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Abstract

Electric-write magnetic-read memory-based devices replace conventional
hard-disk drives, since they offer an advantage of reduced power consump-
tion for writing. The next generation spintronic application building blocks
are multiferroic materials, which combine and couple magnetic and electric
properties. It was therefore of great importance to investigate the still un-
explored phenomena, such as electronic structure changes at the interfaces
of these heterosystems. Within the scope of this thesis, we have attempted
to develop artificial multiferroic (AM) materials with desired ferroic prop-
erties. We studied two model systems:

Ld (7,) BaTi03/La0,7Sr0‘3Mn03/SrTi03 (BTO/LSMO/STO) and
e (i7) Fe/BaTiO3 (Fe/BTO).

Firstly, epitaxially grown BTO and LSMO films on STO grown by the
pulsed laser deposition (PLD) technique were investigated. Magnetic prop-
erties, surface morphologies, and crystal phases of the as-received samples
were characterized. To study charge anisotropy and coupling of two fer-
roic orders of the AM heterostructures element specifically we performed
X-ray absorption spectroscopy (XAS) measurements with polarized X-rays
at UE56/1 — SGM FZ Jiilich Beamline at BESSY-II synchrotron facility.

Secondly, the Fe/BTO system is investigated using a cutting-edge spectro-
microscopic tool, namely the low energy electron microscope/X-ray photo-
electron emission microscope (LEEM/XPEEM) located at the same end-
station at BESSY-II. LEEM, Auger electron spectroscopy (AES) and low
energy electron diffraction (LEED) were used to study the ferroelectric do-
mains, cleanness and termination of the BTO(001) surface, respectively.
Spatially resolved electronic structure of ferroelectric domains were demon-
strated for the first time using X-ray linear dichroism (XLD)-PEEM con-
trast mechanism. In — situ and ex — situ Fe growth by e-beam evaporation
on BTO(001) was established. To present the interplay between ferroelec-
tricity and inverse magnetostrictive behavior in Fe/BTO, X-ray magnetic
circular dichroism (XMCD)- and XLD-PEEM experiments were conducted.



Zusammenfassung

Geréte mit magnetischem Lesespeicher und elektrischem Schreibvorgang
ersetzen herkémmliche Festplattenlaufwerke, da sie den Vorteil eines gerin-
geren Stromverbrauchs beim Schreiben bieten. Die spintronischen Anwen-
dungsbausteine der néachsten Generation sind multiferroische Materialien,
die magnetische und elektrische Eigenschaften kombinieren und koppeln. Es
war daher von groBer Bedeutung, die noch unerforschten Phénomene wie
elektronische Strukturénderungen an den Grenzflachen dieser Heterosys-
teme zu untersuchen. Im Rahmen dieser Arbeit wurde versucht, kiinstliche
multiferroische (AM) Materialien mit gewiinschten ferroischen Eigenschaften
zu entwickeln. Wir haben zwei Modellsysteme untersucht:

e (i) BaTiO3/Lag.7Srp.3sMnO3/SrTiO3 (BTO/LSMO/STO) und
e (ii) Fe/BaTiO3 (Fe/BTO).

Zunichst wurden mittels pulsed laser deposition (PLD)-Technik epitaktisch
gewachsene BTO and LSMO Filme auf STO untersucht. Die magnetischen
Eigenschaften, Oberflachenmorphologien und Kristallphasen der erhalte-
nen Proben wurden charakterisiert. Um die Ladungsanisotropie und die
Kopplung zweier ferroischer Ordnungen des AM Heterostrukturelements
speziell zu untersuchen, wurden Rontgenabsorptionsspektroskopiemessun-
gen (XAS) durchgefiihrt mit polarisierten Rontgenstrahlen bei UE56/1—
SGM F7Z Jiilich Beamline bei BESSY-II Synchrotronanlage.

Zweitens wird das Fe/BTO System unter Verwendung eines hochmodernen
spektromikroskopischen Instruments untersucht, namlich eines low energy
electron microscope/X-ray photoelectron emission microscope (LEEM/X-
PEEM)-Mikroskops, das an derselben Endstation bei BESSY-II durchgefiihrt
wurde. Der LEEM, AES und LEED wurden verwendet, um die ferroelek-
trischen Doménen, die Reinheit und den Abschluss der BTO(001) Oberfliche
zu untersuchen. Die rdumlich aufgeloste elektronische Struktur ferroelek-
trischer Doménen wurde erstmals mithilfe des X-ray linear dichroism (XLD)-
PEEM-Kontrastmechanismus demonstriert. Zuletzt wurde das Wachstum
von Fe durch Elektronenstrahlverdampfung in — situ und ex — situ auf
BTO(001) ermittelt. X-ray magnetic circular dichroism (XMCD)- und
XLD-PEEM Experimenten wurden durchgefiihrt, um das Zusammenspiel
zwischen der Ferroelektrizitat und dem inversen magnetostriktiven Verhal-
ten in Fe/BTO darzustellen.
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Chapter 1

