that arises from the finite pair amplitude is reflected in the
density of states (DOS) shown in the upper left panel, where the lower Hubbard subband of the
full spectrum is shown.

2.4 Pair-field susceptibility

An alternative way to identify an instability towards a superconducting phase (or any symmetry
broken phase for that matter) is to calculate the response of the system to an applied field (pair-
field in the case of superconductivity), i.e., the susceptibility, and then extrapolate that response
to the limit of a vanishing field. Spontaneous symmetry breaking occurs when the susceptibility
diverges in that limit.
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General formalism

In linear response theory, the superconducting response to an external pair-field 7., where «
specifies the symmetry (s-wave, d-wave, etc.), is given by the pair-field susceptibility

B8
P.(T) = / dr (A (1) AL(0)) 31)

0

since the pair-field 7, couples to the pairing operator

AT = E
a - gOé C C ) (32)

and we are interested in the response A, of the system to the pair-field. Here g, (k) is the form-
factor corresponding to the symmetry of interest, i.e., gq(k) = cos k, — cos k, for a d,2_, state,
for example. Instead of calculating the correlation function in Eq. (31) directly, the pair-field
susceptibility may be calculated within the formalism described in then previous section 2.3.
This is done by keeping the external pair-field 7, finite throughout the calculation and measuring
the order parameter A, at convergence. If this is done for a number of different magnitudes of
the external field 7., one has information on the 7, dependence of the order parameter A, (7, ).

The pair-field susceptibility P, may then be extracted from the limit of vanishing pair-field as

_ dAa(na)
Po= dn:

Ne %O.

Alternatively, one may calculate the correlation function in Eq. (31) directly in the normal state
of the system. This does not require the Nambu-Gorkov formalism discussed in Sec. 2.3, i.e., the
calculation may be carried out in the normal state. What is required, however, is a calculation

of the 4-point two-particle Green function [10]

Gao..04 (1, 25 13, 24) = —(Trc, (21)C,, (x2)ch (23)ch, (24)) (33)

where the combined index x; = (X, 7;) has both spatial X; and imaginary time 7; coordinates.
Fourier-transforming on both the space and time variables gives Goy, . o, (K4, ks; ko, k1) with
k = (k,iw,). From this, one may then calculate the pair-field susceptibility as

Zga ) Gagur(k, =k, =K' K) ga(K'). (34)

k,k'

The way G5 is calculated in the DCA algorithm is similar to the way G is calculated at the
single-particle level. Just as the Dyson equation (7) relates the Green function to the self-
energy, the Bethe-Salpeter equation (BSE) relates G5 to the irreducible particle-particle vertex
function I'PP(k, —k; —k', k). It reads

/ / T
G (K, =k, =K' K') = Gi(k) GL(=F)dr + > Gilk) Gy(~k) (35)
k,ll

X Fpp(k', —/{7, —]{7”, /C//> GQ"N‘LT(]CH, —]{7”, —k’l, /{Z/>
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Fig. 5: Feynman diagrams for the Bethe-Salpeter equation: The two-particle Green function
(G5 in the particle-particle channel on the left hand side has a bare contribution (first diagram
on the right-hand side) that describes the propagation of a pair of electrons in time-reversed
momentum and spin states, and a vertex contribution (second diagram) that describes the (re-
peated) scattering of the pair due to the interactions in the Hamiltonian.

and is schematically shown in Fig. 5. This equation describes the propagation of a pair of
electrons in time-reversed momentum and spin states and the repeated scattering of this pair
due to the Coulomb term in the Hamiltonian.
Just as the self-energy Y (k, iw,) is approximated by the cluster self-energy X.(K,iw,), the
irreducible vertex function I ™? is approximated by the corresponding cluster irreducible vertex
function [10]

IPP(k,—k,—k K)~I"™(K,-K,—-K' K'), (36)

where K = (K, iw,) and K’ = (K’ iw,). Just as the self-energy, the cluster irreducible vertex
I'PP is determined from the solution of the cluster problem, i.e., by calculating the cluster two-
particle correlation function

T
Goeryit (K, —K, —K',K') = G.4+(K) Ge | (—K)dr xr + N Z G.1+(K)G. (—~K) (37)
C gn
X FC pp(K, _[(7 _[(//7 K//) GQ@T\L\LT(K”, _K”, _}(l7 K/) )

Deﬁning [GQC]KJ(, = GQC,Ti¢T<K7 —K, —K/, K,), [ch]K,K’ = G07T<K) GC7¢(—K) 5K,K’ and
[TPP| ¢ g = NLFCPP(K, —K,—K', K') , and writing Eq. (37) in matrix notation in K, K’, one
then has

Lepp = [ch] [G2c]_1 : (38)

Using the cluster vertex I PP(K,—K,—K’', K') in the BSE for the lattice G5, one can then
calculate the coarse-grained two-particle Green function for the lattice

. N2
Gopyp (K, —K,-K' K') =

(k, —k, —K | &) (39)

kEPK k/EPK/

- 6(2)7 ( 5]( K/ Z GQ TwL

C K
X Fcpp(Kj _K7 _‘[(//7 K//) GQ7T¢¢T(K//, _K”, _K/, K/) ]

with the coarse-grained bare propagator

Go (K Z Gi(k) Gy (—k). (40)

kEPK
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Here we used the fact the cluster vertex I PP(K,— K, —K’, K') only depends on the cluster
momenta K and K’ so that the sum over k” in Eq. (35) can be partially carried out over the
patches. The coarse-grained (G5 may then be inserted into Eq. (34) to obtain

T2
Z Jo(K) Gop 1 (K, —K, —K', K') go(K") , (41)
C KK/
where we have separately coarse-grained the form factor g, (K) = N./N > cp  ga(k). Note

that one can also take into account the full £ dependence of ¢, (k) by using the modified algo-
rithm discussed in Ref. [10].

Bethe-Salpeter eigenvalues and eigenfunctions
Writing Eq. (39) in matrix form
Gy =[1- Gg,urgp]_lég,m = Gg,w[l - ngég,u]_l (42)

we see that a divergence in G4 occurs when the term in brackets vanishes. Eq. (42) can be recast
in terms of the left (#%) and right eigenvectors (#%) of the “pairing matrix” ngc‘;gﬁ |» Where,
for example, @f is determined from [16]

T _
= D Tl K) G () 61(K) = Al (), @)
¢ g

By transforming the term in brackets in Eq. (42) onto this eigenbasis of the pairing matrix, one
can write Eq. (42) as

R L K!
Gop (K, K') = G py( Z %a (b faF)dalH). (44)

Since the pair-field susceptibility is given by Eq. (41), we see that a superconducting instability
occurs when the leading eigenvalue )\, becomes equal to one, and the symmetry of the corre-
sponding state is determined by the momentum and frequency structure of ¢*(K') and ¢Z(K).
This approach is in many ways more powerful than calculating the response function directly,
because here, one does not have to assume a given form factor g, (k) and therefore cannot
“miss” the structure of the dominant correlations.

We note the similarity of Eq. (43) to the familiar BCS gap equation

1 « V(k,k') tanh (5 Ep) A(K')
N 2 2 Epy

= A(K). (43)

&
where V' (k, k') is the pairing interaction, which is essentially given by the low frequency limit
of I'’P(k, k'), Ej the Bogoliubov quasiparticle energy that is encoded in the Green function
G(k), and A(k) the superconducting energy gap. In fact, Eq. (45) is derived from a Bethe-
Salpeter equation in the superconducting state analogous to the normal state equation (43) under
a number of simplifying assumptions. Hence, we see that the leading eigenvector ¢je.q(K) =
ot (K) is the normal state analog to the superconducting gap A(k). Close to the transition at
T =T, they are equivalent.
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3 Superconductivity in the 2D Hubbard model

We now demonstrate how the DMFT and DCA approaches have been used to investigate un-
conventional superconductivity in the simplest model of correlated electron systems, the 2D
Hubbard model given by the Hamiltonian in Eq. (1) on a square lattice. We start by discussing
the attractive model, which has U < 0, and then turn to the repulsive model with U > 0.
While the former should be viewed as a toy model to study pairing, the latter has been studied
extensively in the context of the high-7.. cuprates.

3.1 Attractive Hubbard model

The Hamiltonian of the attractive Hubbard model is given by the Hamiltonian in Eq. (1) with an
attractive local Coulomb interaction U < 0. Since the Coulomb interaction between electrons is
repulsive, 1.e. positive, the negative U interaction should be considered an effective interaction
that may result from integrating out other degrees of freedom, such as phonons in the case of the
BCS model. In contrast to this case, however, the interaction U is an instantaneous static inter-
action without frequency dependence. Since the interaction between the electrons is explicitly
attractive, this model provides an interesting toy model and testbed to study the superconducting
phase transition as a function of the electron filling (n) and interaction strength |U|/t.

In fact, this problem has been studied extensively in the literature (see, e.g., Ref. [17] and refer-
ences therein). As this model does not suffer from the usual fermionic negative sign problem,
large scale quantum Monte Carlo simulations have been used to study the temperature versus
|U| phase diagram. One generally finds a finite temperature phase transition to a superconduct-
ing phase at finite doping (n) < 1, while at half-filling (n) = 1, this phase is suppressed to
zero temperature by its degeneracy (due to particle-hole symmetry) with a charge-density wave
(CDW) phase. As one moves away from half-filling, CDW correlations are suppressed and the
superconducting 7, rises sharply. Since the pairing interaction U between electrons is local,
one finds that the superconducting phase has s-wave symmetry, i.e., the Cooper pairs forming
this state are local.

Because we are in 2D, for which the Mermin-Wagner theorem [18] forbids a finite temperature
transition to a phase in which a continuous symmetry is broken, such as the U(1) gauge symme-
try that is broken in the superconducting phase, the instability instead is a Kosterlitz-Thouless
(KT) transition [19,20] to a superconducting state in which the correlations decay algebraically.
DMFT and DCA calculations, however, do not obey the Mermin-Wagner theorem. They ne-
glect the long range, beyond mean-field fluctuations that lead to the destruction of long-range
order at finite temperature, the fundamental reason for this theorem. Due to their mean-field
character, DMFT and DCA instead display mean-field type transitions. In DCA calculations,
however, non-local fluctuations are taken into account up to the size of the cluster, and one may
see KT behavior in a finite region above 7., where the correlations are limited in range to within
the cluster. Close to 7., when the correlation length exceeds the cluster size, however, the KT
behavior changes over to mean-field behavior.
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Fig. 6: Superconductivity in the attractive Hubbard model: Transition temperature T, in
the negative U Hubbard model versus |U| at a filling of (n) = 0.85 calculated with DCA/QMC.
T. keeps rising with |U| in the DMFT (N, = 1) limit, while non-local fluctuations on the 4x4-
cluster DCA calculation start suppressing T, at larger |U|.

Fig. 6 shows the results of single-site DMFT (V. = 1) and 4 x4-site DCA (N, = 16) calcula-
tions of 7. in an attractive Hubbard model with nearest-neighbor hopping ¢ and electron filling
(n) = 0.85. Here T, for the s-wave superconducting state was determined from the temperature
T at which leading eigenvalue \;(7") of the Bethe-Salpeter equation (43) crosses one. We see
that in both cases, 7T, initially rises with increasing |U|. This is expected, since the increasing
pair binding energy ~ |U| leads to an increasing energy reduction associated with forming a
superconducting phase, so that it occurs at higher temperatures.

At larger |U|, however, one observes different behavior: While T, keeps rising for NV, = 1, it
already starts to level off a bit. For N, = 16, one even sees non-monotonic behavior, where 7
falls again after reaching a maximum for |U| ~ 6¢. How can we understand this behavior, given

the fact that with increasing |U]|, the pair-binding energy keeps increasing? This behavior is
known as the BCS-BEC crossover [21], where BEC stands for Bose-Einstein condensation. For
small attractive interactions U, the physics is well described by BCS theory. The Cooper pairs
are weakly bound and their size, determined by the superconducting coherence length ~ 1/|U],
is large. Therefore, the pairs have large spatial overlap, and as soon as they form, they become
phase coherent. In contrast, in the large |U| regime, the pairs are tightly bound and much more
local objects. Hence, they have a harder time to become phase coherent, since the phase of
individual pairs can fluctuate more easily. In this case, even though the pair-binding energy
is large, 1. is suppressed, since phase coherence does not set in until lower temperatures are
reached. DMFT only describes the spatially local aspect of this physics, i.e., phase fluctuations
in time. Instead, the finite size clusters in the DCA also know about the spatial aspect of this
physics, i.e., phase fluctuations of local pairs on different sites. This explains why 7. is reduced
in the 16-site cluster relative to the single-site results.
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Fig. 7: Kosterlitz-Thouless transition temperature in the attractive Hubbard model: 75"
for different electron densities d = (n) for U = —4t calculated with DCA™/QMC. The results
were obtained by calculating T.(N,) from the leading (s-wave) eigenvalue of the Bethe-Salpeter
equation for different cluster sizes N. and extrapolating the results to the exact N, — oo limit,
where they compare well with finite size lattice DOMC calculations by Paiva et al. Figure
from [22].

In fact, for even larger clusters one would expect 7. to drop even more. An example of this is
shown in Fig. 7, which displays the results of a DCA™ calculation of T, versus electron filling
d = (n) for U = —4. The inset shows the linear cluster size (/N,) dependence of T, for
different (n), and one sees that 7, keeps dropping with increasing cluster size. For a filling of
(n) = 0.8, close to the filling used in Fig. 6, we see that 7. ~ 0.25 for U = —4 drops to ~ 0.15
in the infinite cluster size limit. Here, 7.(/V.) was again determined from \;(7.(N.)) = 1 and
the (exact) infinite cluster size limit 7,.(N. — oo) = Tkr is obtained from fitting the 7,.(N.,)
curves with the expected KT behavior [19,20]

B+ log(VN )P @0

Here, we have assumed that the transition at finite [V, occurs at the temperature 7..(/N..), at which
the superconducting correlation length reaches the linear cluster size. The log arises from the
fact that this correlation length has an exponential temperature dependence in the KT case.

The main panel in Fig. 7 shows T for different (n) determined this way. Also shown are results
from finite size lattice determinant QMC calculations by Paiva er al. (solid black curve) [17].
We see that the DCA™ results agree very well with those of Paiva et al., showing that the DCA
approximation and the procedures used to determine 7, provide reliable results.
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3.2 Repulsive Hubbard model

We now turn to the 2D repulsive Hubbard model. Its Hamiltonian is given by Eq. (1) with
U > 0. Unlike the attractive model, there is no explicitly attractive interaction in this model
that could lead to superconductivity. Rather, the only interaction that is present is repulsive.
Nevertheless, this model has been investigated extensively in the context of superconductivity,
because it is commonly believed to provide a generic and the simplest description of the physics
of cuprate high-temperature superconductors [9].

So how can a model with only a repulsive interaction have a superconducting instability? Vari-
ous cluster DMFT and DCA studies have been concerned with addressing this question. Since
the local Coulomb repulsion U in this model is large (a realistic description of the cuprates re-
quires U/t 2 6), an s-wave superconducting state, in which the electrons are paired on the same
site, is energetically unfavorable. Rather, one expects a state in which the electrons are paired
on different sites. Since DMFT can only describe local order parameters, it is not adequate to
study superconductivity in this model. Rather, one needs to use cluster extensions of DMFT,
and here we focus on DCA studies of this problem.

Superconducting instability

If the Hubbard model is supposed to describe the cuprate high-temperature superconductors,
then it should have a superconducting instability to a d,2_,2-wave state with a cos k, — cos k,
momentum structure. By Fourier-transforming to real space, we see that in this state, the elec-
trons are paired on nearest-neighbor sites with a d,2_,2 phase (+1 along £x and -1 along +y).
Thus, one needs at least a 4-site 2x2 cluster to describe this state. The earliest DCA calcula-
tions of this problem were therefore done for a 2x2 cluster. The left panel in Fig. 8 shows the
temperature versus doping = 1 — (n) phase diagram of the 2D Hubbard model with U/t = 8
that resulted from this DCA N, = 4 study [23]. And indeed, it has an extended d,2_,2-wave
superconducting phase at finite doping ¢ below the critical temperature 7,.. Here 7, is the tem-
perature 7" where the pair-field susceptibility in Eq. (41), Py(7"), with a d2_,2-wave form factor
ga(K) = cos K, — cos K, diverges.

In addition, the phase diagram has an antiferromagnetic phase below the Néel temperature 7.
This phase transition was determined in an analogous manner to that for the superconducting
phase, by calculating the spin susceptibility x,(Q,T) = Y, e'@x—x) foﬂ dr (T:5;(1)S3(0))
for Q = (m,m), where S7 = (C;[TCZ»T — CLCZ- 1)/2 is the usual z-component of the spin operator.
This is done in the same manner as for the pair-field susceptibility, i.e., within the framework
described in Sec. 2.4, by calculating the irreducible vertex (in the spin S = 1 particle-hole
channel) from the corresponding cluster susceptibility, and then using this vertex in the Bethe-
Salpeter equation for the lattice susceptibility xs(Q,7") [10]. Even though the Mermin-Wagner
theorem (see discussion in Sec. 3.1) does not allow for an antiferromagnetic phase at finite 7’
in the purely 2D model, the mean-field character of the DCA leads to this phase transition at
finite 7'. In the real cuprate materials, it is the coupling between the copper-oxygen planes that
stabilizes this transition at finite 7.
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Fig. 8: D-wave superconductivity in the 2D repulsive Hubbard model: Left panel: The
temperature T versus doping 6 = 1 — (n) phase diagram calculated with DCA/QMC for a
2%2 cluster with U = 8t has an antiferromagnetic phase near half-filling below I\, a d-
wave superconducting phase at finite doping below T, and pseudogap behavior in the normal
state below T™*. Right panel: Temperature dependence of the inverse pair-field susceptibility
1/ Py(T) calculated with DCA/QMC for different cluster sizes for U = 4t and (n) = 0.9. T,
is only weakly dependent on cluster size N. when N, 2 12. Figures from [23] (left) and [24]
(right).

The phase diagram also displays a line labeled 7™ This line does not indicate a phase transition.
Rather, it indicates the temperature below which the bulk spin susceptibility x(Q = 0,7)
starts to drop when the system is further cooled. This exotic behavior is very different from the
Pauli susceptibility of a normal metal, which is basically independent of temperature at low 7.
The downturn in x,(Q = 0,7) signals the opening of a pseudogap in the low energy spin
excitations, which is also observed in various measurements in the cuprates [25]. In addition, at
the same temperature 7, the single-particle spectral function A(k,w) = —Im G(k,w + i0)/7
starts to show a pseudogap, 1.e., a partial suppression of spectral weight at the Fermi level w = 0.
This is also observed in photoemission experiments in the cuprates, and provides evidence that
not only the spin degree of freedom, but electronic excitations in general are suppressed at low
energies. Thus, just like in the real materials, superconductivity in the Hubbard model emerges
from an exotic state, which is very different from a normal metal.

Coming back to superconductivity, the question arises of what happens to the phase transition
in more accurate calculations employing larger clusters when longer-ranged fluctuations are
taken into account. Just like for the attractive Hubbard model, where the critical temperature
is found to drop in larger clusters because of the inclusion of spatial phase fluctuations (see
previous Sec. 3.1), we would expect 7. to fall when larger clusters are used. Does 7. go to
zero or will it remain finite in the exact infinite size cluster limit? This question was first
addressed with the larger cluster DCA calculations [24] of the pair-field susceptibility in a
Hubbard model with U = 4t and (n) = 0.9 shown in the right panel of Fig. 8. Here, the
temperature dependence of the inverse pair-field susceptibility 1/P,(T") is plotted for a number
of different cluster sizes and shapes (indicated by the letters "A’ and 'B’ following the cluster
size, see Ref. [24]), and the lines are fits to the exponential KT behavior one expects in two



Superconductivity within DMFT and DCA 13.19

1.2

' ' 16f oe0—mMm——7 & T i 11 =
Q=(m,m) magnetic -e- 0m) (mm) ¢ - =
10} Q=(0,0) charge 1 145 %7 s 14
v o o © o = =
Pairing d-wave -+ £ 00 )
- o o o © 12} % {112 =
3 -05 ?3
© !

2 = 10} -0 10 X
5 g ©O1) (W2m2) (n0) 5)
2 =) K B
° g o8y 108 &
c ~ ~
i [%:]
S < o6} o6 =
o} =
- £
04} {04 8
®
02} {02 &£
2]
&

0.0 . 0.0

3 6 5 -4 -3 2 -1 0 1 2 3 4 5 6

Op(m)/t

Fig. 9: Dominant correlations in the 2D repulsive Hubbard model: DCA/QMC results for
a 24-site cluster with U = 4t and (n) = 0.85. Left panel: Leading eigenvalues of the Bethe-
Salpeter equation (43) in different channels. The Q = 0 pairing eigenvalue has d»_,2-wave
symmetry and increases towards one at low temperatures. The Q = (7, ) magnetic eigenvalue
dominates but saturates at low temperatures, and the Q = 0 charge eigenvalue remains small.
The inset shows the position of the cluster momenta K in the 24-site cluster. Right panel:
The frequency w,, = (2n + 1)7T" dependence of the (normalized) leading d,_,2-wave pairing
eigenvector ¢q( K ,wy,) for T' = 0.125t reflects the w,,, = 2mnT dependence of the (normalized)
antiferromagnetic spin susceptibility x(Q = (m,7),wn). The inset shows the d,2_,2-wave
cos K, — cos K, momentum dependence of ¢,(K,w, = nT) along the dashed line shown in
the left inset. Figure from [26].

dimensions, i.e., Py(T) ~ exp[2B/v/T — T.]. We see that 1/FP,(T) goes to zero, i.e., Py(T)
diverges, at a temperature 7,.(NV,.) for most clusters, with the 4-site cluster clearly showing the
2 12,

~Y

largest T, ~ 0.05t. As expected, for larger clusters 7. falls but is stabilized when N,
for which T, ~ 0.02t. More recent calculations [22] using the DCA™ extension were able to
go to even larger clusters, and found similar results with similar 7, in the large cluster limit.
These calculations were also done for larger U = 7¢, for which a larger 7. ~ 0.05¢ was found.
These calculations have thus provided evidence that the doped 2D Hubbard model has a d-wave
superconducting instability at finite temperatures.

Pairing mechanism

So far, the calculations we have discussed are “numerical experiments”, i.e., they show that a
model, despite the presence of only repulsive interactions, can have a superconducting ground
state, but do not give an answer to the question of what causes it. Unlike real experiments,
however, we can directly analyze the effective interaction that gives rise to superconductivity in
this model, i.e., the irreducible particle-particle vertex """ (K, K') that enters the Bethe-Salpeter
equation (43) for the pair-field susceptibility. This vertex describes the scattering of a pair of
electrons with momenta and spins (k 1, —k ) to a pair of electrons with (k' T, —k' |) (see
Fig. 5). As discussed in Sec. 2.4, we can also study the leading eigenvalue and -vector of the
Bethe-Salpeter equation and thus obtain new insight into this question.
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The left panel of Fig. 9 shows the temperature dependence of the leading eigenvalue \;(7") of
the particle-particle Bethe-Salpeter equation (43) for U = 4t, (n) = 0.85, calculated with DCA
in the 24-site cluster shown in the inset [26]. As one sees from the blue curve, it rises sharply
at low temperatures and approaches one, consistent with the divergence in the pair-field suscep-
tibility. One can also construct similar Bethe-Salpeter equations for the charge and magnetic
particle-hole channels. The leading eigenvalues for these channels are shown inred (Q = (, )
magnetic) and green (Q = 0 charge). We see that the magnetic eigenvalue is initially domi-
nant, approaches one, but then saturates at values smaller than one at low temperatures. The
leading eigenvalue in the charge channel, in contrast, remains small over the entire temperature
range. From this, we can conclude that antiferromagnetic and superconducting correlations are
the dominant correlations in the system.

The momentum dependence of the eigenvector ¢,( K, w,,) corresponding to the leading pairing
eigenvalue along the dashed line in the inset of the left panel is shown in the inset of the right
panel. We see that it has a d,2_,2-wave cos K, — cos K, dependence. We note that in contrast
to the calculation of the pair-field susceptibility, where a d-wave form factor is assumed, here
this comes out naturally. The Matsubara frequency dependence of the pairing eigenfunction
¢a(K , w,) is shown in the main right panel and compared with the frequency dependence of the
Q = (7, ™) magnetic susceptibility xs(Q, w,,). From this we see that (1) the pairing is retarded,
i.e., frequency dependent, and (2) the pairing dynamics reflects that of the antiferromagnetic
spin fluctuations.

We can also study the momentum and frequency dependence of I'"?( K, w,,, K’ w,/) directly.
Its momentum dependence is shown for three different temperatures in Fig. 10. We see that
I'’’(K, K') is peaked at large momentum transfer K — K’ = (7, 7), and this peak increases
in size as the temperature is lowered. This mirrors the growth of the antiferromagnetic spin
fluctuations with decreasing temperature, as seen in the plot of x(Q = (7, 7), w,, = 0) in the
same figure.

Interestingly, we see that the pairing interaction /P in momentum space is positive, that is,
repulsive! One may then ask: How does a repulsive interaction give rise to pairing? The
answer lies in its momentum structure. If we look at the Bethe-Salpeter equation (43), or its
simpler version, the BCS gap equation (45), we see that for an interaction V (k, k') = V that
does not depend on momentum, a non-trivial solution A(k) # 0 only exists if V' < 0. This
follows from the minus sign on the left hand side and the fact that the other terms under the
sum are all positive. This is the case for the conventional BCS superconductors or the attractive
Hubbard model discussed in Sec. 3.1, for which V' < 0 and the gap equation gives an s-wave
gap A(k) = A without momentum dependence.

In contrast, the pairing interaction we find for the Hubbard model is positive and has momentum
dependence. In particular, it increases with increasing momentum transfer k — k’. The Fermi
surface of the doped Hubbard model is schematically shown in the right panel of Fig. 11. It is
similar to that of the hole-doped cuprates. The pairing interaction V' (k, k') scatters a pair with
momenta (k, —k) to a pair with momenta (k’, —k’) for k and k' near the Fermi surface and this
scattering is strongest for a momentum transfer of k — k' = (7, 7). If the pairing gap A(K')
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Fig. 10: Momentum structure of the pairing interaction in the 2D Hubbard model: Top
panel: K — K' dependence of I'""(K , K') for w,, = w, = w1 calculated with DCA/QMC
for a Hubbard model with U = 4t and (n) = 0.85 on a 4x4 cluster for different temperatures.
Lower panel: Q-dependence of the spin susceptibility xs(Q,w,, = 0) for the same parameters.
Both quantities display a similar increase near (mw, ) as the temperature is lowered. Figure

from [5].

is positive for k' = (m,0), and V(k — k') predominantly scatters pairs from k' = (7,0) to
k = (0,7), the gap equation has a non-trivial (A(k) # 0) solution if A(k) < 0 for k = (0, 7).
This is the case for a d,2_,2-wave gap A(k) ~ cosk, — cos k,, which changes sign between
k = (7,0) and (0, 7). Hence, the d,2_,2-wave momentum structure of the gap arises naturally
from a pairing interaction that is repulsive in momentum space and peaked at large momentum
transfer. In fact a superconducting gap that changes sign on the Fermi surface generally signals
a non-BCS like repulsive pairing interaction and therefore is taken as evidence for the presence
of unconventional superconductivity [5].

How a repulsive pairing interaction that is peaked at (7, ) can lead to pairing can also be seen
by Fourier-transforming the interaction /" (K, K') to real space, according to

TPl ) =Y X' (K K') e, (47)

K.K'

for w,, = w,y = 7T Here, I'*"({,,(,) is the strength of the w,, = w,, = T pairing interaction
between a singlet pair formed with one electron at the origin and the other at site (¢, ¢,). Itis
shown in the right panel of Fig. 11. We see that this interaction is strongly repulsive for on-site
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Fig. 11: D-wave pairing from repulsive interactions: Left panel: Sketch of how repulsive
scattering at large momentum transfer gives rise to d,»_,2-wave pairing for the Fermi surface
of a hole-doped Hubbard model. For this case, a gap that changes sign between the regions
near (m,0) and (0, ) satisfies the BCS gap equation (45). Right panel: Real space Fourier-
transform I'P?((,, (), Eq. (47), of the pairing interaction I'"? (K, K') for w, = w, = 7T
shown in Fig. 10 for T' = 0.125t. Here red (blue) bars indicate positive (negative) values of
I’ (¢, 0,) and the length of the bars corresponds to its magnitude. The pairing interaction
is strongly repulsive for on-site pairs, but attractive when the electrons forming the pair sit on
nearest-neighbor sites. Figure from [5].

pairs, but attractive (negative) if the electrons are on nearest-neighbor sites. At longer distances,
the interaction keeps oscillating but falls of rapidly with distance.

We have seen that the momentum and frequency structure of the pairing interaction given by
the irreducible particle-particle vertex I'P?(k,w,,, k', w, ) reflects that of the spin fluctuations
described by the spin susceptibility xs(q, wy,). In fact, from weak coupling theory, one expects

that

Fpp(kawm k/awn’) ~ gU2Xs<k - k/awn - Wn’); (48)

where U is a coupling constant. This form of the pairing interaction is only approximate, i.e.,
it only accounts for a subset of the Feynman diagrams that enter I *?. However, DCA studies
have found that other contributions, such as the charge fluctuations, are negligible [16]. Hence,
this approximate form has been shown to give a very good approximation of the “exact” DCA
vertex /PP and thus the resulting eigenvalues and -vectors of the Bethe-Salpeter equation, and
therefore 7. [27]. One then speaks of a spin-fluctuation pairing interaction, in which the pairing
is mediated by the exchange of (antiferromagnetic) spin fluctuations [5]. In contrast to the
electron-phonon interaction, however, in this case the electrons that are being paired provide
their own pairing glue, i.e., there are no separate degrees of freedom such as the phonons in
conventional superconductors that mediate the pairing. Thus, it is not possible to separately
tune the degrees of freedom that are being paired and the degrees of freedom that mediate
the pairing. This makes it difficult to optimize 7,.. One may see this by using a separable
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Fig. 12: Dome-shaped structure of the superconducting phase: 7op panel: Superconducting
1. versus doping x in the 2D Hubbard model with U = 8t calculated with DCA/QMC for
an 8-site cluster. Bottom panel: Normalized interaction strength V,; and intrinsic pair-field
susceptibility P, versus doping x for T' = 0.125t. The dome-like shape arises from competing
trends in these two quantities as the doping varies. Figure from [28].

approximation for /PP [26],
'K, K') = =V da(K) ¢a(K), (49)

which becomes valid close to 7, when the d-wave eigenvalue )\, is well separated from other
eigenvalues. With this, the Bethe-Salpeter equation (43) for the d-wave eigenvalue becomes

Va(T) Pyo(T) = Ag (50)

with the “intrinsic” d-wave pair-field susceptibility Py o(T) = T/N. Y, ¢3(K) G5 1 (K).

The doping x = 1 — (n) dependence of P;,(7") and V(1) extracted from V; = \;/ Py via
Eq. (50) is shown in the bottom panel of Fig. 12 together with the x-dependence of 7,.. From
this we see that the doping x, as a tuning parameter, has opposite effects on the strength of the
pairing interaction V5 and the intrinsic pair-field susceptibility P, and thus 7, as seen in the
top panel: With decreasing x, Vj rises, but Fq falls, and the opposite behavior is observed
with increasing x. The increase in Vj; as half-filling (x = 0) is approached can be understood
from the increase in the strength of the spin-fluctuations. The reason that this increase does not
lead to an increase in 7. is that, at the same time, P, is suppressed. This can be understood
from a reduction in the quasiparticle weight as the Mott state is approached. The interplay of
the pairing strength 1 and the intrinsic pair-field susceptibility P, and their opposite doping
dependence lead to the dome-shaped 7. seen in the top panel of Fig. 12.
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3.3 Extended Hubbard model

In the conventional electron-phonon mechanism of superconductivity, retardation is a neces-
sary ingredient in order to overcome the repulsive effect of the Coulomb interaction. In the
Hubbard model, as well as in the cuprates, however, the d-wave structure of the Cooper pair
wave function completely avoids the strongly repulsive effect of the local Coulomb U, because
the electrons making up the pair sit on nearest-neighbor sites. Retardation is therefore not a
necessary ingredient in this case. From the strong frequency dependence of the d-wave eigen-
vector shown in Fig. 9, however, we see that the pairing is nevertheless retarded on a scale set
by the dynamics of the spin fluctuations.

The situation changes when an additional nearest-neighbor Coulomb repulsion

VoY e (51)
(ig),o0’

is considered and added to the Hubbard Hamiltonian in Eq. (1). The idea is that in realistic
systems, the Coulomb repulsion is hardly screened to a purely local interaction, but has an
additional short-ranged contribution. The resulting extended Hubbard model has recently been
studied with DCA to examine the effect of V' on d-wave superconductivity [29]. For d-wave
pairs, where the electrons sit on neighboring sites, V' is expected to have detrimental effects on
superconductivity.
This is seen in the plot of 7. versus the strength of V' shown in Fig. 13. These results were
obtained from 2 x2-cluster DCA calculations of the leading d-wave eigenvalue for the extended
Hubbard model for U = 7t and (n) = 0.9. Although, as expected, 7, is reduced with increas-
ing V, this decrease is rather modest, even up to relatively large values of V' close to U/2. Why
is d-wave superconductivity so robust with respect to a nearest-neighbor Coulomb repulsion V,
which, in a static picture, will strongly reduce the binding energy of a d-wave pair and thus
should rapidly suppress 7.7 A clue lies in the frequency dependence of the pairing interaction.
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Fig. 13: Resilience of d-wave pairing to a nearest-neighbor Coulomb repulsion: DCA/QMC
2x2-cluster results for T, versus the nearest-neighbor Coulomb repulsion V' in an extended 2D
Hubbard model with U = Tt and (n) = 0.9. Figure from [29].
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Fig. 14: The role of retardation in the pairing mechanism: Left panel: DCA/QMC 2x2-
cluster results for the d-wave projected pairing interaction I ;(iw,, = iw, —iw, ) with w, = 7T
versus wy, for different values of V for (n) = 0.9 and T = 0.1t. [, is attractive at low
frequencies and for finite V' turns repulsive at higher frequencies. Right panel: Frequency
dependence of the leading d-wave eigenvector ¢4(K ,w,,) for K = (m,0) for different values
of V. The sign change in ¢4( K , w,,) reduces the repulsive effect of V and thus stabilizes d-wave
superconductivity. Figure from [29].

Fig. 14 shows a plot of the d-wave projected pairing interaction

_ ZK',K" gd(‘K)Fpp(K’wn? K,7wn’)gd(K,)

Ty(wp = wp — wyr) = S (K (52)

Here g4(K) = cos K, — cos K, and w,y = 7T. For V= 0, we see that [ ;(w,,) is negative
over the whole frequency range. In other words, the pair scattering is attractive in the d-wave
channel, as we know from the previous results for the standard model without V. When V' is
turned on, we see that [;(w,,) remains attractive at low frequencies, but then turns repulsive at
higher frequencies. This reflects the fact that V' is repulsive in the d-wave channel.

The dynamics of Iy(w,,) is similar to that of the conventional electron-phonon superconductors,
which is attractive at low frequencies due to the electron-phonon interaction, and repulsive at
high frequencies due to the Coulomb repulsion. The effect of this sign change on the d-wave
pairing eigenvector is shown in the right panel of Fig. 14, where the frequency dependence of
¢4( K, wy,) is plotted for different values of V. As seen before in Fig. 9, for V' = 0, it rapidly falls
to zero. For finite V', however, we see that ¢4( K, w,) changes sign and turns negative at high
frequencies, reflecting the sign change in the d-wave pairing interaction [ ;(iw,,). Thus, just as
¢4(K,w,) changes sign in K to adapt to the repulsive nature of the pairing interaction at large
momentum transfer, ¢4( K, w,) also changes sign in frequency to adapt to the repulsive tail of
the pairing interaction due to the Coulomb V. Therefore, just as in the electron-phonon case,
retardation is important and necessary to protect the d-wave pairs from the repulsive effects of
the (nearest-neighbor) Coulomb interaction.
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4 Summary and concluding remarks

In these lecture notes, we have described how one can study superconductivity within the DMFT
and DCA frameworks and how these approaches have been used to provide new insight into the
nature of the pairing mechanism that leads to superconductivity in Hubbard models. As with
other ordered states, there are always two alternative methods to determine a possible phase
transition to a symmetry broken state within a mean-field approach like DMFT and DCA. The
first option is to extend the algorithm to account for a finite order parameter that describes
the symmetry broken state (anomalous propagator (cxt+c_g,) in the case of superconductivity),
and start the calculation with a finite field that couples to the order parameter. This field is
then switched off after a few iterations and the calculation relaxes to either a state with order or
without. One may also keep the field turned on during the full calculation, carry out calculations
for different field strengths, and then calculate the response (susceptibility) to the field from the
derivative of the order parameter with respect to the field. The transition temperature 7. is then
obtained from the temperature where the susceptibility diverges. The second option is to carry
out the usual normal state calculation in the absence of order or an external field, but instead
calculate the susceptibility directly from the 4-point correlation function constructed from the
order parameter. Since both DMFT and DCA approaches are thermodynamically consistent [7],
both calculations will give identical results for the susceptibility and therefore 7.

We have also seen that DMFT and DCA are powerful approaches to study superconductivity
in Hubbard models. DMFT, due to its local nature, can only describe superconducting phases
with order parameters that have a local contribution, such as s-wave. Applied to the attractive
Hubbard model, it allows to study s-wave superconductivity, which is expected in the doped
model due to its on-site attractive pairing potential U < 0. While it captures the rise of 7. with
increasing |U|, DCA calculations employing larger clusters are needed to describe the downturn
of T, at large |U| due to phase fluctuations.

For the repulsive Hubbard model, s-wave pairing is energetically unfavorable and therefore
DMEFT is not an adequate approach. DCA calculations employing a 2x2 cluster are the sim-
plest possible calculations to study the d,2_,2-wave pairing state that is expected for this model,
which offers the most basic description of the cuprate high-temperature superconductors. And
indeed, such 2x2-cluster DCA calculations have found properties reminiscent of the real ma-
terials, including antiferromagnetic, d-wave superconducting, and pseudogap behavior. DCA
calculations also find that superconductivity remains stable in larger cluster calculations, pro-
viding evidence that the doped 2D Hubbard model does have a finite temperature d-wave su-
perconducting transition.

Finally, we have seen that one can go beyond these numerical experiments and use these ap-
proaches to get insight into the mechanism that leads to pairing in these systems. Unlike real
experiments, these calculations can be used to directly analyze the momentum and frequency
structure of the pairing interaction. For the simple Hubbard model, one finds that it reflects the
momentum structure of the spin fluctuations, and one speaks of a spin-fluctuation pairing inter-
action. Just as in the conventional electron-phonon case, this interaction is retarded on a scale
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set by the dynamics of the antiferromagnetic spin fluctuations. While this retardation is not
needed to overcome the local Coulomb repulsion in the simple Hubbard model, we have seen
that it is essential in making the d-wave pairing state resilient to an additional nearest-neighbor
Coulomb repulsion.

Because of the difficulty associated with solving the DMFT impurity or DCA cluster problem,
most applications of these approaches in the field of superconductivity have been concerned
with single-band Hubbard models. Additional orbital degrees of freedom must, however, be
included in more complex models if one wants to study most materials other than the cuprates,
such as, for example, the iron-based superconductors. While this remains a challenging but
desirable task for the long term, more immediate progress may be made with simple toy models,
such as the bilayer Hubbard model studied in Ref. [30], that have some overlap with the physics
of the real materials.
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1 Introduction

Dynamical mean field theory (DMFT) [1, 2] has been a breakthrough for describing electronic
correlations in models [3] and — in combination with density functional theory — even in actual
materials [4—6]. This breakthrough has been brought about since DMFT includes a major part
of the electronic correlations, namely the local ones. On the other hand, the arguably most fas-
cinating physical phenomena such as (quantum) criticality, high-temperature superconductivity
and vertex corrections to the conductivity rely on non-local correlations.