Introduction

Nanotechnology is one of the rapidly growing subdivisions of materials science [1]. Tt
aims at developing novel and improved technologies for information storage and pro-
cessing through manipulation of spin, charge and strain states in solid state systems.
The way to progress in new technologies depends not only on the production of new
materials and the understanding of their physical properties, but also on the search for
the undiscovered electronic, chemical and structural properties in the existing materi-
als [2]. In the last years, technological devices constituting of layered material systems
with enhanced functionalities drew a lot of attention. Materials combining at least two
different ferroic degrees of freedom at the same time are called multiferroics [3]. Unique
combinations of the large ferroic order parameters, high Curie temperatures and strong
coupling between the two different orders make ”artificial” multiferroics (AM) inter-
esting materials for applications like, e.g. multiple-state memories in spintronics [4].
Advanced deposition techniques such as pulsed laser deposition (PLD) and molecular
beam epitaxy (MBE) allow to engineer artificial materials based on complex oxides
and metals. Surface and interface properties of such individual layers in multilayered
systems and chemical, electronic and magnetic interactions occurring in between two
adjacent layers rule the performance of the magnetoelectric device.

One popular approach providing an intrinsic control of magnetism is to elastically cou-
ple magnetic thin films to suitable ferroelectric single crystals. Strain transfer from
the ferroelectric material influences the magnetic thin film properties via the magne-
toelastic effect. There are various probes for nanoscale investigations which are good
at studying either spatial or chemical properties [1]. Sophisticated techniques such
as spatially-resolved spectroscopic measurements with ”sub 50 nm” resolution are re-
quired to resolve typical ferroic domains [1]. High spatial resolution combined with
element selectivity makes soft x-ray based spectroscopic microscopy increasingly the
main tool for nanoscale studies [5]. One of the most popular instruments of such a
type is a Photoelectron Emission Microscope (PEEM). In this work, the SPECS FE
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LEEM P90 AC at the Forschungszentrum Jiilich (FZJ) synchrotron radiation beamline
at BESSY-II was utilized. This instrument combines the structural sensitivity of Low
Energy Electron Microscopy (LEEM) with the flexible spectroscopy of energy-filtered
PEEM. In combination with tunable soft x-rays, it provides elemental, chemical, struc-
tural and magnetic contrast.

The scope of the present work covers the investigation of interactions across ferroelectric-
ferromagnetic interfaces of BaTiO3/Lag 7Srg.3sMnO3 and of Fe/BaTiOg artificial multi-
ferroics. As a model system for the magnetic material, Lag 7Srg3sMnO3 (LSMO) pro-
vides a large area for promoting the coupling of several degrees of freedom in a single-
phase oxide film. It possesses strongly correlated magnetic and electronic transport
properties. At a certain temperature manganites undergo a metal-to-insulator transi-
tion (MIT) and a ferromagnetic (FM) to paramagnetic (PM) transition [6]. At the Curie
temperature a sharp transition in the resistivity from the metallic ferromagnetic phase
into the insulating paramagnetic phase is expected to occur for a homogenous sample.
However, measurements show a rather broad transition, and the collosal magneto re-
sistance (CMR) does not saturate at high magnetic fields. This is explained in terms
of intrinsic inhomogeneities, which cause the formation of insulating and conducting
domains within a single sample [6]. At low temperatures the control mechanism is the
metallic double-exchange phase. With increasing temperature electrically insulating
regions develop leading to an electronic phase separation in a chemically homogeneous
sample. This intrinsic behavior can be modified by external parameters like pressure,
external magnetic field or doping. Besides, mixed valence LSMO is sensitive to lattice
distortions and orbital ordering usable for ”strain engineering”, which in turn affect its
magnetic and electronic properties [7} 18, 19, [10].

LSMO films grown on SrTiOg show different magnetic properties due to the lattice
mismatch between the film and the substrate and oxygen non-stoichiometry in the lat-
tice arising from improper growth conditions |11]. The unit cell is mostly stressed, and
these strained lattice structures deform the MnOg octahedra and so the ferromagnetic
interaction and electric conductivity is suppressed [11] compared to bulk LSMO. Differ-
ent film growth parameters, such as substrate temperature and oxygen pressure during
growth, and the effect of capping also play an important role on the physical properties
of LSMO films.

Equally important to LSMO, widely used materials in applications ranging from en-
ergy harvesting to high-power electronic transducers are ferroelectric materials [12].
Standard industry ferroelectric materials like PbZrxTi(;_4)O3 contain lead. The major
drawback of these materials is that they are toxic and enviromentally unfriendly [13].
One of the alternative ferroelectrics is BaTiO3 (BTO), which is non-toxic and has ex-
cellent tunable ferroelectric properties, for instance, the phase transition temperature
(13} [14]. Great effort has been devoted to the bulk BTO single crystal studies |15].



BTO has many advantages such as low leakage current, low dielectric loss and high
dielectric constant [16]. Epitaxial thin BTO films of 3 — 30 nm have been prepared on
different single-crystal oxide substrates by PLD, demonstrating notable structural per-
fection comparable to that of BTO single crystals |15} [17, [18]. On the other hand, for
micro- and nanoelectronics, much thinner films are more relevant. Thermodynamically
stable ferroelectric ultra-thin film properties at 3 — 30 nm thickness [18] may deviate
from the bulk due to the strain and stress arising from the interfaces [15]. As we found,
of outmost importance is the modification of the ferroelectric response due to the in-
terface boundary conditions and the film thickness size effect.

In the last few years a growing interest has been given to the study of the combined
functionality of ferroelectrics and ferromagnets. The interesting electronic properties of
such AM interfaces are underlined, for example, by a publication of Burton et al. who
predicted a magnetoelectric interaction at the interface between BTO and a contacting
La— A — MnO3 (LAMO) layer (where -A- is a divalent cation [19]). By the effect of
the ferroelectric polarization accumulating or depleting charge at the BTO/LAMO in-
terface, the interfacial magnetic state in the LAMO undergoes a strong change from a
ferromagnet to an A-type antiferromagnet, though this change has not been observed
directly, yet [20].

Studies showed a number of interesting phenomena occuring in Fe/BTO heterosys-
tems. First principles calculations predicted a change in magnetic order in Fe films on
TiOg-terminated BTO(001) or PbTiO3(001) surfaces as a function of Fe thickness [21].
Fe/BTO hybrids are very interesting to study, because:

e Bulk properties of BTO single crystals and Fe are very well-known.

e Strong magnetoelectric coupling between the ferroic order parameters for the
(Fe/BTO) interface is predicted|22].

e Lattice mismatch between the BTO and the Fe is about 1.5 %.
e Fabricated devices can be operable at room temperature.

For the Fe/BTO heterosystems, sizable changes of the interfacial Fe magnetic moment
upon reversal of the dielectric polarization of BTO due to interface cation displacements
were predicted both for abrupt and oxidized Fe/BTO interfaces [22] 23] and immedi-
ately afterwards ferrolectric control of magnetism was demonstrated [24]. Given these
points, the electric-field driven magnetization reversal would be desirable for spintronic
applications due to reduced energy dissipation [25]. Recently, it has been shown that
magnetic domain patterns with alternating uniaxial and biaxial anisotropy can be im-
printed on Fe films grown on BTO(001) [25].

Another very important issue in the magnetic properties of thin films is the stability



1. INTRODUCTION

of the interface. There are several studies with partly contradictory results about the
Fe/X interface with X being MgO, NiO, AlyO3, BTO etc.:

e The presence of an oxidic layer up to 2 ML in an Fe/NiO system [26].
e A weak chemical interaction at the Fe/MgO interface [27].
e An Fe?T state on AlyO3 [28].

e Presence of an oxidized Fe at the interface to the BaTiO3 up to 2 nm verified by
XPS measurements [29)].

e Absence of Fe oxidation at the Fe/BTO interface proved by Hard X-ray Photoe-
mission Spectroscopy (HAXPES)|21].

Thus, further studies are needed to resolve the origin of these findings.