Hence, in recent years these non-local correlations have been at the focus of the methodological
development. There are two routes that include the local DMFT correlations but also incor-
porate non-local correlations beyond. On the one hand there are cluster extensions of DMFT,
which take instead of the single site of DMFT a cluster of lattice sites that is embedded in a
dynamical mean field. This way correlations within the cluster are taken into account. For a
review see [7] and for a pedagogical introduction see the lecture by Th. Maier in this School.
Because of numerical limitations the size of the cluster is, however, limited to about 10x10
lattice sites and even less in the case of realistic multi-orbital calculations. This is sufficient
to describe short range correlations; and indeed cluster extensions of DMFT have been highly
successful for describing pseudogaps and d-wave superconductivity in the two-dimensional (2d)
Hubbard model. However long-range correlations as they occur for example in the vicinity of a
phase transition cannot be described in this way.

For including short- and long-range correlations on an equal footing, in recent years, diagram-
matic extensions of DMFT have been developed. This development started with the dynamical
vertex approximation (DI'A) [8] and the dual fermion (DF) approach [9], continuing with a
plethora of further approaches [10—13]. All of these approaches take a local two-particle vertex
as a starting point and from this construct the local DMFT correlations as well as non-local
correlations beyond. The difference lies in the details: which vertex is taken, by which Green
functions these are connected, and which Feynman diagrams are considered. For a review,
see [14]. Successes of these diagrammatic extensions of DMFT include the calculation of criti-
cal exponents in the Hubbard [15,16] and Falicov-Kimball model [17], quantum criticality in the
3d Hubbard [18] and 2d periodic Anderson model [19], the suppression of antiferromagnetism
by spin fluctuations in the 3d and 2d Hubbard model [20, 15,21], the fate of the Mott-Hubbard
metal-insulator transition for the 2d Hubbard model [22], pseudogaps [23,20,11,24,25,12] and
superconductivity [21,26] in the 2d Hubbard model.

In the following we first give a brief synopsis of the DI'A approach in Section 2, for further
reading see the Lecture Notes [27] and the review [14]. For an introduction to the DF approach
we refer the reader to the Chapter by H. Hafermann in these Lecture Notes, as well as to [14].
The main focus of the present Lectures Notes is on physical results, starting with the critical
and quantum critical properties of the 3d Hubbard model in Section 3 and 4, respectively. The
quantum critical properties of the 2d periodic Anderson model are discussed in Section 5, before
we turn to superconductivity in the 2d Hubbard model in Section 6. Finally, Section 7 provides
a brief summary and outlook.
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Fig. 1: Dyson equation connecting Green function and self energy. The pair of scissors in-

dicates that these diagrams are one-particle reducible (i.e., cutting one Gy line separates the
Feynman diagram into two parts). From [27].

2 Synopsis: Dynamical vertex approximation

The basic idea of the dynamical vertex approximation (DI'A) is a resummation of Feynman
diagrams, not in order-by-order of the Coulomb interaction as in conventional perturbation
theory, but in terms of their locality. That is, we assume the fully irreducible n-particle vertex to
be local and from this building block we construct further diagrams and non-local correlations.
The first level (n = 1) is then just the DMFT which corresponds to all local Feynman diagrams
for the self-energy J/. Note that Y is nothing but the fully irreducible n = 1-particle vertex.
One particle-irreducibility here means that cutting one Green function line does not separate
the Feynman diagram into two pieces. Indeed, such reducible diagrams must not be included
in the self-energy since it is exactly these diagrams that are generated from the Dyson equation
which resolved for G reads

G = (1/Gopie — Zr) ™ (1)

for momentum k, Matsubara frequency v and non-interacting Green function Gy k. For an
illustration, see Fig. 1, which also explicitly shows how one-particle reducible diagrams are
generated through the Dyson equation; and hence must not be contained in the 3’-diagrams

On the next level, for n =2, we assume the locality of the two-particle fully irreducible vertex A.
That is cutting two Green function lines does not separate the diagram into two pieces. There is
a set of exact equations, coined parquet equations [28-30, 14], that allows us to calculate from
a given A the full vertex, self-energy, and Green function as well as the irreducible vertices I
in three different channels .

For understanding how these irreducible vertices I, and /A come about, we consider in Fig. 2
the parquet decomposition of the full vertex F' into the fully irreducible vertex A and those parts
that are two-particle reducible. There are three distinct such reducible parts @, since say leg
1 may stay connected with leg 2, 3, or 4 when cutting two Green function lines as indicated
in Fig. 2. The irreducible vertex is just the complement: [, = F' — @,. The three possible
channels ¢ are denoted as particle-hole (ph), transversal particle-hole (ph) and particle-particle
(pp) channel. It is important to note that each reducible diagram is contained in one and only
one of these channels.!

!One can easily show that otherwise cutting lines would result in a diagram with one incoming and two outgoing
lines, which is not possible because of the conservation of (fermionic) particles.
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Fig. 2: Parquet decomposition of the full (reducible) vertex F into the fully irreducible vertex A
and two-particle reducible diagrams ®,. in the three channels. The two pairs of scissors indicate
the reducibility of the three ©,’s. From [27].

There is a set of 6 “parquet” equations: (1) the actual parquet equation (Fig. 2); (2-4) the Bethe-
Salpeter equation in the three channels (in the following we only reproduce the ph channel?
with 7 € {d, s} for a symmetric/antisymmetric spin combination)?

riada = Dimiaca 2 Tilsiaaa Gran Giaraonis Filida: @)
ki
the (5) Dyson Eq. (1); and (6) the Schwinger-Dyson equation which in a four vector notation
k = (v, k) reads

Sp=—UY_(FFF— FFF Gy Gy Gy 3)
K .q

and connects X' and F' (here for a single-orbital and local interaction U/).* This set of 6 parquet
equations allows us to determine the six quantities F, @,, Y/, and G if we know A — or if we
approximate it by a local A in DI'A. This local A can be calculated by solving an Anderson
impurity model, similar as in DMFT but on the two-particle level.
In principle, one can then further turn to the n = 3-particle level etc.; and for n — oo DI'A
recovers the exact solution. As a matter of course determining the n=3-particle vertex becomes
already cumbersome. But it may serve at least for estimating the error if one is truncating the
scheme at the two-particle vertex level. Such an error estimate has been done already for the
DF approach [31]. A similar calculation for DI'A is more difficult because one first needs to
determine the n=3-particle fully irreducible vertex, whereas the DF approach is based on the
full vertex F, which is readily obtained from continuous-time quantum Monte-Carlo simulations
[32-34], but a diagrammatically less compact object.
Let us finally mention a simplified ladder DI'A scheme. Here, instead of a local A, one starts
with a local [}, and I; and uses the Bethe-Salpeter ladder Eq. (2) in these channel to obtain

’The frequency-momentum convention is such that the four legs in Fig. 2 have frequency-momentum k; = k,
kqy =K', ko = k + ¢, and, because of energy-momentum conservation, k3 = k' + q.

3We assume a proper normalization of the momentum and frequency sums with respect to the number of k-
pointsand B, i.e, Y 1 =1and} =53,

“There is an additional Hartree(-Fock) term not shown.
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F. This way, fluctuations in the particle-particle (Cooperon) channels are neglected. But if
we are close to half-filling, or, more specifically, if no superconducting fluctuations nor weak
localization is to be expected, the dominant non-local correlations are included in this simplified
ladder DI'A. The advantage is that if we do not couple the ladders through the parquet equations,
the ladder only depends on a single frequency-momentum ¢ instead of three (¢,k,k’). Hence
numerically much lower temperatures (finer frequency grids) and much larger momentum grids
are feasible. Going further into details would require a chapter on its own, and we refer the
reader to [14] and for a pedagogical introduction of DI'A to [27]; for properties of the local
two-particle vertex cf. [35].

3 Criticality in the 3d Hubbard model

Let us start with the Hamiltonian of the Hubbard model

H = —tz cj»gcja + UZnian, 4)
ij,o i
consisting of two terms: a nearest-neighbor hopping amplitude ¢ and a local Coulomb repulsion
U. Here cja (c;,) creates (annihilates) an electron on site ¢ with spin o, and n,, = cjacw.

For the study of critical properties in the paramagnetic phase, in particular the behavior of the
susceptibility’  and the correlation length € is relevant. In the vicinity of the critical tempera-

ture 7., the diverging behavior of x and £ is described by critical exponents v and v, respectively

xg ' ~ (T-T)7 (6)
£~ (T-T)" (7)

Here, the static (w = 0) susceptibility is taken for that momentum q = Q at which the first
divergence occurs at T,, signaling the emergence of, e.g., ferromagnetic, Q = (0,0,...), or
antiferromagnetic, Q = (m, 7, .. .), order.

In practice the DI'A (or DF) susceptibility is calculated from the full two-particle vertex which
describes the connected part of the two-particle Green function. The latter term (often referred
to as vertex corrections) in turn together with the disconnected “bubble” diagram yields the
susceptibility.® This full two-particle vertex includes non-local correlation effects, while the
irreducible vertex acting as a building block is local in DI'A.

SFor the sake of completeness, let us define y as the Fourier-transform of the spin-spin correlation function
from imaginary time 7 and lattice sites R. to frequency w and momentum q (3 = 1/T": inverse temperature)

B ) .
= [ ar S samss0) e e B
R

®Note that the DMFT calculation of the susceptibility takes the local irreducible vertex in the particle-hole chan-
nel and from this constructs the particle-hole ladder [3]. The difference to the ladder DI'A or DF is that the con-
necting Green functions are recalculated self-consistently or, to mimic this self-consistency effect, a Moriyaesque
A-correction is employed, see [14,20,27,36]. Further, the transversal particle-hole channel is taken into account
on an equal footing. In parquet DI"A, additionally, particle-particle vertex corrections couple into the particle-hole
and transversal particle hole channel.
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Fig. 3: Left: Inverse antiferromagnetic susceptibility Xélz () (top) and correlation length £ !

(bottom) as a function of temperature T’ for the 3d Hubbard model at half-filling and U ~ 12.2t
in DI'A. Right: Extracted critical exponents obtained in DI'A (from the fits in the left panel)
and DF (also for the Falicov-Kimball model) compared to mean-field, 3d Heisenberg and 3d
Ising critical exponents. From Refs. [14—16].

That is, if we plot the susceptibility XU(;ZO as a function of momentum q, it has a maximum at a
certain q = Q of value X“ézo. The width around this maximum on the other hand is given by

the inverse correlation length £~ according to the Ornstein-Zernike [37] relation
1
w=0
Xq ™~ - ®)
T (a-Q)+¢?

This relation was found to hold even in a quite large g-region around the maximum Q so that,

in practice, ¢ is actually obtained from a fit according to Eq. (8).

Fig. 3 (left panels) plots the thus obtained DI'A susceptibility and correlation length as a func-
tion of temperature. There is a clear deviation from a mean-field behavior [y = 1, v = 0.5,
see Fig. 4 (a)]. For the temperatures of Fig. 3 (left), v ~ 1.4, v ~ 0.7 is obtained from the
indicated numerical fit [15], with the error bar in Fig. 3 (right) corresponding to the deviation to
a second fit omitting one temperature point. Within the error bars, this agrees with the critical
exponents obtained for the Heisenberg model [y ~ 1.39, v ~ 0.705, see Fig. 4 (b)] for large
scale simulations [38]. Indeed universality tells us that the two models should have the same
critical exponents since the dimension is the same (3d), as is the symmetry of the order param-
eter: O(3) since we have rotational symmetry as regards the possible orientation of the ordered
magnetic moment.

Let us also note that the two exponents are connected through the Fisher relation [39] as

Y/v=2-n )
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a) Gaussian (bosonic MF)  c) Hertz-Millis-Moriya

g-lA &-1A
TN
>T > T
v=0.5 v=0.75
b) 3D Heisenberg d) Kohn+RPA
g £1A
TN
>T >T
v=0.7 v=1.0

Fig. 4: Inverse susceptibility x~! and correlation length £~ as a function of temperature T.
Left: Classical critical point with a finite critical temperature T, comparing a) Gaussian
Sfluctuations and b) the 3d Heisenberg model. Right: Quantum critical point with a phase
transition at T' = 0, comparing c) conventional Hertz-Millis-Moriya theory and d) the Kohn-
line universality class. From Ref. [18].

with the critical exponent 7) describing the decay of spatial correlations at 7" = ... The exponent
7 vanishes above the upper critical dimension, and is typically very small 7 ~ 0 in 3D and even
in 2D. Hence, we will further consider n = 0 in these Lecture Notes.

While the deviation from mean-field exponents is obvious, one should always keep in mind that
the fitting procedure to extract critical exponents from numerical as well as from experimental
data has a large degree of uncertainty [40,41]. Further there is, necessarily, some distance of
the numerical data to the critical temperature.” Hence “last minute” changes of the curvature
in the immediate vicinity of the critical temperature might be missed in a numerical fit. For
the attractive Hubbard model, whose superconducting phase transition out of half-filling should
have the universality class of the XY model, it was found [42] that the critical exponents might
also be consistent with v = 2, v = 1 close to 7. At the same time, other groups obtained the
same critical 3d Heisenberg exponents using the DF approach [16], and different ones for the
Falicov-Kimball model [17]. which has an Ising universality class, see Fig. 3 (right panel).

7As the correlation length keeps increasing to thousands and ten thousands of lattice sites, we need a larger
and larger numerical resolution in Fourier, i.e. k, space. Doing reliable calculations significantly closer to 7. than
shown is hardly possible.
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4 Quantum criticality in the 3d Hubbard model

A quantum critical point (QCP) is a critical point at zero temperature, 7" = (. In this case,
besides the classical fluctuations with long-range correlations in space, an additional dimension,
time, becomes relevant. At any finite temperature, these correlations in time are not relevant
since they are cut-off at a scale § = 1/7. Maybe one can best understand this in imaginary
time 7 as it is restricted to the interval 7 € [0, 5].

For a classical critical point at finite 7', the correlation length in time will hence eventually
exceed 5 = 1/T if we are close enough to the phase transition. At this point, correlations in time
are cut off, and not relevant any longer close enough to the phase transition. Consequently, the
critical exponents are only determined by the number d of spatial dimensions and the symmetry
of the order parameter.

This changes for a quantum phase transition at 7' = (0. Here, also a divergent correlation length
in time becomes relevant. The effective dimension is hence d.g = d + z. With the above
argument, one might assume one extra dimension, i.e., z = 1. However, fluctuations in time
can also lead to other values of the dynamical critical exponent z. This is because the spatial
correlation length diverges as £ ~ T" at a QCP whereas the correlation length in time behaves
as & ~ T*". Depending on the kind of ordering and the dimension, z may vary. For example,
we have z = 1 for an insulating and z = 2 for a metallic antiferromagnetic QCP. For a review
see [43].

The standard theory for quantum critical points and exponents is the Hertz-Millis-Moriya the-
ory [44-46], based on weak coupling ladder diagrams in a perturbative renormalization group.
Experimentally, on the other hand, quantum criticality is best studied in heavy fermion systems.
That is, in strongly correlated electron systems with f-electrons for which a weak coupling
theory is certainly not sufficient. This has led to different proposals and further theories. One
theory that takes strong electronic correlations into account and the breakdown of the f-electron
Fermi surface is the so-called local quantum criticality, see e.g. [47]. This theory is based on
the extended DMFT [48,49] which considers the local correlations and self-energy emerging
from non-local interactions, here considered to arise from non-local spin fluctuations.
Diagrammatic extensions of DMFT such as the DI'A take both kinds of physics into account:
similar diagrams as in Hertz-Millis-Moriya theory but with the local vertex instead of a bare
interaction as a starting point so that DMFT effects of strong correlations are automatically
included; and they inherently allow us to describe breakdowns of Fermi surfaces as well.

Let us now turn to quantum criticality in the 3d Hubbard model. Because of perfect nesting we
have an antiferromagnetic ground state for all interactions U at half-filling. Thus, we need to
find another way to realize a quantum critical point. One possibility is to dope the system as
shown in Fig. 5. With doping the antiferromagnetic order is suppressed so that we eventually
arrive at a quantum critical point (QCP) at n ~ 0.8. A further complication arises however: The
second order phase transition is only towards a commensurate Néel antiferromagnetic ordering
with wave vector Q = (m, 7, ) close to half filling (open triangles in Fig. 5). With further
doping and at the QCP it is towards an incommensurate antiferromagnetic ordering with Q =
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Fig. 5: Phase diagram of the 3d Hubbard model at U = 4+/6t ~ 9.8 t, showing the antiferro-
magnetic critical temperature as a function of electron filling n in DMFT (green dashed line)
and DI'A (red triangles). Inset: The antiferromagnetic ordering wave vector Q is commensu-
rate with (), = m (open triangles in the main panel) around half-filling and incommensurate
with (), < m ordering at larger doping (full triangles in the main panel). The dashed line of the
main panel indicates the possible crossover between commensurate and incommensurate (), in
the ordered phase. From Ref. [18].

(7,7, ™ — ) (filled triangles in Fig. 5). Besides this interesting aspect of the changing Q vector
(cf. inset of Fig. 5), we also see that the spin fluctuations taken into account in the DI'A suppress
the critical temperature compared to the DMFT solution.

In Fig. 6 we study the critical exponents again for both, the susceptibility x and correlation
length £&. For n = 1 and n = 0.87 we are far away from the QCP in Fig. 5, and within the
numerical error bars our fit suggests the classical critical exponents of the Heisenberg model
(v = 0.7, v = 1.4). The dopings n = 0.805 and n = (.79 are just below and above the QCP in
Fig. 5. Here, the critical exponent for the correlation length & clearly shows a different exponent;
within the error bars we obtain v ~ 1. Only at the lowest temperature there is a deviation to
a smaller ¢! for n = 0.805, signaling the eventual finite-temperature antiferromagnetic phase
transition as we are still to the left of the QCP in Fig. 6. At n = 0.79, on the other hand, we are
to the right of the QCP. That is, eventually the correlation length must saturate because of the
paramagnetic ground state. Indeed, here the value at the lowest 7" in Fig. 6 indicates a deviation
to a larger £ 1.



14.10 Karsten Held

3.0 L 3.0 2.0 2.0
F
n=100 | | / n=087 7 n=0.805 _'_{:,:." n=079 7 T

v=072 | # v =072 # + 15 e A 187y 3
2.0 s / 20 £ v=09 | v=10 | ¢
+ +
y 1.0 1.0
Ty "'+ +
. 3 K + e
l A l . 05 . 05 #
4

1
g
5
—
-4
5

0.0 L 0.0 0.0 e 0.0
v 4
—
< 012 o 042 012
T 03 + 1 o 1 -1 ++.;. #
= T T +
N N + ¥
102 4 0.08 0.08 + 0.08
':./ + e
"= 0.1 l ¥ 0.04 I + 0.04 o 0.0a | +%%
0.0 0.0 L 0.0 0.0
00 005 01 015 00 0025 005 0075 00 001 002 003 004 00 001 002 003 004
T T T T

Fig. 6: Inverse correlation length (£, upper panels) and susceptibility (x ", lower panels)
vs. T in DI'A for different n. Solid lines: fits for extracting the critical exponents vy and v from
the green points. Insets: zoom in to the lowest temperature points. From Ref. [18].

The result v ~ 1 was quite a surprise at first. Since our effective dimensions is deg = d 4 z =
3 + 2 > 4 we are above the upper critical dimension four® and one should expect the behavior
of a bosonic mean-field theory with v = (d + z — 2)/(2z) = 3/4 according to Hertz-Millis-
Moriya theory, see Fig. 4c). By analytical calculations in the random phase approximation
(RPA) it was shown [18] that one obtains the exponents of a different universality class instead.
This is caused by peculiarities of the Fermi surface. More specifically, there are Kohn-lines on
the Fermi surface of the doped Hubbard model which are separated by an incommensurate wave
vector and have opposite Fermi velocities, see Fig. 7. These lines give rise to the so-called Kohn
anomalies in the phonon spectrum [50] if we take phonons and the electron-phonon coupling
into account.

In the case of a QCP they give rise to particularly strong transversal spin fluctuations which
eventually lead to the exponents v = 1 and v = 0.5, see Fig. 4d) [18]. Note, that their ratio
(v = 27) 1s just the opposite, as to be expected from the Fisher relation Eq. (9) which for n ~ 0
yields v = ~/2. While the numerical error bar for determining - in Fig. 6 is considerably larger
than for v,” it is save to say that also numerically » > v in DI'A instead of the expected behavior
v = 7/2 < ~y without Kohn lines.

In case of a finite temperature classical critical point, the Kohn anomalies are not relevant be-
cause the Fermi surface effect is broadened out by a finite self-energy at the Fermi energy. If we
add a finite next-nearest neighbor hopping ' on the other hand, there are no full Kohn lines any
longer. But individual Kohn points with opposite Fermi velocities still occur quite generically.
We expect such points to lead to a further, different, universality class for the critical exponents

(y=v=D.

8The marginal case of deg = 4 requires special considerations.
9as can be seen from the somewhat different fitted values for n = 0.805 and n = 0.79
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Fig. 7: Left: Visualization of the parallel Kohn lines (black lines) on the Fermi surface of the
3d Hubbard model with nearest neighbor hopping. Right: Two-dimensional cut as indicated in
the left panel, showing the connecting wave vector Qq (black arrow) and the opposite Fermi
velocities v (red arrows). From Ref. [18].

5 Quantum criticality in the 2d periodic Anderson model

With the additional dimensions z brought about by the temporal correlations, it is not that
simple to remain below the upper critical dimension d = 4. Hence, we next study the 2d case
and another model, the periodic Anderson model (PAM)

H= ng dl,dy, + gfz flfie + Uznf,n”f,u +V Z (d;rafio + f;adw) (10)
k,o i % 2,0

This Hamiltonian can be considered as the simplest model for an f-electron system where
we have two different kinds of electrons: Localized f-electrons with creation (annihilation)
operators fi(f,,), and n tio = £l f.,- These interact by a local Coulomb repulsion U and feel
a local one-particle potential ¢ ;. Further, there are itinerant d-electrons [d!  (d,,)] with hopping
t from site to site, or alternatively with an energy-momentum dispersion relation €. Finally,
there is a hybridization V' between both kinds of electrons. The difference to the single impurity
Anderson model is that there is not only a single site of interaction but a periodic array of sites.
If we consider the strong coupling limit U >> V of the periodic Anderson model in the particle-
hole symmetric case of half-filling (1 = 0, ¢, = —U/2), we have an average filling of one
f- and d-electron per site. Because of the strong interaction, the f-sites are single-occupied,
1.e., they can be considered as a spin. In second order perturbation theory there is a coupling
J = 4 V?/U between this localized spin and the spin-operator for the conduction electrons.
That is, we can map the periodic Anderson model onto a Kondo lattice model in the strong
coupling limit.

This Kondo lattice model and hence the periodic Anderson model has two competing phases:
On the one hand there is the Kondo effect that we also know from the (single-site) Kondo model.
At high temperatures, we have free spins and a Curie susceptibility x ~ 7'~!. Below the Kondo
temperature, T an additional Abrikosov-Suhl resonance develops at the Fermi energy, and the
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Fig. 8: Phase diagram temperature I vs. hybridization tyy = V' of the 2d half-filled periodic
Anderson model at U = 4144 (nearest-neighbor d-d hopping). The figure shows the antiferro-
magnetic transition line in DMFT (green) and DI'A (red), the DMFT Kondo-temperature TPMFT
(blue), and Triky (yellow). From [19].

spin is screened. In the particle-hole symmetric case of half-filling, this Kondo resonance is
however somewhat special: We have a renormalization of the following (non-interacting) situ-
ation: There is a flat f-band at the Fermi energy Er in the middle of the dispersive conduction
band. If we now switch on the hybridization a gap opens at the band crossings at EFr. This
hybridization gap at E'» leads to an insulator not only for the non-interacting model, but also if
we have a renormalized picture thereof due to the Kondo effect. This phase is hence called a
Kondo insulator.

For the (single-site) Kondo model

Ty ~ e~ 1/(2p(0)7) (11)

with non-interacting density of states p(0) [51], and also for the PAM we get a Kondo tem-
perature of similar magnitude, in particular an exponential scaling; see e.g. [52] for DMFT
calculations revealing an actually somewhat enhanced 7'k in the PAM.

Competing with the Kondo effect is a magnetic phase. For understanding this magnetic or-
dering, we can envisage the magnetic Ruderman-Kittel-Kasuya-Yosida (RKKY) coupling in
perturbation theory: An f-electron spin is coupling with amplitude J to the conduction elec-
trons. These are however not immobile and carry the spin information to neighboring sites
with an amplitude given by the (non-interacting) susceptibility yo. On another site, the conduc-
tion electron couples again with the localized f-spin on that site, so that we altogether get the
following coupling strength or critical temperature for the magnetic ordering:

Trry ~J QXBJ,(:QO~ (12)

In our case, the maximal coupling is for the antiferromagnetic wave vector Q = (7, 7) and this
magnetic ordering opens a gap at €z so that we have an insulating antiferromagnetic phase.
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Fig. 9: Schematics of the quantum critical region with a scaling x ~ T~2 above the quantum
critical point of Fig. 8. From [19].

Since T’ is exponentially small for small J, cf. Eq. (11), Trixxy > Tk and we get an antifer-
romagnetic insulator at small J. But with increasing ./, at some point the Kondo effect wins,
and there is a phase transition to a Kondo insulator without long-range order at Tx ~ Tri iy .
Plotting Trx iy and Tk vs. V, one obtains the famous Doniach [53] phase diagram.

In Fig. 8, we show the corresponding phase diagram as obtained using DMFT'? and DI'A. Note
that in DMFT, Trixy ~ J? ~ V4 only holds for small V; for larger values of V' this second
order result is no further applicable. If the DMFT Kondo temperature'! T becomes of the
order of the DMFT antiferromagnetic ordering temperature, antiferromagnetism breaks down,
and we have a Kondo insulator instead at a finite critical V. That is, we have a quantum critical
point between a Kondo insulator at large V' and an antiferromagnetic insulator at small V.

The DI'A phase diagram in Fig. 8 is distinctively different. Non-local correlations, i.e., specif-
ically antiferromagnetic spin fluctuations, suppress the antiferromagnetic ordering. Since we
are in 2d, this suppression is particularly strong and DI'A respects the Mermin-Wagner theo-
rem [55]: long-range antiferromagnetic order only survives at 7' = 0.'> Nonetheless, we have a
QCP which we further analyze in the following.

Above the QCP, there is a quantum critical region where exponents of the susceptibility and
correlation length are governed by the QCP, i.e., temporal fluctuations are relevant, see Fig. 9.
For the QCP of a 2d antiferromagnetic insulator we expect the same exponents as for the 2d
Heisenberg model, i.e., x ~ T2, v = 2 (and with Eq. (9) v = /2 = 1 for n ~ 0) [56]. In
contrast, for high temperatures we expect the Curie behavior Y ~ 7! for free spins.

For the DMFT phase diagram of the Kondo lattice model see [54].
determined from the maximum of the local susceptibility as a function of T
12Cf. [20] for the fulfillment of the Mermin-Wagner theorem for the 2d Hubbard model in DT'A.
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Fig. 10: Magnetic susceptibilities vs. temperature on a double logarithmic plot in DMFT (top
panels, green) and DI'A (bottom panels, red) for different hybridization strengths tyy = V.
The black solid and blue dotted lines indicate a x o< T~ and x oc T~2 behavior, respectively.
From [19].

The behavior of the susceptibility x ~ 7~7 ~ T2 and related correlation length ¢ ~ T7" ~
T~ in the quantum critical region can be rationalized as follows: First, the conjectured mapping
onto a non-linear 0 model [57] and quantum Monte Carlo data for the Heisenberg model [58]
suggest a dynamical critical exponent z = 1. Further, in the quantum critical region, tempera-
ture sets a cut-off 1/7 to the correlation length in time: &, < 1/7'. Finally with £ ~ T~ and
& ~ T wehave & ~ &/ ~ T for z = 1.

Fig. 10 shows that DI'A is indeed able to resolve such a complex behavior and the quantum
critical exponent v = 2 with a crossover towards v = 1 at high temperatures. DMFT does not
include spatial correlations and hence shows a y ~ T~ ! (i.e., v = 1) behavior in the whole
temperature range.

For low 7" and V' < Vi eventually antiferromagnetic order sets in. While true long range
antiferromagnetic order only sets in at 7" = 0, we have already an exponentially large correlation
length and susceptibilities at finite 7". These will eventually dominate, setting an end to the
quantum critical region. Indeed for such parameters the DI'A results of Fig. 10 show a deviation
to even larger susceptibilities at the lowest temperature.

For low 7" and V' > V(, on the other hand, eventually a Kondo insulating phase develops
(quantum disordered phase in Fig. 9). Because this is a gapped (renormalized) band insulator
with a hybridization gap, we expect that here the susceptibility eventually vanishes. Indeed for
such parameters the DI'A results of Fig. 10 show a deviation to smaller susceptibilities at lower
temperatures. A full suppression of the susceptibility because of the Kondo gap was only found
at larger V' (not shown); but it is also expected at £y = V' = 1.09 but only for even lower
temperatures.
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6 Superconductivity in the 2d Hubbard model

In this section we would like to leave the question of critical exponents behind and discuss
instead the prospects of superconductivity in the 2d Hubbard model. There are different ways
how superconductivity might arise. But non-local correlations are the key; DMFT cannot de-
scribe d-wave superconductivity. One possibility is through antiferromagnetic spin fluctuations.
These do not only lead to a pseudogap in diagrammatic extensions of DMFT [23, 20, 25] but
may also act as a pairing glue for superconductivity [59].

Since antiferromagnetic spin fluctuations emerge from the particle-hole channel and supercon-
ductivity is an instability of the particle-particle channel,!* one needs in principle the parquet
equations for describing this interplay. The drawback is that solving these equations requires
a much larger effort than solving the ladder equation in a specific channel. This restricts the
available temperature range, and even if it is called “high-temperature” superconductivity the
typical T. is still quite low compared to room temperature. We will later present such parquet
DI'A calculations, but here the lowest possible temperatures are actually not low enough to
unambiguously identify a phase transition into a superconducting phase. Such parquet DI'A
can yield, however, the leading superconducting instability and the trend that superconductivity
prevails over antiferromagnetism for large enough dopings.

Before turning to these parquet results, let us instead first discuss a poor man’s variant of such a
parquet equation [60]. Here, from a local vertex I, (’T",I’w, irreducible in the particle-hole channel,

first the non-local vertex F:*4

is calculated via the Bethe-Salpeter ladder in the particle-hole
and transversal particle-hole channel. This /' includes spin-fluctuation; and is in turn also used
to calculate ;. Up to this point it is a conventional ladder DI'A calculation.

But in the next step we use this F' to calculate a non-local vertex irreducible in the particle-
particle channel: [%}a=0 = p¥.—kk=k" _ @ui/w=0"where all particle-particle reducible dia-
grams Py, of I are subtracted and again a four-vector notation is used. With this /},, we solve
the particle-particle ladder or the simplified linearized gap (Eliashberg) equation

Nog = =Y TEF=0 Gl Gpov, (13)
W
where ) and vy, are the eigenvalue and eigenvector in the particle-particle channel, respectively.
This is like a single parquet step, where we insert one channel (the particle-hole and transversal
particle-hole) into another (the particle-particle). In a full parquet we would also turn back from
the particle-particle to the particle-hole channel.
Physically Eq. (13) is akin to the standard random phase approximation (RPA) ladder which
yields
X = xo/(1+ Uxo) (14)

but with the momentum and frequency dependent Fgﬁk',q:o instead of U. If the leading eigen-
value A of —U [or here of —1},,x0] approaches one [\ — 1], Eq. (14) diverges and super-
conductivity sets in.

Balso coined Cooperon channel
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Fig. 11: Leading d-wave eigenvalue )\ against band filling n for U = 6t, T/t = 0.010, 0.013,
0.020 with (a)t' =t" = 0and (b) t'/t = —0.20, t"" /t = 0.16. (¢) Momentum dependence of the
Green function |G s |, and (d) the pairing interaction vertex Iy, g—(x ) for n = 0.775 (over-
doped), 0.825 (optimally doped), and 0.85 (underdoped), at T'/t = 0.02 and further parameters
as in (a). From [60].

Fig. 11 shows the leading superconducting eigenvalue which is of d-wave symmetry and ap-
proaching A = 1 at 7. < 0.01¢ for nearest-neighbor hopping (¢) only [Fig. 11(a)]. At this T,
the superconducting susceptibility diverges. If next- (¢') and next-next-nearest neighbor hop-
pings (t”) are included with parameters adjusted to the bandstructure of Hg-based cuprates we
get a somewhat larger 7. ~ 0.015¢ [Fig. 11(b)]. If we translate this into Kelvin, by taking a
typical hopping parameter ¢ ~ (.45 eV, this corresponds to 7. ~ 50 — 80 K for a filling of
n = 0.80 — 0.95. These are very reasonable 7, values for cuprates, in particular if one takes
into account that no further optimization with respect to ¢ and ¢” has been done.

Fig. 11 also reveals a superconducting dome. This is the consequence of two opposing effects:
On the one hand, stronger antiferromagnetic spin fluctuations towards half-filling increase the
superconducting pairing glue I }i’)’“/’q:o in Fig. 11(d) so that 7, would increase towards half-
filling. But at the same time the spin-fluctuations suppress the Green function which also enters
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Fig. 12: (a) Eigenvalue \ against the frequency range nNyeriex 0ver which the local vertex struc-
ture of in the magnetic channel I,,(vy,, vy ,w = 0) (shown in panel b) is considered. (c) Full
vertex Fy, g=(r.x)(Vn, Vnr,w = 0) and (d) pairing interaction I, g=(xx)(Vn, Vn/,w = 0). The
parameters are: U = 6t,t' =" = 0,n = 0.825 and T/t = 0.040, 0.067. From [60].

in the Eliashberg Eq. (13). Eventually this leads even to the development of a pseudogap, but
for the parameters of Fig. 11(c) only a suppression of |G| towards half-filling is visible. This
Green function effect suppresses 7.. The balance of both effects yields the dome-like structure.
A superconducting dome has also been reported in e.g. [61, 62, 26, 63], but not in the dual-
fermion approach [64,21] or in Ref. [65].

Kitatani et al. [60] were further able to point out that the dynamics of the vertex, i.e., its fre-
quency structure plays a pivotal role for 7. That is, the vertex dynamics suppresses 7. by one
order of magnitude. Without this suppression room temperature superconductivity would be
possible.

Fig. 12(b) shows the local vertex [}, that serves as starting point for the DI'A calculation.
Clearly, it is suppressed at the lowest frequencies. This low frequency suppression is also seen
in the non-local full vertex [}, g that is calculated from I}, and shown in Fig. 12(c). That is,
antiferromagnetic spin fluctuations are suppressed for small frequencies. Not surprisingly also
the superconducting pairing glue, i.e., the non-local vertex irreducible in the particle-particle
channel in Fig. 12(d) is suppressed.

Fig. 12(a) shows the values of the superconducting eigenvalue \ that we had without this sup-
pression of the vertex. More precisely, the A that we would have if we replaced the local vertex
of Fig. 12(b) by its static limiting value I3n"""“=" = —U for Matsubara frequencies ||, [V,
W] > Nvertex. FOT Nyertex = 0, we have Ilw*’»"“=" = _J at all frequencies and an order of
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Fig. 13: Left part of the diagram: a typical RPA ladder diagram in the particle-hole channel
with building block U (red wavy line) and x (two blue Green functions with fermionic frequen-
cies v and vi + w). Right part of the diagram: Local (second-order) vertex correction 01y,
with a particle-particle bubble. From [60].

magnitude larger A in Fig. 12(a); for nyertex — 00 We recover the proper DI'A result. Not only
A is enhanced but along with it also 7. from about 0.01t to 0.13t.

In this situation it is imperative to identify the physical processes that are responsible for the
suppression of I}, in Fig. 12(b). Analyzing diagrams order by order, Kitatani et al. [60] found
that already the second order particle-particle diagram as displayed in Fig. 13 (right part) is the
main driving force for the suppression of I}, in Fig. 12(b). From Fig. 13 we also see that the
particle-particle bubble becomes maximal for v + v/ + w = 0. Note that w = 0 in Fig. 12(b),
so that the suppression is maximal at v = —1/ in Fig. 12(b). These particle-particle screening
processes explain the substantial suppression of the local /3, and hence of antiferromagnetic
spin fluctuations and the superconducting pairing glue I, for lowest frequencies.

Having identified this oppressor of high temperature superconductivity, a screening of antifer-
romagnetic spin fluctuations by local particle-particle bubbles, gives us some hope to find new
ways of enhancing 7., possibly to room temperature and beyond. However, this is only the
first step, getting rid of (a large) particle-particle screening is not at all trivial, and remains a
challenge for the future.

Superconductivity in parquet DI"'A

Finally, we would like to turn to the more complete parquet DI'A. As already mentioned, this
means that we have to do calculations at higher temperatures, considerably above 7. Fig. 14
shows the parquet DI'A result for a filling n = 0.85 where we have d-wave superconductivity
in Fig. 12. Indeed, in this parameter range Kauch ef al. find that d-wave superconductivity is
the leading instability in the (superconducting) particle-particle channel, seemingly surpassing
the magnetic instability at lower temperatures. For this doping, the magnetic susceptibility is
still peaked at Q = (m, 7) in Fig. 14 (left). This antiferromagnetic wave vector Q = (7, 7)
naturally connects the positive [at k = (£, 0)] and negative [at k = (0, £)] regions of the
superconducting d-wave eigenvector in Fig. 14 (middle panels), as is needed for the Eliashberg
Eq. (13) to realize an eigenstate for a repulsive interaction. Fig. 14 (right) displays the same
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Fig. 14: Left: Magnetic susceptibility x.,(q,w = 0) vs. ¢, and q, at U = 4t, = 20/t,
n = 0.85 as obtained from parquet DI'A with an 8 X 8 cluster. Left-middle: Eigenvector
Vdy o (k,v = 7/B) corresponding to the dominant eigenvalue in the particle-particle channel.
Right-middle: Projection of vy, ,(k,v = m/B) onto the Fermi surface as obtained by multi-

plying with |G|? at the lowest Matsubara frequency. Right: Eigenvector Ud,2 (r,v = m/pB)
Fourier-transformed to lattice space (in units of lattice vector a = 1). From [66].

superconducting eigenvector in real space, showing that the eigenvector describes a nearest-
neighbor plus-minus structure, i.e., d,2_,2, alternation.

Fig. 15 shows the same kind of analysis but now deeply in the overdoped regime, i.e., for
n = 0.72. Here, the magnetic susceptibility is peaked at an incommensurate wave vector
Q; = (7 + 6, ) [and symmetrically related Qs = (7, 7 + ¢) etc.] similar as in Fig. 5 for the 3d
Hubbard model. For the finite momentum clusters of parquet DI'A, ¢ can, as a matter of course,
only take values congruent with the momentum grid. In this incommensurate case, the leading
superconducting eigenvalue is not d-wave anymore but a higher-order s-wave.

Fig. 15 (left-middle) shows the momentum dependence of this s-wave, which becomes more
obvious if we project onto the Fermi surface (right-middle). Because of the incommensurability,
Q; does not link the antinodal points (0, +7) and (£, 0) any longer as for n = 0.85 in Fig. 14.
Instead QQ; and Q2 connect the points of the Fermi surface which are close to the antinodal
points (0, +7) and (7, 0) and have a large negative component of the eigenvector v to points
that are in-between the nodal and antinodal point on the Fermi surface and have a large positive
component of the eigenvector vs, see the Q; and Q- arrows in Fig. 15. In other words, the
incommensurate antiferromagnetic ordering is not compatible with d-wave superconductivity
any longer, but requires an even more complex k-dependence of the order parameter (eigen-
vector for A = 1). This complex k-dependence is dominated by terms cos(nk,) cos(nk,) with
n = 3,4.