This thesis aims at investigating the largely unexplored phenomena such as electronic
structure changes at the interface between a ferroelectric and a ferromagnet. It is struc-
tured as follows: First, an introduction to ferromagnetic thin films of LSMO and of
Fe is given with a focus on the magnetic domain and magnetic domain wall formation
energies in transition metals. Later, basic ferroelectric properties and the interactions
across ferroelectric-ferromagnetic interfaces are outlined. In Chapter 3 the experimen-
tal tools and techniques involved in fabricating samples and measuring their magnetic,
surface and x-ray based electronic properties are described. At the end of Chapter 3 an
overview of the LEEM/PEEM instrument at FZJ Beamline is introduced. Chapter 4
and Chapter 5 summarize the main results of this thesis: To gain a detailed picture
of the electronic, structural, morphological and magnetic information of the all-oxide
hybrids, a special emphasis is put on the investigation of such physical properties in
BTO/LSMO/STO heterosystems depending on the preparation conditions. Results are
presented in Chapter 4. In Chapter 5, a combined LEEM/PEEM study firstly on BTO
single crystals and secondly on the Fe/BTO system is presented. In the last section of
this chapter, studies on the growth of Fe ultrathin films on BTO and the investigations
of the interface stability and the magnetic properties upon Fe deposition conditions are
shown. Finally, in Chapter 6, a brief summary and an outlook of this thesis is given.



Chapter 2
Theoretical Background

This chapter presents the theoretical background for understanding and interpreting
the results described in this thesis. Section 2.1 introduces basic properties of ferromag-
nets. Sections 2.2 and 2. 3 cover the magnetic properties of LSMO and Fe, respectively.
In section 2.4 the concept of ferroelectricity is presented. In this section, specifically
ferroelectric properties of BTO single crystals are outlined. In section 2.5 some impor-
tant aspects of spintronics, which are relevant when combining ferroelectric materials
with ferromagnets in all-oxide and in metal/oxide hybrids are presented. The last sec-
tion of this chapter reviews X-ray Absorption Spectroscopy (XAS) and two other well
established techniques, namely X-ray Magnetic Circular Dichroism (XMCD) and X-ray
Linear Dichroism (XLD), for characterization of the magnetic and structural properties
of surfaces and buried layers in an element specific way, respectively.

2.1 Basic Properties of Ferromagnets

The characteristic feature of a ferromagnetic material is the spontaneous magnetization
caused by the alignment of atomic magnetic moments. In ferromagnetic materials, the
magnetic moment of the atoms originates from the electron’s spin, and their orbital
angular momentum around the nucleus.

Exchange interaction lies at the center of ferromagnetism, which is responsible for the
parallel alignment of neighboring spins [30]. The origin of this interaction is related to
Pauli exclusion principle and Coulomb repulsion.

The exchange mechanism can be described by a Heisenberg-Spin-Hamiltonian:

Hopin = Y Ji35i-5;, (2.1)

]
with S; and S; being classical spin vectors. The pair interaction J; ; sets the strength
of the interaction between two spins in the system. For J; ;<0 ferromagnetic alignment
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is favored and for J; ;>0 antiferromagnetic order.

The ferromagnetism of 3d transition metals Fe, Co and Ni is based on the delocalized
electrons, in which the magnetization is due to spontaneously spin-split bands. The
model to describe the band ferromagnetism is the Stoner model and is described briefly
in the following paragraphs.

The Stoner Model of 3d Ferromagnetism

As shown in Figure 2.1, placing a small number of spin down electrons from the mi-
nority band at the Fermi level into the spin up band (majority band) is associated with
an energy increase of 0E [31]. The number of moved electrons is g(Er)dE/2 and the
total kinetic energy change AFEj;,, is [31]:

1
AEpi, = §g(EF)(5E)2, (2.2)
with g(Fr) being the density of states at the Fermi level. Considering the Eqn. 2.2,

the system is in an unfavored state, however, the interaction of the magnetization with
the molecular field leads to an energy reduction that can compensate this cost [31].

EF

g(E) g(E)
Figure 2.1: Schematic representation of density of states showing spontaneous splitting
of energy bands (figure is reproduced from [31])

The change of potential energy is represented by the reduction of the wavefunction
overlap between the ions. By increasing the mean distance between the electrons of
parallel spin, the Coulomb energy is reduced.

A material is ferromagnetic, if the condition given by the Eqn. 2.3 is fullfilled:

Un(Erp) = I-9(Ep) = 1, (2.3)
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with U, being the Stoner factor [32]. Here I denotes the exchange integral. If a ma-
terial possesses relatively strong Coulomb interactions and electrons in higher energy
states, a large density of states develops at the Fermi level. Such systems are the best
ferromagnetic candidates.

While these are valid for Transition-Metal Oxides (TMOs) as well, additional phenom-
ena such as p-orbital magnetism, double-exchange, and superexchange mechanisms
must be involved for TMOs, which are explained in Section 2. 2.

2.1.1 Energy Contributions in Ferromagnetic Systems

In micromagnetism, the magnetization, i.e. the density of magnetic moments, is ex-
pressed by a continuous vector field M (z). Micromagnetism and domain wall theory
are based on the principles, which state that the M (z) direction is preferred to mini-
mize the free energy of the system [30]. In this section, an overview of the influence of
different energy contributions in ferromagnetic systems on magnetic domain formation
will be provided.

Exchange Energy

The direct exchange interaction is responsible for the parallel alignment of neighboring
spins, which results from the Pauli exclusion principle [30]. In micromagnetism, the
exchange interaction is derived from the Heisenberg Hamiltonian, in which the spin o-
perators are replaced by the classical vectors. Any deviation from the parallel alignment
causes extra energy, which can be described as

Eve = A [ (V 2 4 (F my)? 4 (7 m, )RV (2.4)
7
where A is a material constant, the so-called exchange stiffness constant with the di-
mensions (J/m) and m = M/Mg is the reduced magnetization, with Mg being the
saturation magnetization. [30].

Anisotropy Energy

Depending on the magnetic material there are preferential directions of magnetizations,
where different strength of magnetic fields are needed to saturate the magnetization
[33]. These directions are called easy— and hard—azis. The occurence of the axis relies
upon the magnetic anisotropies. The energy required to change the magnetization of a
material from the easy-axis to the hard-axis is defined as magnetic anisotropy energy
[34]. During magnetization reversal the energy of the system must be conserved.

Eoni = K15in%0 + Kosin*0 + ... (2.5)
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Here, K7 and Ko describe the specific anisotropy constants with the dimension .J/m3
and 0 the angle between the magnetization and the easy-axis.
The anisotropy of 3d transition metals consists of two particular contributions, which

have different microscopic origins:

o Magnetocrystalline anisotropy: related to spin-orbit coupling. The difference
of the orbital angular moments along easy- and hard-axis is proportional to the

magnetocrystalline energy.

e Form anisotropy: related to magnetostatic fields. It is defined as the tendency
of the magnetization to align parallel in the plane of thin film to avoid the surface

charge formation.

In case of thin films, magnetocystalline anisotropy favors an out-of-plane, and form

(shape) anisotropy favors an in-plane magnetization.
Zeeman Energy

Zeeman energy contribution depends on the relative orientation of the external mag-
netic field

EZeeman - /MOHezt - MdV. (26)
\%4

Here, pig is the magnetic constant, e. g. vacuum permeability, and is g = 47 x 1077 X—Ifl.

If M and H., have same orientation, the Ezeeman energy contribution can be neglected.
Magnetostatic Energy

The term ”stray field” is ascribed to magnetostatic field outside the ferromagnet,
while the "demagnetizing field’ is referred to the field inside the sample, which op-
poses the direction of the magnetization [35]. Volume and surface charges are accepted
as the sources of demagnetizing field. With this in mind, total magnetostatic energy
can be written:

Egem = o / Hdemgdvv (27)

all space

where H e, is the internal demagnetizing field and the factor % excludes self-interactions.

According to Eqn. 2.7, magnetostatic energy Ege,, is always positive and can only be

minimized by avoiding the formation of magnetic charges [35].
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2.1.2 Formation of Magnetic Domains and Domain Walls

Domains in ferromagnetic materials are established in order to reduce the total magnetic
energy Ejq, given by the Eqn. 2. 8:

Eiot = Eeze + Fani + Ezeeman + Edem- (28)

In Eqn. 2.8, exchange Fe¢zc, anisotropy Fgni, Zeeman Ez energy terms are related to
bulk material properties. However, demagnetization Eg.,, is associated with shape
anisotropy. In addition to the intrinsic material properties it acts through the demag-
netization of the shape (thin film) and changes the total energy of the system.

Areas of uniform magnetization divided by magnetic domain walls are called magnetic
domains. The dimensions of magnetic domains are determined by the minimization
of Fyot. An important definition in this regard is called exchange length, l.,, which
indicates the distance below which inter-atomic exchange interactions dominate and

A
leg = | —. 2.9
“ \V poMg® 29)

It is an intrinsic and material specific length scale, which provides an estimate for

can be written as:

the typical size of magnetic inhomogeneities. The magnetic domain formation in an
isotropic magnetic system in remanence is depicted in Fig.2.2. The stray field of a
homogenously magnetized sample is notably high. It can be minimized by domain for-
mation, but in this case, the exchange energy will increase. However, in a ferromagnet
an abrupt reversal of magnetization direction between two spins is unfavored: Spins
rotate gradually over an interfacial area, i.e. a domain wall.