Fig. 15 (right) shows the eigenvector contributions in real space. This Figure makes clear why
we call it an s-wave: all neighbors of the same shell of neighbors contribute with the same sign.
In contrast, in Fig. 14 we have an alternating (d-wave) sign. Further, in Fig. 15 (right) it is
not a next-nearest or local s-wave component that dominates. Instead the leading contribution
stems from a relative lattice vector further away along the diagonal [R = (n,n) withn = 3,4
in Fig. 15 (right)]. Kauch ef al. hence coin it higher-order s-wave: If we expand the angular
dependence of v; in terms of s, d-wave etc. it is an angular s-wave'#; but it is of higher order

4More precise (but less common) would be to call it a a;,-wave because the eigenvector belongs to this irre-
ducible representation of the square lattice symmetry; there is no continuous rotational symmetry as s-wave might
suggest.
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Fig. 15: Parquet DI'A for a 6 X 6 (top) or 8 x 8 (middle) cluster, and simplified calculation on
a larger cluster with DMFT susceptibility as a starting point (bottom). Left column: Magnetic
susceptibility x,(q,w = 0) vs. g, and q, at U = 5t, § = 15/t, n = 0.72. Left-middle
column: Eigenvector vs(k,v = 7/ 3) corresponding to the dominant eigenvalue in the particle-
particle channel. Right-middle column: Projection of vs(k,v = m/[3) onto the Fermi surface
as obtained by multiplying with |G|* at the lowest Matsubara frequency. Right: Eigenvector
vs(r,v = 7/ B) in real (lattice) space. From [66].

in the radial expansion (couples further away neighbors). How far apart the coupled sites are
depends on the specific incommensurable wave vector and is also influenced by the finite cluster
size. But the auxiliary calculations, starting from the DMFT susceptibility on a large cluster
[Fig. 15 (bottom)] further confirm that such a higher-order s-wave phase naturally develops if
the magnetic spin fluctuations are incommensurable.

7 Conclusion and outlook

To sum up, we have briefly recapitulated the DI'A method before reviewing recent highlights
obtained with it: the calculation of critical exponents, quantum criticality, and superconductiv-
ity. In the following we will focus only on the latter two aspects. Quite generally, the advantage
of diagrammatic extensions of DI'A is that they are able to describe short- and long-range cor-
relations as well as temporal correlations, which become relevant at a quantum critical point.
In Section 4, we have seen that particular lines on the Fermi surface of the 3d Hubbard model
with nearest-neighbor hopping, so-called Kohn-lines, lead to a new universality class of critical
exponents.
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For studying a situation with d + z < 4, in Section 5 we turned to the periodic Anderson model
in d = 2 at half-filling. This model describes a phase transition from an antiferromagnetic in-
sulator to a Kondo insulator (¢ = 1). Here a quantum critical region could be identified, where
the susceptibility shows a xy ~ T2 behavior, whereas at higher temperatures y ~ 7. For
a hybridization strength smaller than the QCP and for temperatures below the quantum critical
region we eventually find an even stronger increase of x. This is to be expected since even
though there is no long-range antiferromagnetic order for 7' > 0 there is still an exponentially
strong increase of the susceptibility and correlation length at low temperatures. For a hybridiza-
tion strength larger than the QCP and for temperatures below the quantum critical region we
are in the Kondo insulating regime so that eventually Y — 0 because of the (renormalized)
single-particle excitation gap.

In Section 6 we turned to superconductivity in the 2d Hubbard model. We find d-wave super-
conductivity with a dome-like 7 .-structure as a function of doping and a reasonable 7, ~ 50 K.
Most interestingly, an order of magnitude larger 7.’s, i.e., room temperature superconductivity,
would be possible if the vertex would not be screened at low frequencies by particle-particle di-
agrams. Understanding this suppression of 7. gives us hope for identifying new routes towards
higher 7.’s. At large doping levels, we find a high-order s-wave superconductivity to be the
dominant superconducting channel, which is a natural consequence of having incommensurate
antiferromagnetic spin fluctuations.

Up to now, the focus of diagrammatic extensions of DMFT has been on method development
and applications to simple models such as the Hubbard, the periodic Anderson, and Falicov
Kimball model. As a first step such model calculations are crucial for better understanding
physics. In the future we will see many more applications to non-equilibrium and real materi-
als. First realistic materials calculations [67] have already been performed for StVO3 using ab
initio DI'A [67]. This AbinitoDI'A (ADGA) code for solving multi-orbital ladder DI'A equa-
tions including non-local interactions is made available via Gnu Public license [68]. For the
model Hamiltonians studied in these lecture notes, instead, the one-orbital ladder DI'A code
(ladderDGA [69]) with Moriyaesque A correction and the victory code [70] for solving
the parquet equations have been used.
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1 Introduction

The conventional way to manipulate materials properties involves changes of external parame-
ters such as pressure or magnetic fields on time scales which are slow compared to the intrinsic
relaxation times in the solid. The theoretical understanding of condensed matter phases can
therefore largely be build on the assumption that solids are locally in thermal equilibrium at all
times. This has changed with the availability of femtosecond laser pulses, which can be used to
excite a system and probe its dynamics before the return to equilibrium [1]. Such experiments
have opened a new field of research in condensed matter physics with many facets:

e Time-resolved spectroscopy: Femtosecond pulses are available in a wide frequency
range, including the THz, infra-red, visible, or X-ray domain. One can therefore make
both excitation and probe selective to certain degrees of freedom, and thus observe in
real time how energy is passed on after an excitation. For example, electronic relaxation
processes can be revealed by measuring the population dynamics in the conduction band
using time-resolved photoemission spectroscopy, or one can distinguish charge-density
waves of lattice or electronic origin by how fast they can be quenched [2].

e Materials design out of equilibrium: Other than thermal excitation, which typically
results in a suppression of all ordered states, a sufficiently strong ultra-short excitation
can enhance electronic orders or reveal collective phases which are not represented in the
equilibrium phase diagram. This is, in particular, relevant if the equilibrium phase dia-
gram results from competing effects. For example, signatures of light-induced supercon-
ductivity have been observed in various materials [3,4], electronic excitation can enhance
the order parameter in an exciton condensate [5], and changes of the electron population
can close the gap in VO, [6]. In a number of cases femtosecond excitation eventually
results in hidden states, i.e., long-lived metastable states with new types of magnetic and
orbital order, which are entirely inaccessible along thermodynamic pathways [7, 8].

e Dynamical stabilization: Dynamical stabilization implies the modification of proper-
ties while a system is driven by an external perturbation. Experimentally established
is the technique of nonlinear phononics [9], by which the lattice structure is deformed
transiently along the coordinates of phonons which couple anharmonically to selectively
excited modes. More generally, when a system with some nonlinearity, which may be
the interaction or the dependence of the dispersion (k) on k, is periodically driven, its
period-averaged dynamics and can be understood in terms of a so-called Floquet Hamil-
tonian, which can qualitatively differ from the un-driven Hamiltonian [10]. Examples
include band-structure control (e.g., the generation of topologically nontrivial bands by
circularly polarized light [11]), or a manipulation of low energy Hamiltonians (supercon-
ducting pairing [12, 13], spin-exchange [14]). While the latter has been demonstrated in
cold atoms [15], a potential application of this so-called Floquet engineering to real solids
hinges on the question of heating.
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e Strong-field physics: On the femtosecond timescale, a solid can endure external fields
of the order volts per lattice constant, which would lead to an immediate breakdown of
the material in the steady state. Such fields can be used to drive coherent non-equilibrium
dynamics, in which electrons explore a sizeable fractions of the Brillouin zone, leading
to phenomena like high-harmonic generation in solids [16].

A challenge for the investigation of non-equilibrium states in solids is that many fundamental
concepts of condensed mater physics rely on thermal equilibrium. An important example is the
electronic structure itself. Quasi-particles in correlated systems may become ill-defined by a
non-equilibrium excitation which involves a substantial population of states far from the Fermi
surface. In this limit, even a theoretical approach based on kinetic equations, which provides
an intuitive rate-equation for the time-dependent population of electrons in a given (“rigid”)
band structure, becomes questionable. Below we will describe how real-time Green functions
give an interpretation of the electronic structure in non-equilibrium states. Another fundamental
question is how fast and whether an interacting system thermalizes after a perturbation [17]. In
many cases, the energy deposited by a laser in the electronic system would imply electronic
temperatures large enough to melt, rather than enhance, various orders. However, beyond a
description based on a Boltzmann equation the understanding of thermalization is not obvious.
In general, thermalization can be delayed by the presence of a gap. In the strongly interacting
Hubbard model, thermalization after an sudden turn-on of the interaction can happen on the
ultra-fast time-scale of the inverse hopping, but only in a narrow regime of interactions [18].
Ideal integrable model systems never thermalize, and even though such models hardly find
an exact representation in condensed matter, the vicinity to an integrable point can result in a
two-stage relaxation where the earlier stage (pre-thermalization) is governed by the integrable
dynamics [19] and can feature long-range order even when the final thermal state does not.

In these notes we attempt an understanding of the many-body dynamics in solids from a model
perspective. For a general discussion, let us take the Hubbard model as a paradigmatic example

H(t) = — Z ;5 (t) cjacja +U Z C;-fTCiTCL,Cu. (1)
17,0 7

Here, cZTU (cis) create (annihilate) an electron with spin o at site 7 of a crystal lattice, v;; is
the hopping matrix element, and electrons interact via a local Coulomb interaction U. Taking
this model (or its multi-orbital variants) as a faithful representation of the electronic properties,
we can ask how the state of the system evolves from a given initial state, which is usually
the thermal ensemble for the Hamiltonian H (0). Time-dependent electromagnetic fields (the
laser excitation) are most easily included by a Peierls substitution, which introduces the vector
potential A(r,t) as a phase factor in the hopping matrix elements,

. R;
v;;(t) = vy exp(—%/R dr A(r,t)> , 2)

and adds a scalar potential term ¢, ®(R;,t)cl c,, to the Hamiltonian (e is the charge of
an electron). When we are interested in the action of optical or THz fields, the wavelength is
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much longer than the lattice spacing, and the field can be approximated as space-independent,
with E(t) = —0;A(t) and & = 0. Including electric fields in multi-band models is more
subtle, because the Peierls substitution does not describe inter-band dipole couplings or Stark
shifts of the Wannier orbitals. We also note that the Hamiltonian (1) describes only electronic
motion, while in a solid also the lattice dynamics does play a role at longer times. Unless
we are interested in a specific response such as a deformation of the lattice, we may account
for this by including the phonons as a dissipative environment (heat bath), which is relatively
straightforward in the Keldysh formalism used below. In many cases of interest, however, only
short times are of interest, on which electrons may safely be considered as an isolated system.

The Keldysh formalism provides the framework to discuss many-body physics for transient and
steady-state non-equilibrium situations (diagrammatic perturbation theory, path integrals). All
diagrammatic approximations, such as perturbation theory, GW, etc., can be reformulated in
the time-domain, by replacing imaginary-time arguments and frequencies by times on a more
general real-time contour, only the numerical evaluation of the resulting equations in real-time
is far more costly, as discussed below. Regarding correlated materials, dynamical mean-field
theory (DMFT) [20] and its extensions present a very versatile approach to obtain the electronic
structure even from first principles, as discussed in previous lectures of this series [21]. Like
any other many-body formalism based on imaginary time, DMFT can be reformulated for the
real-time dynamics, as noted first in [22,23]. Although the evaluation of the DMFT equations is
more challenging (in particular the solution of the auxiliary impurity problem), non-equilibrium
DMFT has since then been applied to a wide range of topics [24], including the dynamics after
quenches and dynamical phase transitions in various ideal model systems, the study of photo-
induced dynamics in Mott insulators, the understanding of light-induced phases (manipulation
of magnetic interactions, light-induced superconductivity, hidden states with spin and orbital
order), the investigation of strong-field phenomena in correlated systems such as the dielec-
tric breakdown and high-harmonic generation, and the properties of periodically driven states
(Floquet engineering).

In these notes we explain the foundations of non-equilibrium DMFT in the Keldysh formalism,
and then discuss the photo-induced dynamics in Mott insulators to illustrate the approach.

2 The Keldysh formalism

This section presents a brief summary on the Keldysh formalism. For an in-depth introduction
we refer to standard textbooks, e.g., [25,26].

2.1 Two-time Green functions and electronic structure

The Keldysh formalism is based on Green functions G (i, t, j, '), that describe the propagation
of particles and holes between orbitals 7, j and times ¢,¢. It is convenient to start from the
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following electron and hole propagators, as introduced by Kadanoff and Baym,

Gr(t,t) = +i(ch(t) ey (1) 3)
Gy (t,t) = —i{cy (t)ck(t)). 4)

Here c,Tc and ¢ denote creation and annihilation operators for an electron in a single-particle
orbital k . (Only momentum k is shown for simplicity of notation, but spin or orbital indices
may easily be added.) The time-dependence of the operators is understood in the Heisenberg
picture, and (---) = Tr(py---)/Z is an average using the density matrix of the initial state.
These Green functions describe the propagation of an additional electron or hole on top of the
many-body state, and therefore contain the full information on all single-particle observables.
In the following we discuss their properties in equilibrium states, so-called non-equilibrium
steady states, and a general time-evolving state:

e Equilibrium: In equilibrium, translational invariance in time implies that the propaga-
tors (3) and (4) depend only on the time-difference, and one can introduce the Fourier
transform G(w) = [dte™'G(t,0). A straightforward expansion of the Green functions
in (many-body) energy eigenstates leads to the relations

Gy (w) = 2miAg(w) f(w) = 2miNg(w), (5)
Gp (W) = —2miAg(w)[1 — f(w)] = —2miNg (w). (6)

Here we have introduced the (many-body) spectral function Ag(w), which is defined in
terms of the retarded Green function as

Ap(w) = —% Im / dt /O GR (1), (7)
GRt—=t)=0(t—t) (Gy(t—t) =GRt —1)). 8)

The equations show that equilibrium states are characterized by the spectral function only,
which contains information about the band structure, including the position of the bands,
and the lifetime of quasiparticles. The occupation (which is, e.g., measured in photo-
emission) is linked to the spectrum by a universal occupation function f(w) which only
depends on temperature.

e Non-equilibrium steady states: An important application of the Keldysh formalism is
to study non-equilibrium steady states. When the system is simultaneously subject to
a time-independent perturbation and coupled to external reservoirs (e.g., metallic leads
with a voltage bias), we can assume that any transients after the initial switch-on of the
perturbation decay with time, until energy (particle) absorption from the perturbation
is balanced by dissipation into the bath. The system then resides in a steady state in
which all correlation functions are translationally invariant in time, but yet the system is
not in a thermal equilibrium state: We have G (w) = 2miAg(w)Fi(w) and G, (w) =
—2miAg(w)(1 — Fi(w)) like in Egs. (5) and (6) with a positive definite spectral function
Ag(w) and occupation function Fy(w), but Fy, is not given by the Fermi function.
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e Transient time-evolution: In a time-evolving state, time-translational invariance is lost,
so that both spectral and occupation functions depend on two time-arguments separately.
It is still often convenient to introduce a partial frequency dependence: A symmetric
choice is the Wigner transform for a function X (¢, ¢'), with an average time ¢,,=(t+t") /2
and a relative time ¢,., = t — t/, and a Fourier transform with respect to .,

X<t(w7 (.O) - /dtrel eiwtml F(tav + trel/27 tav - trel/2) . (9)

One may introduce Wigner transforms G<~(¢,w), or equivalently time-dependent oc-
cupation functions and spectral functions. In fact, a quantum Boltzmann equation [26]
is an equation of motion for a time-dependent occupation function, often supplemented
with the approximation that the spectrum takes a given form. However, in a situation
where both the spectrum and the occupation change at the same pace, as can easily be
the case for the ultra-fast dynamics in strongly correlated condensed matter systems, the
separation of spectrum and occupation becomes somewhat arbitrary. An exception is the
dynamics governed by non-interacting or mean-field Hamiltonians, where in the absence
of external fields the spectrum is given by the eigenvalues of a single-particle Hamil-
tonian, and the occupation by the corresponding expectation values of the one-particle
density matrix.

Probabilistic interpretation of real-time Green functions

We can illustrate the meaning of the propagators G 2 by their relation to a time-resolved elec-
tron removal and addition experiment, such as photoemission spectroscopy. In a time- and
angle-resolved photoemission experiment, one measures the probability that an electron is
emitted under the action of a short probe pulse, as a function of the photo-electron energy
E and the photo-electron momentum k.. An idealized description is obtained by adding a term
S(t—t,) e?(t=%) ficy, + h.c. to the Hamiltonian which allows a transition to an outgoing state f.
The signal is the change of (ff) during a pulse. Here (2 is the photon energy, and S(t — ¢,)
is the time profile of the probe pulse, which is centered around a given time ¢,. With respect
to real photo-emission, this formulation makes three approximations: (i) the sudden approxi-
mation, which assumes that there is no interaction between the electrons in the solid and in the
outgoing state f, (ii) a classical approximation of the light pulse, and (iii) a simplistic treatment
of the transition matrix elements. These approximations are, however, the same as those usu-
ally made to get a rough interpretation of photo-emission results in equilibrium in terms of the
occupied spectrum Ag(w)f(w). The signal can be obtained using time-dependent perturbation
theory in the light-matter coupling [27], leading to (to leading order in S)

(B, t,) = /dt dt' P (i) G (t,+t, t,+1') S(t) S(H)*. (10)



Nonequilibrium DMFT 15.7

To further illustrate Eq. (10), one can consider a Gaussian probe profile S(t) = exp(—t?/2At?)
with duration At, and transform Eq. (10) to a mixed time-frequency representation

42
Ie(E,t,) o /dwdtN<(tp+t,E—|—w) e~ Az e WA (11)

Here Ny (t,w) = Gy (t,w)/(2mi) is related to the Wigner transform (9) of the Green function, in
analogy to Eq. (5). In equilibrium we have N (w) = Ag(w) f(w), so that long pulses imply the
usual interpretation of the photoemission spectrum in terms of the occupied density of states,
while Eq. (11) shows that in a transient state N (¢,w) gives the probability distribution to
remove a particle with energy Aw and momentum k from the system at time t after averaging

e—wZAtQ

+2
over a filter e~ a2 which satisfies the energy-time uncertainty At Aw = 1 [28,29].

Fluctuation-dissipation theorem

Equations (5) and (6) provide a fermionic variant of the fluctuation-dissipation theorem, which
holds more generally for any observable. The response of an observable X to an external force is
given by the Kubo formula y (t—t")=—i6(t—t') ([ X (¢), X (t')]), while C~ (t—t")=—i(X () X (t'))
correspond to the fluctuations. Again, in equilibrium all correlation functions depend on time-
difference only, and an eigenstate representation yields

C<(w) = 2ib(w) Im x(w + i0), (12)

where b(w) = 1/(e’* — 1) is the Bose function. This is the fluctuation-dissipation theorem,
which states that the imaginary part of the response function, which describes energy dissipa-
tion, is related to the power spectrum of the fluctuations. If X is a collective excitation, such
as the displacement field of phonons, Im y(w) and C'<(w) correspond to the spectrum and the
occupation of the collective mode, respectively.

The fluctuation-dissipation theorem provides a measurement to decide whether a system is in
thermal equilibrium, and to determine the effective temperature of a given subset of degrees
of freedom. For example, optical spectroscopy measures the polarization response to long-
wavelength electric fields. A full characterization of the non-equilibrium state would require
also a measurement of the noise power spectral density of the polarization (or the current).
Measuring noise is generally harder than measuring the response, but recent experiments in
this direction have extracted current fluctuations from the shot-to-shot variance in the measured
intensity of the reflected probe-pulse in a pump-probe experiment [30].

2.2 The Keldysh contour

For an isolated system with Hamiltonian H (t), the solution of the Schrédinger equation i0; |1 (t))
= H(t) |¢(t)) with initial condition |t (o)) = |t)p) can be written in terms of the unitary time-
evolution operator U (¢, to)

[v(t)) = U(t,to) |¢o), (13)
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which is defined by the differential equation i0, U (t,ty) = H(t)U(t,ty) with initial condition
U(to, o) = 1. Formally, the evolution operator can be written as the time-ordered product,

Ut ) =T, e i D (fort > ¢'), (14)

where the time-ordering operator T} brings operators at later time to the left. The adjoint of (15)
is the inverse (backward) time-evolution U(¢, ') = Tye+i /o4 H®  where T} is the anti time-
ordering operator. The time-ordered exponential can be read as the step-wise time-evolution

u(t’ t/) ~ e—iétH(t—&f) L 6—i(5tH(t'+25t)6—i(5tH(t’+5t)e—i(StH(t’) (for t> t/) 7 (15)

taking the Hamiltonian constant along each infinitesimal interval, U (t4-6¢, t)=e~*# () - O(512).
In order to describe the time-evolution of a quantum system, we aim to compute observables or
correlation functions of the general form

(O(1)) = Tr (o Ut 1) OU(E 1)) (16)

Here py is the density matrix which defines the state of the system at initial time ¢y. The density
matrix py provides only the statistical weights of the initial states, while Eq. (16) describes the
evolution of an isolated quantum system: If py = > w,|1y,) (1), ] is the statistical mixture of
states |¢,,), Eq. (16) can be written as

(O) =D wa(en(t)|Ofthn(1)), (17)

where [¢,(t)) = U(t,19)|1,) is obtained by solving the unitary Schrodinger equation with
initial condition |, (to)) = |¢,). In the following, we take p, to be the Gibbs ensemble with
respect to some initial Hamiltonian H(0).

The time-ordering in U(t,ty) and the anti-time-ordering in U(t, )" in Eq. (16) can be com-
bined into a single time-ordering along a time contour. The latter extends from ¢, in forward
direction and then in backward direction (from now on, we will take t; = 0 without loss of
generality). Moreover, the thermal density matrix can be written as a time-evolution operator
along an imaginary time axis [0, —i(3], so that the three branches can be combined into a single
L-shaped contour C, as depicted in Fig. 1. The order of times is indicated by the arrows in the
figure (from earlier to later). We will use the notation ¢t >¢ t' (t <¢ t') to denote that ¢ is later
(earlier) on C than ¢’. Throughout these notes, we will denote a time argument on the upper
(lower) branch by ¢, with ¢ € R, respectively, and a time-argument on the vertical branch by
—it with 7 € [0, 8]. Together with the time-contour we introduce the contour-ordering operator

AB) t>ct’

EB(tYA(t) t >ct (1%

TcA(t)B(t') = {

The sign £ is —1 if the permutation of A and B involves an odd number of permutations of
fermion creation of annihilation operators, and +1 otherwise. With this the expectation value
(16) is written as

(O(t)) = %Tr (TC et le de(f)O(t+)) . Z=Tr (TC et le de@) , (19)
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Fig. 1: The Keldysh contour C, ranging from time 0 to a maximum time t,,,, back to time 0, and
finally to —i3 on the imaginary-time branch. Times on the upper and lower real-time branch
are denoted by t and t_, respectively. Botht, and t_ are real, and the index + serves only to
distinguish backward and forward time-evolution. The arrows denote the time-ordering along
C from “earlier” to “later” contour times.

where we have introduced integrals along the time-integrals

/Cdtf(t) :/Otmdtf(m—/Otmdtf@_)—z'/oﬂdff(—m. 20)

The electron and hole propagators (3) and (4) appear now naturally as different components of
a contour-ordered Green function

Gyy(t.t) = —i(Toc;(t)ch(t). Q1)

By choosing the time-arguments on the upper and lower branch of the contour, respectively, we
recover the lesser and greater Green functions (3) and (4) for ¢, > 0

G=(t,t') = G(t+,t") and G~ (t,t') = G(t_,t). (22)

In turn, one can see that G< and G~ suffice to restore the full Green function G/(t,t') on the
real-time branches, so that G(t,t’) is equivalent to specifying the single-particle properties at
all times. Without proof, we note that the mixed components G(7,t) are one-to-one related to
the correlations G/(¢,t") with one or two arguments before ¢ = 0, assuming the system is then
in equilibrium.

Functional integrals and many-body theory

The introduction of the contour allows to repeat one-to-one all steps which lead to the defini-
tion of path integrals and perturbation theory in the Matsubara formalism. We can obtain the
path integral for the partition function (or rather, any generating function for contour-ordered
expectation values) as

Z ="Tr (Tc e_ifcdtH(t)) :/D[c, c] e (23)

S = /C dt (Z &(t)id,c;(t) — He, c]). 24)

J
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This expression is understood in the usual way as a continuum limit of a discretized time contour
with timesteps t,, a = 0, ..., M along the contour (¢, = 0% and t); = —i/3). Anti-periodic or
periodic boundary conditions ¢(ty) = —c(t,,) are implied for bosons and fermions, respectively,
and j labels all orbital degrees of freedom. Note that O, is the usual time-derivative, not a
derivative along the contour direction.

With the general expectation value

(---)S:Z_I/D[c,c]eis---, (25)
we naturally arrive at the Green function

Gy (t,t) = —ilc;(t)ey (1)) s (26)

For the action (24), the latter equals the contour-ordered Greens function (21). The (anti)-
periodic boundary condition of ¢ and ¢ imply an (anti)-periodic boundary condition for G,

G(0s.1) = £G(—if, 1), G(t,0,) = £G(t,—if), 27)

where the upper (lower) sign refers to the case where c and ¢! are Bose (Fermi) operators.

Equations of motion

The action of the noninteracting problem H (t)=z(t) c'c, S= [dtdt’ e(t) dc(t,t')(i0, — €)c(t') is
a quadratic form, where d¢(t,t’) is the delta-function consistent with the contour integral (20).
The integrals f ¢ are to be understood as the continuum limit of a discrete form S= Zw,éaAaa/ca/
where a, a’ label all orbital and discrete time indices. Gaussian integration for the discrete action
yields >, Ay Goar=04ar» 1.€., Gar= —1{cqCq)s and A are inverse matrices in time. Reinstating
the continuum limit, the equation A G' = 1 yields the equation of motion for G,

/dt de(t, 0)(i0F — &) G(L, 1) = (0, — e(t)) G(¢,t') = de(t,1'). (28)
C

The “derivation” of this equation has seemingly been a bit too careless, as in contrast to the
inverse of the discrete matrix A, the differential equation (28) does not have a unique solution
unless either an initial or boundary condition is specified. However, with the boundary con-
dition (27) the solution is unique. For the equilibrium Green function and the single orbital
Hamiltonian H = ¢ cfc, it is instructive to check that the solution is given by

G(t 1) = e~=tt) (z F(e) Ot 1) — if(—) be(t, t’)> , (29)

where 0¢(t,t') = 1 for t >¢ t' and 0 otherwise. The same result is obtained from Eq. (21) and
the Heisenberg equation of motion for ¢(¢) and c'(¢).

From now on we use a continuum notation assuming that all operations take place within the
space of (anti)-periodic functions. Multiplication of two contour functions corresponds to con-
volution along C

A+ B|(t, 1)) = /c dF A(t, D) B, 1), (30)
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Fig. 2: Diagrammatic representation of the local self-energy in the Hubbard model: The nonin-

teracting Green function G ;;(t,t') is represented by a directed line, and the interaction U (t)

is denoted by a dashed line. The first two diagrams are @ (t,t') and Zf,l)(t,t’ ), the third
diagram is a non-skeleton diagram, with a self-energy insertion in one of the G-lines.

and the inverse A~'(¢,t') of a function A(¢, ') is understood as the differential or integral equa-
tion [, dt A7 (t,0)A(t,t') = [, dt A(t,t)A~"(t,t') = d¢(t,t") with the boundary condition (27)
(additional matrix multiplication in orbital indices implied).

Diagrammatic perturbation theory

The construction of diagrammatic perturbation theory does not depend on the time contour,
and is formally identical for Matsubara Green functions and contour-ordered Green functions.
In particular, perturbation theory is based on the Wick theorem, which states that n-particle
contour-ordered expectation values for a quadratic action can be factorized into a determinant
of two-point correlation functions (for fermions), (¢, ---¢,c!,---cl,)g, = det(M), M =
(cic},> s,» (for bosons one would obtain a permanent). Wick’s theorem in fact follows as a
simple property of Gaussian path integrals.

We can introduce the self-energy X'(¢,¢'), which is a function of two times on the contour. It
can be expanded in a power series of the Green function, where each term is represented as a
Feynman diagram. The topology of the diagrams is the same as in the equilibrium Matsubara
formalism, only internal time-integrals in the interpretation of diagrams must be taken over the
contour C instead of over imaginary time. The relation of non-interacting Green function and
the self-energy is therefore given by the Dyson equation

G=Gy+Go*xX*xG=Gy+Gx*XxGy 3D
& GUHt) =GN t) — X(,T). (32)

For illustration and later reference, we state the explicit expression of the first and second-order
diagram for the self-energy of the Hubbard model, as shown in Fig. 2,

s

Wt t') = U(t) na(t) de(t, ), (33)
Ut)U(t) Goo(t, ') Gos(t', 1) Gos (L, 1). (34)

s
Y
-
—~
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~
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Self-consistent expansions

The sum of all Feynman diagrams generates X[G] as a functional of G. One can re-sum this
expansion by removing all terms in which the Gy-lines itself have self-energy insertions (such
as the third diagram in Fig. 2), and in turn replace all Green function lines by the full interacting
self-energy G. This results in the so-called skeleton functional X[G]. In combination with
the Dyson equation Eq. (32), an approximation to the skeleton functional, e.g., the truncation
to given order, yields a closed-form non-linear integral-differential equation for GG. Although
the skeleton expansion to given order generates an infinite subset of the diagrams of the bare
expansion X'[G|, this does not always lead to quantitatively better results. An example is the
second order perturbation theory for the impurity problem in DMFT [20], where only the bare
expansion can qualitatively recover the Mott transition. However, any truncation of the self-
consistent skeleton expansion X'[G] satisfies conservation laws for energy and particle number,
while an approximation to X'[G| does not [31], which is of great importance for the description
of non-equilibrium dynamics. If energy is not conserved, the concept of thermalization becomes
meaningless, as only the conservation laws fix the statistical properties of a system in thermal
equilibrium.

2.3 Kadanoff-Baym equations

In this subsection we discuss the numerical solution of the Dyson equation in real time. We
consider the standard form, obtained from (32) and the inverse G = d¢(t, ') (i0, — h(t))
(orbital indices can be added easily)

(i0, — h(t))G(t, 1) — /dt X(t, 1) G(t, ) = de(t, 1) (35)

This equation is a non-Markovian equation of motion for the Green function, where the self-
energy takes the role of a memory kernel. To solve the equation one can take an equidistant
time grid, with M time slices along C. The operator (i0; — h(t)) dc(t,t') — X(t,t') can then
be written as a )M -dimensional matrix, and the solution for G becomes a matrix inversion.
This scheme, however, does not exploit the possibility to transform Eq. (35) into a step-wise
time propagation scheme: Because of the causal nature of the time-evolution, if the solution of
Eq. (35) is known for real times ¢, ¢’ < nAt, it can be extended to the domain ¢,¢' < (n + 1) At
without modification of the previous times, even when X' depends on G in a non-linear way,
e.g., in the form of a perturbative expression X'|G]. (In general, any functional expression X' [G|
should be causal, such that X'(¢, ¢') in the domain ¢, < nAt can be determined from G in the
same domain ¢, < nAt.)

On can introduce a parametrization of contour functions which allows to make use of this
causality. The values of the contour-ordered function G/(¢,t") with ¢ and ¢’ on different branches
of C are not all independent, because the largest real-time argument can be shifted between the
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upper to the lower contour branch. For example, for ¢’ < t

1
Gt 1) = ST (e’ﬁH(O)%{(O,t)Z/{(t,tmaxZ?{(tmaX,t)c Ut U, 02) =G(t_,t,).

c_ cy

(36)

The brackets indicate the part of the contour-ordered operator Tpe " Je 4H() along the upper and
lower branch, respectively. Because the time-evolution between ¢ and ¢,,,x along the upper and
lower branch cancel, c can be shifted between the two branches. The redundancy which follows
from Eq. (36) can be resolved in an elegant way, using the so-called Keldysh rotation. Let us
first focus only on the real-time branches of C: With the two branches, one can start from a
parametrization of GG in terms of a 2 x 2 matrix

A N — G(t+7t/+) G(tJrat/—) /
G(t,t)_<G(t_’t/+) G 1)) t,t €R. (37)

The over-completeness of this representation can be removed by an invertible map (with 75 =
diag(1, ~1))

A - 1 [+1 -1
G(t,t') = L7 G(t,t') LT, where L_\/§<+1 +1). (38)

From the rotation we get (G, = G(t,,t}) for a,b = %)

G(t t/) _ 1 (G—H— - G+— + G—+ - G__) (G—H- + G+_ + G_+ + G__)
Y Gy -G -G, +G ) (G +Gy -G -G )

_ (GR(t, ) GE(t, t’))

0 GA(t, ) %9)

The second equality follows from the causality (36). For example, in the (1, 0)-component we
can shift the first time argument between the upper and lower contour for ¢ > t, which gives
(G —G__ —G_4 +G__) = 0, while for t < ¢’ we can shift the second argument, which
gives 3(G4 — G4y —G__+G__) = 0. In combination, 3(G4y — G- —G_ +G__) =0.
The other components follow analogously, using the conventional definition of the retarded,
advanced, and Keldysh Green functions

GR(t, 1) =0(t —t') (G~ (t,t') — G=(t, 1)), (40)
Gt t) =0(t' —t) (G=(t,t') — G~ (t, 1), 41)
GE(t,t') = G”(t, V) + G=(t,1)). (42)

Using the Keldysh matrices, convolutions greatly simplify: restricted to the real-time branches
of C, the convolution of two contour functions A(t,t') and B(¢,t') is given by C(t,,t.,) =
[dt (A(ta,ty) B(ty,t,) — A(ta,t-) B(t_,t.,)), which can be written in the form

C(t,t) :/th(t 1) 75 B, ). (43)
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After the Keldysh rotation this becomes

A

C(tt) = L C(t, ) BT = / L7 At F) LT L 7 B ) I = / QAL B,  (44)

1.e., a simple convolution in real-time with an additional 2 X 2 matrix structure.

Noting that in the 2 x 2 matrix the derivative and delta function are i9,1 and 6(t — t') 73, the
Dyson equation becomes, after Keldysh rotation

(i0, — h(t))G(t, 1) —/dt;(t, Gt t) =6t 1). (45)

Comparing matrix elements on both sides we have equations for the individual components
of G. For illustration, let us take the (0, 0)-component

(i0, — h())G" (¢, 1) —/zlt_ER(t, DGR ) =6t —t), (46)

t

which must be solved with the initial condition G'(¢,#') = 0 for ¢t < t'. In these equations we
have already taken into account that retarded components vanish for ¢ < ¢, and have restricted
the time-arguments accordingly. This has an important consequence: In order to determine
GE(t,t') in the domain ¢,t' < t,,4,, also G and X have to be known only for ¢, ¢ < t,,4,.
Thus one can solve this equation in a time-stepping manner: With the parametrization y(s) =
GE(t' + s,t'), Eq. (46) can be written as a Volterra integral-differential equation of the second
kind,

d . N

505) = al9) +p(s)y(e) + [ dsk(s.5)y(3), @)
taking q(s) = 0, p(s) = —ih(s), k(s,5) = —i X (¥’ + s,#' + 5). On an equidistant grid
s € {mAt}, using a notation y,, = y(mAt) etc., with a trapezoidal rule for the integral and a
finite difference formula for the differential term, we obtain

Yn+1 — Un -
+T = Qn+1 + Pn+1Yn+1 T At(%yn+1 + Z kn,m Ym + %y0> . (48)
m=1
Starting from an initial value 3 (here, y(0) = GT(t/,') = —i), this equation provides an

equation of ¥, in terms of y,,, for m < n, which can be successively applied forn = 1,2, 3, ...
to determine the full function y (see Fig. 3). In practice, accurate higher order approximations
should be used for derivative and integral [32], but the basic strategy of solving the Volterra
equation remains the same.

The arguments above can be extended to a causal time-propagation scheme for GG on the full
L-shaped contour. For completeness, we state the parametrization used in the following [33]
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At

At

Fig. 3: Illustration of the integral equation (46): The hatched region indicates a time-slice
{ GE(nAt,mAt)| m<n }. The blue region indicates the values of GT entering the evaluation of
the derivative 0,GE(t,t') which is needed to propagate G from a time-slice m At to (m+1) At.

(for other implementations, see, e.g., [34]):

(=8, — h(0))GM(r) - /Oﬁdf SM(r — 7 GM(7) = 5(r), 49)
(i0, — h(t)) G"(t,t) — Ltdt YR, HGHL ) =6t —1t), (50)
(i0,— h(t)) G™(t, ") —/Otdt DR GM(E T =QM (LT, (51)
(0, — h(t)) G=(t,t') — /0 tdf SRUHG(L ) = Q(t, 1), (52)
with
QU(t,7) = /06 dr S (t,7) GM(7,7), (53)
Q~(t,t) = /Ot/dt2<(t,ﬂ GAE,t) — z’/oﬁdf Dt 7) GUHFLE). (54)

Here, the integral limits take into account that retarded functions vanish for ¢t < t/, X ”t(T, t) =
X(—it,ty). The component with both time arguments on the imaginary branch is the usual
initial state Matsubara Green function, X (—i7, —i7’') = iX* (7 — 7’). These integral equations
and the equivalent conjugate equation G'x G~! = 1 for the real and imaginary time Green func-
tions are known as Kadanoff-Baym equations [34]. Apparently Eq. (49) for GM is decoupled
from the other equations. It can be solved in advance to give the Matsubara Green function
of the initial equilibrium state, which then enters the other equations in the form of an initial
conditions.

If no cutoff to the memory integrals is applied, the required computational resources scale with
the number of time-steps M like O(M?) (CPU time) and O(M?) (memory), which can provide
a bottleneck for the simulation, in particular in case of many orbitals.



15.16 Martin Eckstein

2.4 Steady-state formalism

In a time-translationally invariant non-equilibrium steady state, the Kadanoff-Baym equations
can be solved by means of Fourier transform. The imaginary time branch, which corresponds to
the initial state correlations, is moved to {; = —oo and then omitted. The individual components
of Eq. (45) become

GMw+i0) = (w+i0 — h — DR (w +i0)) " = GA(w — i0), (55)
(w+1i0 — h — D (w +i0)) G* (w) = F(w) G (w). (56)

The second equation can thus be solved as
GE(w) = GR(w) 28 (w) GA(w). (57)

In practice, one can iteratively solve Egs. (55) and (57) together with a given approximation
Y[G] for the self-energy, such as Eq. (34): Starting from a given guess for ' (w + i0) and
YE(w), GX(w), GE(w +10), and the spectral function A(w) are obtained. A Fourier transform
gives GR(t) = —if(t) [dw A(w) e7™* and GX(t) = [4 G¥(w) e~™*, which are then used to
calculate X#(¢) and Y% (¢), and thus Y%(w + i0) and X*(w). The procedure is iterated to
convergence. Since the components A(w), X5 (w), GX (w) are well localized in frequency, the
frequency grid can be kept finite.