Magnetic domain formation is favorable when the size of a magnetic structure becomes
larger than l.,. Fig.2.2 (a) shows the magnetic domain configuration in an isotropic
magnetic system in remanence. The magnetic moments align themselves parallel to
the sample edges in order to minimize the magnetostatic energy. In the presence of
a uniaxial anisotropy most of the magnetic moments will order themselves parallel to
each other along the uniaxial easy-axis. As presented in Fig.2.2(b) closure domains
form with the magnetic moment perpendicular to the magnetic easy axis to avoid mag-
netostatic energy increase.

Closure domain formation is compensated by the stray field reduction. The competi-
tion between the exchange and the magnetic anisotropy energies sets the domain wall
width.

If the exchange stiffness is large, it widens the domain walls via small angle rotation
of neighboring spins. On the contrary, the domain wall width shrinks if the magnetic
anisotropy becomes larger, because the additional energy due to the spins pointing
away from the magnetic easy-axis inside the domain wall must be compensated [37].
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(c)

H=0 H=0 AR
Figure 2.2: Illustrations of different magnetization states. Magnetization direction is
indicated by the black arrows. Stray field energy is minimized in an isotropic system by
the formation of domains as depicted in (a). Domain formation in an uniaxial anisotropy
system is shown in (b) The easy-axis is denoted as e.a. A single-domain consisting of
uniform magnetization along an external magnetic field H is shown in (c). Field lines
indicate the stray fields generated at the surface [adapted from [36]].

Two types of domain walls can develop in magnetic films: Bloch and Néel walls, as
shown simplified in Fig.2.3. Depending on the thickness of the sample, a Bloch or a
Néel wall occurs. In bulk-like ferromagnetic films the required thickness to rotate the
spins out-of-plane to the wall is supported, thus making Bloch walls more favorable.
However, in case of thin films Néel walls are more favorable, in which the spins rotate
in-plane with respect to the wall. As illustrated in Fig. 2.3 (b), in the center of the wall
the spins point perpendicular to the domain wall generating magnetostatic stray fields
between the domains. The emerging magnetostatic energy increases linearly with the
film thickness, therefore Néel walls are limited to thin magnetic films.

More details about the specific electronic properties, exchange mechanisms and evolu-
tion of ferromagnetism in the systems studied here as well as peculiarities of thin film
magnetism are given in the following sections.

2.2 Electronic Structure and Magnetism of Lag;Srg3MnO;3

Films

In this section, a short review of the electronic properties of the half-metal-ferromagnet
Lag 7Sr9.3sMnO3 (LSMO) is presented.

The complex correlation of spin, charge, orbitals and lattice enables control of the elec-
tronic functionality that lies at the heart of the Transition-Metal Oxides (TMO) [39).
TMOs possess strongly correlated electron states and manganites have a complex elec-
tronic structure [40} |41} 142]. In TMO, the d-electrons determine the electronic proper-
ties. In order to outline the most important interactions in manganites a simple ionic

10
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Figure 2.3: Schematic presentation of the magnetization vector rotation in the Néel wall
(a) and in the Bloch wall (b) in thin magnetic films [adapted from [38]].

scheme is considered as shown in Fig.2.4. In the following the most important contri-
butions to the electronic energy in manganites will be outlined. These are summarized
as follows [40]:

e the crystal field splitting energy, A¢f in octahedral coordination

e kinetic energy of e, electrons

o the Coulomb interaction among e, electrons

e the Hund on-site magnetic coupling between eg and tag electron spins

e the Heisenberg magnetic coupling between the nearest-neighbour localized elec-
tron spins

o coupling of e, electrons and elastic distortions of MnOg octahedra (Jahn-Teller
effect)

Depending on the influence of one or the other mechanism various electronic ground
states occur. The ground states observed for manganites consist of mainly ferromag-
netic metals and antiferromagnetic insulators. There are also some rare ground states

11
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Figure 2.4: Schematics of 3d electronic states in Mn®* and Mn** ions in perovskite
manganites. Abbrevations denote A octahedral crystal field splitting and dy7r Jahn-
Teller splitting energies resulting from the distortion of the oxygen octahedron (as sketched
below). The 3d-orbitals in Mn split first into two levels (e, and tog) due to the crystal
field splitting, and then into four levels (yz/xz,xy,x? — y2and 3z2) due to the Jahn-Teller
distortion. The orbitals are only occupied by one type of spin leading to ferromagnetism
[40]. Figure is reproduced from [40].

observed such as ferromagnetic insulators and antiferromagnetic metals. However, ap-
proximately all metallic manganites are ferromagnetic, because electron transfer en-
hances the double-exchange mechanism [40].