The solution of Eq. (5§7) is not unique for ' = 0, i.e., for a noninteracting system in isolation
from the environment: In this case, Eq. (56) is solved by any ansatz of the form

G (w) = G (w) F(w) — F(w) G*(w), (58)

with an arbitrary (hermitian) distribution function F'(w). This fact just shows that for an isolated
noninteracting system any distribution of the single-particle levels provides a possible steady
state. By extending the real-time part of the contour to (—oo, 00) the memory on the initial
condition has been removed, which thus leaves the steady state undetermined for % = 0.
One can resolve this ambiguity by fixing the distribution function in the solution Eq. (58) of
Eq. (56). Mathematically, this is achieved by a choice Y% (w) = —inF(w) with n — 0,
which corresponds to attaching a heat bath to the system with a flat density of states, a given
distribution F'(w), and infinitesimal coupling /7. In the steady state the bath determines the
distribution function of the system, irrespective of the coupling strength, while the spectral
properties of the system are not affected.

3 Non-equilibrium dynamical mean-field theory

3.1 The dynamical mean-field formalism

DMEFT approximates only the spatial correlations in a mean-field manner, but accurately treats
local temporal fluctuations. The main approximation is the locality of the self-energy, which
becomes exact in the limit of infinite coordination number [35]. The formulation of DMFT
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within the Keldysh and the Matsubara framework differs only by the choice of the time contour,
and all arguments regarding the derivation of DMFT, such as the cavity method [20] and power
counting arguments for the locality of the self-energy, can be transferred one-to-one from imag-
inary time to C. We therefore directly state the final equations, and then proceed to a discussion
of their solution, which is in fact very different in real and imaginary time.

For clarity, the DMFT equations in this section are all stated for the single-band Hubbard model
in the spin-symmetric phase; orbital indices can easily be added. Within DMFT, the self-energy
at a given site j of the lattice can be obtained from a local model with a general quadratic action

S = [dtit (36 (0) 9,2 (1.0 calt) ~ VO elt)cr (0, (s elt. ). (59

¢ g

G (t, ) = (10, + ) dc(t,) — A (t, 1), (60)

which describes one site of the lattice embedded in an environment with hybridization function
A;(t,t'). This is the action of a time-dependent Anderson Impurity Hamiltonian. This action
defines the interacting impurity Green function

Gimp’j(t7 tl) - _i<c(t>5(t/>>simp,j ° (61)
The impurity self-energy is set by the impurity Dyson equation

G '<t7t/) = gfl(t7t/> - Eimp,j(tat/)' (62)

mp,Jj

The impurity self-energy then serves as an approximation for the lattice self-energy,
X () = 8550 Xinp (£, 1), (63)
and lattice Green functions are obtained by solving the Dyson equation
G () = (10 + ) Ge(t, 1) 8y — 550 Dy (1,1) = e (t, ) iy (8), (64)

where v;;(t) are the hopping matrix elements, which contain the external laser fields, Eq. (2).
Finally the equations are closed and the auxiliary quantity A;(¢, ') can be eliminated when the
local lattice Green function G;; equals the corresponding impurity quantity

Gimp,j (t’ t/) = ij (t? t/)' (65)
Equations (59) through (65) provide the closed set of equations for non-equilibrium DMFT.

Self-consistency scheme without 3/

In equilibrium, the self-consistent solution of the DMFT equations is usually achieved by an
iterative procedure. One can start from a guess for 2/, solve the lattice Dyson equation to obtain
G, invert the impurity Dyson equation (62) to get A, and solve the impurity model with action
(59) to get an update for . The same might be done in real time. Although in principle
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straightforward matrix equations in time, some of the steps can, however, become numerically
unstable, in particular when algorithms are used which are accurate to high-order in the time-
step. In particular, given G and A one cannot easily solve Eq. (62) for the self-energy. We
therefore explain how the self-consistency cycle can be reformulated, avoiding the explicit use
of the self-energy. (The following steps are presented for a spatially homogeneous state, where
ek (t) is the Fourier transform of v;;(t), and >, Gy, is the local Green function. We define the
sum to be normalized, ) >, = 1.)

(1) Given A, Giyp is calculated, Eq. (61). This is the main step of the algorithm, which
requires the solution of a many-body problem out of equilibrium (Sec. 3.2).

(2) A function Z with Z71(¢,t') = (i, + p) d¢c(t, ') — X(¢,t') is obtained by solving the
integral equation Z + Gimp * A ¥ Z = Gipp.

(3) For each k, we determine GG, from the integral equation Z + Z % ¢ * G = Gj. (Here
er(t,t') = ex(t) dc(t, ') is interpreted as diagonal matrix in time.)

(4) We calculate the sums G = Y, G, G1 = Y ek * G, G2 = D (e + €k * Gy, * &g,
and obtain A from the integral equation A + G x A = Gbs.

These equations are obtained directly by summing the lattice Dyson equation over k and com-
paring to the impurity Dyson equation. Steps (2)—(4) require the solution of linear equations on
C of the form (1 4+ F) * X = @, with a kernel F' and a source term (). Such equations reduce
to stable second-order Volterra equations in time [32,33]. Because all these steps are causal
(the solution in some domain ¢,t" < ¢, can be determined from the input in the same domain
t,t" < tg) the real-time DMFT equations can be propagated step by step in time.

We finally note that, while in equilibrium momentum sums can be rewritten in terms of integrals
over the density of state, >, = [de D(e) with D(e) = Y, (¢ — &), this is not necessarily
possible when ¢, is time-dependent, because in this case G(t,t’) depends on k not only via
a single number such as the unperturbed €}, [e.g., with a vector-potential A(t), Eq. (2) implies

€k(t) = erream]:

Bethe lattice

The solution of an integral equation for each k, i.e., step (3) in the self-consistency above, can
be numerically costly. For predictions of DMFT which should be generic for any lattice, one can
therefore use the so-called Bethe lattice, which leads to a closed-form self-consistency. This is
also common in equilibrium DMFT, but with a slight variation even electric fields can naturally
be included: The Bethe lattice is a graph with coordination number 7, but no loops. As for any
tight-binding model, the electric field is defined on the links (ij) of the graph by means of the
Peierls phase e**¢i(t), 5o that ¢;;(t) = eaA;;(t), where aA,;(t) is the projection of the vector
potential along the bond. To have a divergence-less field on this graph, each site should simply
have equally many bonds with a field pointing inwards and pointing outwards.



Nonequilibrium DMFT 15.19

In general, a formal closed form self-consistency is obtained from the cavity construction [20]
(integrating out the rest of the lattice), which gives

A1) =D v (1) G () vy (1) (66)

Ji,J2

Here GG ]

J1,J2
out loops, only terms j; = j» remain, and in the limit of infinite coordination we then have

GYl (¢, t) = G}, ;i (t,t'). With half of the hoppings having a phase ¢***) and e~**"), respec-

J1,J1
tively, and rescaling v ~ v,/ V7 for 7 — o0, a closed-form self-consistency

is the Green function of the lattice where site j is excluded. On a lattice with-

2

At t) = % (eiqﬁ(’f) G(t, ') e ) =0 G(¢, ¢) eid’“’)) (67)

is obtained for a translationally invariant state.

3.2 Impurity solvers

The most challenging part of the DMFT equations is the solution of the auxiliary problem, i.e.,
the determination of the Green function (61) from the action (59) with a given hybridization
function A(t,t'). It can be shown that the action (59) describes a time-dependent Anderson
impurity Hamiltonian. However, for one reason or the other, it often turns out to be substantially
harder to determine the time-evolving non-equilibrium state of a system than determining the
equilibrium state. An example are matrix-product states (MPS): While a MPS representation
is efficient for ground states which satisfy an area-law entanglement, the time-propagated state
can often not be represented efficiently, leading to an exponential increase of computational
resources with the simulated time. Quantum Monte Carlo techniques face a different problem
with the same devastating effect: Even when a sign-problem can be avoided in equilibrium
(imaginary time), summing up all phases in non-equilibrium leads to an exponentially small
average sign. It appears that the problem of time-evolution in many body systems is a challenge,
although this may seem at odds with the fact that the final state (after thermalization) is again
simple. So far, all impurity solvers are therefore restricted to either short times, or rely on
approximations which work in certain regimes of parameter space only.

Weak-coupling expansions of the self-energy

In equilibrium and for the half-filled single-band Hubbard model, second-order perturbation
theory (iterated perturbation theory, IPT) extrapolates between weak and strong coupling when
it is formulated in terms of the bare Green function (60), and qualitatively reproduces the metal-
insulator transition [20]. In non-equilibrium, IPT has so far remained restricted to the weak-
coupling regime, because the non-conserving nature of the bare expansion can lead to artifacts in
the time-evolution [33]. Apart from that, weak-coupling approximations are easy to implement,
cf. Eq. (34), and numerically relatively cheap.
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Quantum Monte Carlo techniques

In equilibrium, quantum Monte Carlo (QMC) can give numerically exact results at nonzero
temperature [36]. QMC stochastically sums the perturbation expansion in the hybridization
function or the interaction to all orders. In real-time, the contributions to the perturbation
expansion become complex-valued, which results in a dynamical sign problem and limits a
straight-forward real-time generalization of the imaginary-time QMC to short times. There
are interesting and fundamental problems to be studied in the short-time dynamics, such as
dynamical phase transitions [18], but in order to study the photo-induced dynamics in most
materials few hopping times are often not yet sufficient. Recent developments which indicate
ways to overcome the dynamical sign-problem [37] have not been tested in the context of non-
equilibrium DMFT.

Hamiltonian representation of the impurity problem

If one can find a finite system which can accurately reproduce a given hybridization function
A(t,t'), the Green function can be determined from a numerical solution of the time-dependent
Schrédinger equation, such as using matrix product states and the density matrix renormal-
ization group [38]. It can be shown that a general action with hybridization A(t,t’) is indeed
representable by an Anderson impurity model in the most simple geometry, i.e., a star-geometry
where the impurity site is coupled to bath sites but there is no link between the bath sites [39].
In this representation, the number of bath orbitals which are needed increases with the simu-
lated time, leading a exponential increase of the computation time. So far, this approach has
been used only for the special situation in which the initial state consists of a lattice of un-
coupled sites (this is a quench situation which can be realized in cold atoms), but in principle
more general initial states can be included. A different representation has been derived for the
steady state, using an impurity model in which the bath-sites are coupled to dissipative Lind-
blad terms [40]. In general, the numerical effort in the Hamiltonian-based techniques increases
exponentially with the number of orbitals, which limits the frequency resolution in the steady
state and the accessible times in the real-time formalism.

Perturbation theory in the hybridization function

A systematic expansion in A(t, "), with the atomic limit as zeroth order, is expected to work
well in the Mott phase, it can be formulated for an arbitrary local part of the Hamiltonian (multi-
orbital Hubbard models, electron-phonon interactions), and one can re-sum the terms of the
expansion in such a way that the theory becomes conserving. In particular the lowest order (the
so called non-crossing approximation, NCA) has been used extensively to study the dynamics
of Mott insulators within DMFT. In the following we summarize the equations for the NCA.
The technical details of this expansion on the Keldysh contour are explained in Ref. [41] and
Ref. [24], to which we also refer for a list of early references related to the use of the expansion
as an impurity solver for DMFT and cluster DMFT in equilibrium.
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In the hybridization expansion one splits the action S into the local part S,; = fc dt Ha(t),
where the atomic Hamiltonian H,; contains the local interaction, and the hybridization S 4. The
latter can have a very general form, such as

Sa=-Y" /c dtrdts G, (1) A (6, 8) v (1), 68)
Y

where v sums over all hybridization channels, and v) and ¢ are quite general operators. In
the single impurity Anderson model, e.g., v = o, ¢, = &, Y, = c,, but the general for-
mulation also allows for inter-orbital hybridizations in multi-band systems with spin-orbital
indices a, a’, such as Y . [o dtidts Co(t) Auw (t, 1) car(t'), where v = (a,a’), anomalous hy-
bridizations in superconducting systems, [, dtdts[cr(t) Ace(t, t')cy (') + €, (t) Asc(t, )1 ()],
retarded density-density interactions »__ , fc dtidtang () Voo (t, )0, (1) (here ¢y = Coc,
and 1), ,» = C,/Cy), OF electron-phonon interactions () = c,b, c.b etc., acting in a local space
of electrons and phonons).

The hybridization expansion is formulated in terms of propagators of the many-body states |«)
of the isolated impurity. For example, for the single-impurity model, these are the Fock-
states |0), cHO>, cI|0>, CICH[D. In the hybridization expansion, we introduce bare propagators
Jao (t, ") and renormalized propagators G, (¢, t'), which capture the propagation from state o’
to « along the forward direction on C. The zeroth order propagators are just the time-evolution
operators of the atomic Hamiltonian

Jaw (t,) = —i{a|Tp e e #Ha®) oy fort >¢ t, (69)
g(t, ") =ig(t,04)Eg(—iB,t) fort <c t'. (70)

The second line specifies how to “glue” together propagators along the open end of the contour
(g is understood as a matrix in «, '), such that the evolution direction is always in forward
direction along C: For t < t/, the propagation from ¢’ to ¢ along C involves a propagation to the
end —i3 of C, and then a propagation form 0, to ¢ (see Fig. 4a). The matrix {40/ = o (—1)”5,
where n! is the number of Fermions in |a), is introduced for convenience so that g satisfies
the boundary condition (27) for bosons and fermions if there is an even and odd number of
fermions in «, respectively. (Note that g, and later G are at least block-diagonal with respect to
the Fermion number, i.e., £ commutes with G.

The renormalized propagators G(¢,t") simply include all hybridization events between ¢’ and ¢
in forward direction along C. When the time-evolution operator ¢*>s¢t+#94 ig expanded in S,
these terms can be represented intuitively as diagrams as shown in Fig. 4c. All diagrams can be
re-summed into a Dyson series, which takes the form

Gg=9g+g90X0O4G, (71)

where Y/ (also a matrix in «) contains all topologically connected hybridization diagrams, and
the convolution ® is understood as a time-ordered convolution along forward direction on C
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Fig. 4: lllustration of the hybridization expansion: (a) gluing together time-evolution operators
along the contour in a cyclic fashion. (b) The integration range of the convolution ® along C,
cf. Egs. (72) and (73) (c) Diagrams contributing to G, where the blue dotted lines represent
A(t,t'), the open/filled lines are the vertex operators Fy, Fy, and the red lines represent g (d)
The diagrams for the NCA self-energy Xy in the single-impurity Anderson model. (e) Diagrams
for the correlation function (A(t)B(t'))s without (e) and with (f) vertex corrections.

(Fig. 4b)
[A@Bmﬁqz/' dF At D) B(E. 1) for t ¢t (72)
Cit>ct>ct!
pu;muiqz/‘ duﬂuﬂB@ﬂyﬁ/<ﬁA@DB@f) for t <ct.  (73)
C:—if>ct>ct! C:it>ct>04

Such time-ordered convolutions naturally appear in the expansion of the time-evolution oper-
ator. In practice, using the differential equation for the evolution operator one can solve the
Dyson equation (71) as an integral-differential equation

(i0, — Hat)G(t, 1) — [X © G](t, 1) = 0, (74)
to be solved with the initial condition G(¢_,t+) = —i, and the boundary condition (27). By
construction, the trace

Z =T (£iG(ty,t-)) (75)

is the partition function. In the following, we assume that Z = 1, which can always be achieved
by adding a suitable constant to H,;). R = £iG(t,,t_) is the reduced density matrix on the
impurity, R, = Trpaen[|’) (], so that all local observables on the impurity are obtained from

(O) = Tr (£iG(t,,t-) O), (76)

once the propagators G are known.
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In the non-crossing approximations, one considers only hybridization diagrams without cross-
ings (also crossings between lines of different flavor A, are excluded). This can be understood
as a leading order expansion in the self-consistent diagrammatic expansion which can be de-
rived from a Luttinger-Ward functional and thus leads to a conserving approximation. The
diagrams have a simple form, where for each channel v in Eq. (68) one adds two diagrams for
the two directions of A,

Xt t) = Zi(Av(t, t") Fg (1) G(t, Y Fy (') + Py A (', t) Fy (t) G(t, 1) Féw(t’)>, (77)
g

where (Fi)aar = (a|Al@’) is the matrix representation of the vertex operators A = 1., ¢.,, and
P, = —1if 1, and ¢., are fermionic operators. These diagrams have an intuitive interpretation,
where the vertex operators corresponds to a simultaneous transition between a many-body state
on the impurity and a transition in the bath. For example, the first diagram in Fig. 4d shows the
emission of an electron with spin 7 in the bath, causing a transition of the impurity state from
|1) to |0). The electron then propagates in the bath and is later reabsorbed.
Finally, in addition to observables (76) one needs contour-ordered two-point correlation func-
tions (T A(t)B(t'))s. The operators can simply be inserted as additional vertices on the con-
tour. The general diagrammatic series contains the bare term

(TeAWB()s = = Tr (£G(11) Fa()G(1, ') (1) ). (78)
One may check the consistency of this term with Eq. (76) (using G(t_, ¢, ) = —i)
(TeA(t ) B(t2)s=—Tr [€G(ts, t ) FaG(t - ) Fp| =i Tr [ Gt t )6Fan] @ (AW BW®)
(TeA(t4)B(E))s =—Tr [€G(t, 1) FaGlty, 1) F| =i Tr [€FaG(ts ) F| =

— iTr :g(t+,t_)FBgFA] —+iTr [Q(t+, t_)FBFAg} —+(B(1)A(t)).

Here we have used that the matrix £ commutes with G, because the evolution conserves the
Fermion parity, and it commutes (anti-commutes) with the matrix F'x if X is a Bose (Fermi)
operator. One can also verify Eq. (78) in the atomic limit, using Egs. (69) and (70). Eq. (78)
is used in the NCA impurity solver to measure the impurity Green function. Equations (74),
(77), and (78) thus provide the complete set of equations for the most general multi-orbital
NCA. The equations have a matrix structure with the Fock-space dimension of the impurity,
but symmetries usually render these equations block-diagonal, at least in the fermion parity, and
for non-superconducting states also in the particle number.

We note that in general the expectation value (T A(t)B(t'))s contains diagrams which corre-
spond to vertex corrections of the operators A and B, see Fig. 4e and f. Even within NCA,
some of these diagrams are generated if the correlation function (T¢A(t)B(t'))s is calculated
by explicitly taking a derivative of the NCA solution to (B(t'))s with respect to a source field
that couples to A(¢). Such an explicit measurement, which includes the vertex corrections, can
be useful for the calculation of susceptibilities within NCA. For the measurement of the Green
function within the DMFT cycle, one sticks to Eq. (78), which gives a consistent approximation.
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4 Photo-doping the Mott insulator

The Mott transition, at which electrons get localized due to the Coulomb interaction, is one of
the hallmarks of strong electronic correlations in solids. In contrast to a band-insulator with
filled or empty bands, electrons in the Mott insulator still have active spin and orbital degrees
of freedom, which can result in complex phases with magnetic and orbital order. Short-ranged
magnetic and orbital correlations, on the other hand, may induce interactions between doped
electrons and holes, and thus give rise to yet new states such as superconductivity. The devel-
opment of DMFT has been instrumental in the understanding of the Mott transition [21], and
it is therefore a natural application of the non-equilibrium extension of DMFT to analyze the
dynamics of Mott insulators after various excitation protocols.

4.1 Paramagnetic Mott insulator

The most straightforward way to excite a Mott insulator is a short electric field pulse of fre-
quency {2 ~ U. This generates charge excitations in the paramagnetic Mott insulator, i.e. dou-
bly occupied and empty sites. The properties of such a photo-excited state and its thermalization
have been analyzed in Ref. [42]. Figure 5a) shows the time-evolution of the double occupancy
d(t) = (n4(t)n,(t)) during and after the excitation. These results have been obtained for the
Bethe lattice and the NCA impurity solver, using a single-cycle electric-field pulse. Setting the
bandwidth W = 4 fixes the energy- and timescale (A = 1). (The results in [42] have been
obtained for the hyper-cubic lattice using the hybridization expansion up to third order. They
are qualitatively similar to the results shown here.)

The double occupancy increases during the pulse, and subsequently shows an exponential
relaxation to a new final value. Thermalization would imply that the properties of the sys-
tem eventually approach the properties of a system in equilibrium, at a temperature 7 such
that the total energy equals the thermal energy expectation value Ey,(T}) at temperature 77,
(H(t)) = Eiot = Ey,(Ty). (Note that the system is treated in isolation from environment, so
that the total energy is conserved after the excitation. We can determine 7% from a compari-
son to independent equilibrium simulations, and then compute the thermal expectation value
din,(T) for the different values of U in Fig. 5. A fit of the form

d(t) = duy(Ty) + Aexp(—t/7), (79)

(see black dashed lines) shows that the evolution of d(t) is compatible with thermalization of
the electronic system. The timescales, however, strongly depend on U, and range from few
hopping times in the correlated metal (U = 2.5), to 7 > 1000 in the Mott phase (U = 6). Em-
pirically, the dependence of the thermalization times on U can be described by the exponential
dependence 7(U) ~ exp [a% log <Ug)] , with some numerical constant o (blue dashed line in
Fig. 5b). This result has an interpretation in terms of a bottleneck due to the inefficient transfer
of a large energy quantum of order U into many single-particle excitations [43]. The exponen-
tial dependence was first measured in a system of ultra-cold atoms [43]. In solids, the life-times
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Fig. 5: a) Evolution of the double occupancy in the Hubbard model on the Bethe lattice during
and after a single-cycle pulse of duration 26t with 5t = 2w/ and 2 = U, i.e., A(t) =
Age H=00%/08 gin (+—51) 2 for 0 < t < 26t in Eq. (67). The initial temperature is T = 0.2,
initial states correspond to values of U in the metal-insulator crossover and in the Mott state, as
schematically shown by the circle symbols in panel c). Square symbols in c) show the state after
thermalization (Ty = 0.5 for all curves). Dashed lines in a) are exponential fits, see Eq. (79).
b) Symbols: Relaxation times T, obtained from the fits (79).

of photo-excited carriers in Mott insulators can indeed range to thousands of hopping times (pi-
coseconds), but the decay mechanism may involve other degrees of freedom: Spin-fluctuations
have been discussed as a possible mechanism for the doublon decay in cuprates [44,45], while
in organic materials there are molecular vibrations at relatively high energies wg, opening the
possibility for a multi-phonon decay at a timescale governed by U /w rather than U /W [46,47].

Thermalization of small-gap Mott insulators

We now focus on the regime of small U, where rapid thermalization is observed in the double
occupancy. We can identify the thermalization also in the relaxation of the spectral function and
the occupation function, see Fig. 6. In the Figure, the spectral function and occupation function
have been obtained by the backward Fourier transform with cutoff s,,,4,

1 Smax .
Aw,t) = —= Im/ ds GE(t,t — s) e™* (80)
™ 0
1 fomas 4
N<(w,t) :——Im/ ds G=(t,t — s)e™”. (81)
T 0

(The Wigner transform, or a photoemission spectrum (10) would look similar.) Both spectral
function and occupation function become independent of ¢ within a few hopping times, com-
parable to the relaxation time 7 of the double occupancy. At the latest time ¢ = 18, we find
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Fig. 6: a) Spectral function, Eq. (80), for U = 2.5, § = 5 and the same excitation protocol
as in Fig. 5, plotted for different times t. The shaded region shows the occupation function,
Eq. (81), for the same parameters. The blue dotted line for t = 18 shows A(t,w)f(w,T),
where Ty = 1/1.967 is determined from the total energy.

the fluctuation theorem satisfied in the form N<(w) = A(w) f(w,T}¥), with the temperature
Ty = 1/1.967 is obtained from the total energy. This confirms that, regarding the single-particle
properties, the system indeed thermalizes on the timescale of few hoppings.

A rapid thermalization of a small-gap Mott insulator is in agreement with early time-resolved
photoemission measurements on the Mott insulator 1T-TaS; [48]. At the shortest measurable
times, the spectrum of the photo-excited system resembles that of a Mott insulator at electronic
temperatures of the order of the gap, where thermal effects lead to a filling in of states in the
gap. In spite of some naive expectation, rapid thermalization of a strongly correlated system
is far from obvious: Already the analysis above predicts a rather sensitive dependence of the
thermalization time on the gap, and also model studies for an interaction quench in the Hubbard
model [18] show thermalization within timescales of the order of the bandwidth only in a narrow
interaction regime. Most importantly, thermalization in a strongly correlated system cannot
directly be understood from a simple Boltzmann equation. The latter would only describe the
evolution of the occupation function, while thermalization in the correlated system implies that
also the spectral function is modified. In Fig. 6, e.g., the spectral function completely changes
during the evolution: In the initial state (5 = 5) there is still a reminiscence of the quasiparticle
peak, while in the final state at high electronic temperature the system resides in a bad-metallic
state, with a pseudo-gap instead of the quasiparticle peak.

In view of this, it is reassuring that recently also a successful comparison between theory and
experiment of time-dependent features of the thermalization could be achieved [49]. A refined
analysis of the photoemission spectroscopy in 1T-TaS, shows the transient emergence and decay
of the population in the upper Hubbard band. Such a reduction of the occupied weight in the
upper band should happen along with the electronic thermalization if the system is slightly hole-
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Fig. 7: a) Occupation function, Eq. (81), for U = 4 and the same excitation protocol as in
Fig. 5, plotted for different times t. The arrows indicate increase and decrease of weight at
low and high energies, respectively. b) Spectral function, Eq. (80), for the same parameters.
The arrows indicate an energy-conserving redistribution of occupied weight, as approximately
described by a local Boltzmann equation (see text).

doped. Since the laser transfers population both within the Hubbard bands and to higher and
lower bands other than the valence band, the filling in the valence band may change during the
excitation. In spite of the extremely sensitive dependence of thermalization timescales on the
model parameters, the observed experimental bound for this timescale is consistent with DMFT
results [49].

Impact ionization

In Fig. 5 one can see that the double occupancy increases during the thermalization after the
pulse. This implies that the kinetic energy of the photo-excited state is initially too high, and ki-
netic energy from one or more charge excitations is used to generate additional doublons. This
process is similar to an Auger process in atomic physics, or impact ionization in semiconduc-
tors [50]. The process is visible also in the evolution of the occupation function (Fig. 7a). The
occupied density of states (81) in the upper Hubbard band shows an increase of the weight at
small energies, which exceeds the decrease at high energies. This phenomenology is clearly dis-
tinct from intra-band relaxation via spins and phonons, where the total weight remains constant
while it is redistributed from higher to lower energies.

Naively one can argue that a doublon with high kinetic energy (represented by occupied density
of states in the upper part of the upper Hubbard band) undergoes a scattering process with a
“particle in the lower band” leading to one additional hole (unoccupied weight in the lower
Hubbard band) and two doublons with low kinetic energy (occupied density of states in the
lower part of the upper Hubbard band), as indicated by the arrows in Fig. 7b. In the ideal
case, when the relaxation of each doublon from the high-energy window generates precisely
one doublon-hole pair, one would expect the increase of the weight at low energies to be larger
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by a factor three than the decrease at high energies, a quantitative estimate which works rather
well for small gap Mott insulators [S50]: In the present case, the increase of weight from ¢ = 18
to ¢ = 60 in the interval 0.5 < w < 2 is larger by approximately a factor 3.1 than the decrease
in the interval 2 < w < 4.

The argument presented above seemingly relies on a scattering of quasiparticles (doublons) with
a well-defined energy, as described by a Boltzmann equation. The success of such an argument
may come as a surprise, as the energy of a doublon is not really well-defined, and the width
of the peaks in the momentum-resolved spectral A (w) function is of order one. However,
one can reformulate the scattering argument on the basis of a local time-dependent occupation
function defined by G<(w,t) = 2miA(w,t)F(w,t), putting it on more rigorous grounds [51]:
Under the assumption that (i), the spectral function A(w) is more or less time-independent,
which is justified numerically for weakly excited paramagnetic Mott insulators (compare the
spectra at the earliest and later time in Fig. 7b), and (ii), that the distribution function F'(w, t)
evolves slowly compared to the inverse bandwidth, one can argue that the non-equilibrium
DMFT dynamics of F'is given by a local Boltzmann equation

O F(wy,t) = a/dwzdwgdw4 A(wq)A(wa) A(wsg) (w1 + we — wg — wy) X
% (Plws) Plwn)(1 = Flwn)(1 = F(ws)) = Flan)F(w)(1 = Flw)(1 = Flws)),

where « is a phenomenological parameter. This equation indeed describes energy-conserving
scattering processes as shown in Fig. 7b, even though the individual doublons do not have well-
defined energies.

Impact ionization processes are interesting in the context of photo-voltaic devices: Usually, a
photon creates a single charge excitation, which then quickly relaxes to the bottom of the band
due to scattering with phonons. The usable energy per photon is therefore not given by Aw,
but only by the gap A. However, if impact ionization is faster than such intra-band relaxation
processes, the final state can have two or more electrons at the energy A. DMFT shows that
impact ionization processes in small-gap Mott insulators indeed can occur on a time-scale much
faster than typical electron-phonon relaxation times. However, as seen below, short-range spin
fluctuations in Mott insulators can provide another fast intra-band relaxation mechanism, so
that it remains to be seen to what extent impact ionization plays an important role in real Mott
materials.

4.2 Dynamics of the antiferromagnetic Mott insulator

At half-filling and on a bipartite lattice, the Hubbard model shows an extended antiferromag-
netic phase at low temperature. At weak coupling this phase is well described as a Slater
mean-field antiferromagnet, while for large U the Heisenberg model is the limiting description.
Several works on DMFT have focused on the melting or partial melting of this phase after photo-
excitation or quenches of the interaction. After quenches around large U (Heisenberg regime),
there is a threshold of the quench amplitude AU beyond which the order rapidly melts [52].
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Fig. 8: Inset: Antiferromagnetic order parameter m(t) in the Hubbard model on the Bethe

lattice (U = 5, B = 20), after excitation with a single-cycle electric field pulse. The different
curves correspond to different excitation densities (pulse amplitudes Ag) up to n, ~ 0.025.
Main plot: Extrapolated value my,, obtained by fitting the curves in the inset with m(t) =
Moo + Ae™ for t > 15. my, is the order parameter after thermalization.

A critical slowdown 1/7 ~ |AU — AU.| is observed, where AU, is the critical quench ampli-
tude for melting the antiferromagnetic phase. (A similar non-thermal critical behavior is also
found after quenches at small interaction [53].) While this reminds of a second-order phase tran-
sition, the melting of the anti-ferromagnetism after the quench is a non-thermal process: Like
the paramagnetic Mott insulator, the antiferromagnetic Mott state thermalizes only on times
which are exponentially large in U /. The ordered state can thus prevail even when the energy
after the quench is higher than the energy of the half-filled system above the Néel temperature.
Instead, the threshold for the melting is set by the number of excited doublons after the quench,
1.e., the occupied weight in the upper Hubbard band.

The non-thermal melting can also be seen after excitation with a short pulse: Like in the para-
magnetic phase at large U, a pulse leads to an increase of the double occupancy which does not
thermalize within the simulated time of ~ 100 hoppings. Figure 8 shows the time-evolution
of the antiferromagnetic order parameter m(t) = (c;r.chT - c} e 1)j on A-sublatiice il the Hubbard
model on the Bethe lattice after excitation with an electric field pulse: m(t) saturates to a finite
value for excitation densities n., < 0.015, while complete melting of long-range order is ob-
served for n., = 0.015, with a relatively sharp threshold of the final value m, as a function of
the excitation density. The corresponding value of the order parameter in the thermalized state,
which would be reached after thermalization, my,(n.. ), is always lower than the value of m.,
in the photo-excited state. The intermediate state is expected to relax only on the exponentially
long timescale of doublon-hole recombination.

The non-thermal melting of the antiferromagnetic order can be understood in terms of a hole
which is moving in the antiferromagnetic spin background and thus induces a spin-flip in every
hopping process [54]. Because each spin-flip increases the energy in the magnetic sector by
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Fig. 9: Simulated time-resolved photo-emission spectrum in a two-dimensional Mott insulator
(Hubbard model, U = 12) after a transfer of population to the upper Hubbard band. (Dynami-
cal cluster approximation with a 2 X 2 cluster and an NCA impurity solver.) At high temperature
(right) the relaxation of weight within the upper band becomes slower, because the spins are al-
ready thermally disordered (T 2 J..) and cannot take up more energy. Adapted from Ref. [55].

an amount of the order of the exchange energy J., ~ v2/U, this implies an ultra-fast transfer
of kinetic energy from photo-doped electrons to the spins, and thus an ultra-fast mechanism
for intra-band relaxation. A rapid energy transfer to spins is even possible in the paramag-
netic phase, where spins have no long-range order, but are short-ranged and short-lived. While
short-range fluctuations cannot be captured in single-site DMFT, they have been studied using
cluster extensions (the dynamical cluster approximation) [55]. Figure 9 shows a simulated time-
resolved photo-emission spectrum in the two-dimensional Hubbard model. One finds a redis-
tribution of the occupied density of states, which happens along with a reduction of short-range
spin correlations. Using parameters comparable to cuprates, the relaxation times 7 ~ 10-20 fs
are compatible with the timescales for the initial saturation of the optical response in cuprates
after a few-fs laser excitation and with exact-diagonalization results for small clusters in the ¢-.J
model [54].

The photo-doped state

In the time window between thermalization (on timescales exponentially large on U/W) and
the relaxation of the kinetic energy by partial melting of spin fluctuations, the electronic system
is in an almost steady non-equilibrium state. It turns out that in this steady state only the
excitation density n., and the antiferromagnetic order parameter m,, remain as the main non-
equilibrium control parameters which determine the properties of the system, in analogy to the
thermodynamic variables in equilibrium: Firstly, the spectral function of the photo-excited state
with given n., and m., matches the spectral function of a chemically doped system with the
same order parameter and a density of carriers n — 1 = 2n,, [52]. This shows that chemically
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Fig. 10: Left: Macro-spin dynamics of the antiferromagnetic order parameter after a photo-
doping excitation. In the presence of an external field B, the order parameter M, on sub-lattice
1 aligns with the effective field J.. Ms+ B. If J., is modified, a precessional dynamics follows.
Right: The exchange interaction extracted from the macro-spin dynamics in the photo-excited
system at excitation density 2n., (red symbols), and from the macro-spin state in a chemically
doped system with filling n = 1 + 2n., (green lines). Adapted from Ref. [56].

doping n — 1 doublons or holes in equilibrium has a similar effect as photo-exciting the same
number of doublons and holes, which is why the steady state may be called a photo-doped
state. Furthermore, it was shown that also the magnetic exchange interaction .J., is modified
in the photo-excited state due to the presence of mobile carriers [56], to the same extent as by
chemical doping. The latter can be seen in a time-resolved precession experiment, Fig. 10. One
can analyze the change of .J., from the global macro-spin dynamics of the antiferromagnetic
order parameter after a photo-doping excitation: The dynamics of the sub-lattice magnetization
M, on one of the two sub-lattices of the anti-ferromagnet is determined by the precession of the
moment M in an effective magnetic field B.g = J., M, + B given by the exchange coupling
to the other sub-lattice and the external field,

d
EMl = (JezMg -+ B) X Ml, and 1 < 2. (82)

In equilibrium, the static external field implies a canted anti-ferromagnetic state (Fig. 10). If the
photo-doping modifies the effective parameter .J.,, spins are no longer aligned with B.g and
start to precess. From the precession dynamics, which can be obtained from the DMFT solution
of the photo-excited Hubbard model, one can thus read off .J.,. As shown in Fig. 10, one finds
an exchange interaction which is different from the equilibrium state of the half-filled model,
but roughly equals the value obtained in an equilibrium state with the same density of carriers
n —1 = 2n,, [56].

Multi-orbital systems

The previous analysis shows that photo-doping provides an ultra-fast way to manipulate mate-
rials properties. The photo-doped state in the single-band anti-ferromagnet is controlled (after
some primary electronic relaxation) by a single control parameter n.,. This may be expected
from the simplicity of the model, which has only a single band and is particle-hole symmetric,
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such that hole-doping, electron doping, and photo-doping have a similar effect. In more com-
plex models, in particular those involving more than one orbital, there is a large playground
to manipulate the occupations of different types of doubly occupied and multiply occupied
states [57] and use this to modify the effective interactions which govern spin and orbital order.
A recent investigation of photo-doping in the two-orbital Hubbard model at quarter filling has
revealed a possible path to reach hidden states by photo-doping [58]: For one electron in two
degenerate orbitals of e, symmetry, the Hubbard model features both spin and orbital order
in equilibrium, analogous to the order in KCuF3 [59]. Photo-excitation is followed by non-
thermal melting, which results in a transient reduction of the two orders. In contrast to the
effect of heating, however, the magnetic order melts consistently slower than the orbital order.
The photo-doped state therefore has a intrinsically different spin-orbital order from the equi-
librium state, and the coupling between the two order parameters leads to a ferro-orbital state,
which can otherwise not be established in the equilibrium phase diagram.

5 Outlook and further questions

In these notes we have presented the theoretical basis for a description of correlated electron
systems out of equilibrium using non-equilibrium DMFT. These lecture notes do not represent
a review of non-equilibrium DMFT. For example, a large field of research which has been left
out includes the so-called Floquet engineering of Hamiltonians by periodic driving [10], where
DMEFT provides a framework to study directly the driven dissipative state [13]. Rather than
listing all this work, we end this lecture with a loose list of questions and topics which remain
open for further research:

e Multi-orbital effects: Many correlated materials have more than one active orbital, so
that their physics is governed by the interplay of orbital order, spin-order, and the strong
coupling to the lattice. In such systems, intertwined order parameters allow to steer a
system along nontrivial pathways into novel transient or hidden phases, or dynamically
stabilize non-equilibrium states, such as already seen in Ref. [58]. Some interesting di-
rections to be explored further, such as photo-induced metal-insulator transitions have
already been demonstrated within the Gutzwiller approximation [60]. The investigation
of multi-orbital effects within DMFT is clearly only at the beginning.

o Long term steady states: Non-equilibrium steady states have so far been used to in-
vestigate driven steady states (e.g., to discuss current-induced phase transitions [61]).
An interesting open question is whether one can design an approximate non-equilibrium
steady state description of pre-thermalized or photo-doped states in correlated systems.

e Impurity solvers: There are currently no non-perturbative impurity solvers which work
at long times. While NCA can be applied very flexibly within the Mott phase, it be-
comes increasingly inaccurate for correlated metallic phases. An interesting perspective
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is given by the application of the non-perturbative methods (QMC [37] and Hamiltonian-
based solvers [39]), which currently seem to be too expensive for the long-term transient
dynamics, to explore the non-equilibrium steady states.

e Role of non-local correlations: DMFT assumes a spatially local self-energy. One might
wonder whether the local approximation, though correct in the limit of taking the coordi-
nation number Z to infinity at a fixed length of the time contour, would miss qualitatively
important effects for finite-dimensional systems. Most likely, the long-time limit and the
Z — oo limit do not commute, i.e., even in highly coordinated systems at some timescale
there may be effects which have a qualitative influence on the dynamics that is not cap-
tured by DMFT. This includes the influence of short-range fluctuations on the relaxation
dynamics, such as discussed around Fig. 9, or the feedback of collective excitations on
the non-equilibrium dynamics. These effects may be investigated to first approximation
using diagrammatic approximations such as GW or FLEX.

e Non-local interactions, screening, and the path towards an ab-initio description:
An important consequence of non-local interactions is the feedback of the long-range
Coulomb interaction on the parameters of the model Hamiltonians via dynamical screen-
ing. For large excitation densities, or interactions involving many bands, one can expect
a sizeable renormalization of the Hubbard U via screening, which may even close a Mott
gap. A possible way to include these effects is via the extended DMFT formalism [62].
The question of screening is also closely related to the possible ab-initio determination
of model parameters. Other than in equilibrium, an ab-initio formalism comparable to
density functional theory is less developed. The combination of a non-equilibrium Green
function approach such as DMFT with a density-functional approach suffers from the
double counting problem, which is unresolved in equilibrium. An interesting perspec-
tive is therefore the combination of non-equilibrium GW with DMFT [63], which can be
formulated in a consistent functional language. The main challenge in this direction is,
again, the solution of the resulting impurity problem with retarded interactions which can
currently only be solved in the limited parameter regime accessible by NCA.
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