LSMO has a distorted perovskite structure, with a pseudo-cubic lattice parameter of
a = 3.87 AJ43]. The electronic configuration of Mn3+(+) is 1522522p63s23p04523d4(3).
Partially filled 3d levels are not degenerate, but split into a low energy to, triplet and a
high energy e, doublet due to the crystal field. The tog orbitals are lower in energy than
the eg orbitals, because the eg orbitals are pointing towards the oxygen ions, leading to
a larger Coulomb repulsion energy than in the other directions [44]. Further splitting
within the tg, and eg levels occurs due to Jahn-Teller effect resulting from the distor-
tion of the oxygen octahedron. The resulting orbital occupancy is shown in Fig. 2.4.

The crystal field splitting is weaker than the Hund’s rule coupling energy Uy, which is

12



2.2 Electronic Structure and Magnetism of Lag 7Srg 3MnO3 Films

about 2 eV for Mn [45]. Thus, three electrons in the 3d orbitals occupy the to, levels
and are localized. The remaining one electron occupies the e, level and is delocalized
[40]. Furthermore, all electrons have parallel spins according to Hund’s first rule [40].
The energy levels of the to, electrons are positioned far from the conduction band. The
Fermi level of the material is set by the hybridization of the spin up eg orbital in Mn
and the p orbitals of oxygen. Since LSMO is a half-metal, it has localized spin up (1)
carriers and delocalized spin-down (J) carriers or vice-versa. Spin-up electrons have
a partially occupied band, while spin-down electrons have filled bands separated from
the spin-up electrons by a gap. In an ordinary insulator the band-gap exists for both
spin states. In the case of half-metals, however, it is so that one spin state has no gap.
Thus, the half-metal LSMO is 100% spin-polarized (in the ideal case)[44} 146].

Magnetic Properties of Doped Manganites

LSMO is ferromagnetic at room temperature for Mn doping levels between 0.3 and 0.4.
For other doping levels it is antiferromagnetic [42]. The double-exchange mechanism
favors ferromagnetic order. Depending on the orbital filling and the directionality su-
perexchange can lead to both ferro- and antiferromagnetic order [47].

< b

Mn3* o* Mn#

Mn 3d O2p Mn 3d

Figure 2.5: Schematic presentation of double exchange mechanism illustrating the hop-
ping of e, electrons between Mn 3d and O 2p orbitals. Arrows indicate spin-conservative
electron transfer between Mn ions, which proceeds via intermediate O 2p orbitals (Figure
is reproduced after [48]).

The concept of ferromagnetic double-exchange for manganites was introduced by Zener
[49, [50]. LSMO has an average Mn charge between +3 and +4 [40] and the model is
based on the coexistence of Mn3t to,(3)eg(1) and Mn?* toz(3)eg(0) ions. According

13
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to this model two simultaneous electron transfers occur: one electron from Mn3* to a
neighboring O 2p orbital and a second electron from this O 2p orbital to an adjacent
Mn** [40]. In Fig.2.5, a schematic presentation of double-exchange mechanism illus-
trating the hopping of ez electrons between Mn 3d and O 2p orbitals is depicted.
The hopping process minimizes the kinetic and thus the total energy. Mainly, dou-
ble-exchange means a magnetic interaction mediated by itinerant spin-polarized d
electrons, which couple according to Hunds rule to the localized magnetic moments
40, 51, 152, 153].
In addition to the double-exchange mechanism, superexchange interactions between
Mn t9g electrons as well as between eg electrons on neighboring sites might develop
[54]. Detailed analyses on the superexchange interactions are given by Goodenough and
Kanamori [55, 56]. Depending on the orientation of the Mn3T e, orbital in (Mn3T e,)
O (Mn'+ eg) configuration superexchange can be ferromagnetic or antiferromagnetic.
For example, LaMnQs is an A-type antiferromagnet, which consists of ferromagnetically
aligned magnetic moments within the cubic (001) planes and an alternating direction of
the moments in adjacent planes [40]. Hence, the orbital degree of freedom is important

for manganite physics [8, 157].

b)
-« =
&-  d
C-type AFM A-type AFM

Figure 2.6: Schematic presentation of relation between strain and Mn orbital ordering:
a) Compressive strain favors the 3z% orbital and the C-type antiferromagnetic structure
and b) tensile strain favors the x? — y? orbital and the A-type AF structure (Adapted from

Ref. [8]).

Large electron-lattice interactions, in particular due to the Jahn-Teller effect on Mn3*
ions lift the degeneracy of the ey levels and reduce the electronic energy for the single
eg occupation [58159]. Depending on the strain-induced elongation or compression of
the MnOg octahedra the e, levels will be split. As shown in Fig. 2.6, an in-plane com-
pressive strain favors the 3z2 orbital and the C-type antiferromagnetic structure and
tensile strain favors the x? — y? orbital and the A-type AF structure [8].
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2.3 Ferromagnetism of Thin Fe Films

Iron (Fe) has a rich phase diagram. Below T = 1044 K it is in @ — Fe phase, which
has the body centered cubic (bec) lattice structure. With increasing temperature the
phase first changes to v — Fe (face centered cubic (fcc) lattice structure) and then to
0 — Fe (bcc lattice structure), and finally at T > 1811 K it is melted. In this thesis,
we focus on the o — Fe phase, which is the stable phase of Fe at room temperature.
The easy-axis of this phase is along the <001> direction.

Fe has a broad, almost unpolarized sp band superposed on a spin-split 3d band. The
unsplit density of states g(E) shows a peak at the Fermi level, so that the Stoner cri-
terion for the spontaneous ferromagnetism is fulfilled [60].

Density of states (1/eV)

-5 0

Energy relative to Fermi level (eV)

Figure 2.7: Spin-polarized density of states for Fe. The Fermi energy Ep is highlighed
with yellow line (Reproduced after Ref. [60]).

The spin-split density of states for Fe is shown in Fig. 2. 7. One can see that the density
of state of spin up and spin down electrons are shifted so that there is a finite magne-
tization. Iron is a weak ferromagnet, because there are both 3d spin up and 3d spin
down electrons at the Fermi level.

The magnetic properties of a thin film are correlated with its dimensions. As mentioned
in section 2.1, the ferromagnetism of 3d transition metals is based on the delocalized
electrons and the direct exchange interaction is responsible for the parallel alignment
of spins [30]. When a thin film is grown on a substrate the lattice parameter of film
might change due to the compressive/tensile strain created in the film, which can affect
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magnetic properties of the thin films.

In general, magnetization in ferromagnetic materials is determined by the competition
between exchange, magnetostatic and anisotropy energies. The exchange energy dom-
inates at small length scales, whereas the magnetostatic and the anisotropy energies
control the long-range magnetic ordering [61]. When considering the FM behavior of
thin films, the key words are film thickness and symmetry breaking:

e With the breaking of the symmetry, surfaces and interfaces emerge, which will

affect the magnetic behavior of the film.

e With increasing film thickness phenomena such as spin reorientation transition
occur, which is attributed to the competition between the magnetostatic energy
and the energy required for creating domain walls [62].

2.4 Basic Properties of Ferroelectrics

The term ferroelectrics arose by analogy with ferromagnetics, mainly due to the simi-
lar characteristics that both systems possess [63]. The first polarization versus applied
electric field loop was measured in 1920 by J. Valasek in Rochelle Salt [64]. Ever
since, this class of materials was called ferroelectric. Ferroelectrics show a spontaneous
electric polarization below the Curie temperature, a hysteresis curve, and an associ-
ated mechanical strain, nevertheless they differ from ferromagnets in their fundamental
mechanisms and also in some of their applications [63]. Ferroelectricity is linked to the
structural properties of a material and is not an intrinsic property of an atom [37].
Ferroelectric materials are pyroelectri piezoelectri and in some occasions ferro-

elastic Piezoelectricity, together with electrostriction, refers to electromechanical
properties of crystals. From a technological point of view oxides with perovskite struc-
tures are of particular importance [65]. There are two types of mechanisms introducing
ferroelectricity in a material: Order-disorder and displacement of ions. Ferroelectric
perovskite Barium Titanate - BaTiO3 (BTO) provide an example of displacement type.

2.4.1 Structure and Ferroelectric Order of BaTiO;

BTO is a wide band-gap insulator with E; = 3.2 eV [66] and is a ferroelectric material
with a typical tetragonal distortion of the cubic perovskite structure. The unit cell of
a cubic perovskite structure of BTO is illustrated in Fig.2.8. The Ti*t ion is located
in the center of the unit cell, Ba®t ions occupy the corners and O~ ions are located

!Pyroelectricity is a change in the polarization due to a change in temperature.
2Piezoelectricity is the accumulation of charges due to an applied strain on the material.
3Ferroelasticity is the presence of a spontaneous strain.
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at the centers of the unit cell faces. Ferroelectricity of BTO is due to hybridisation
between the Ti 3d states and O 2p states and the hybridisation is strongly enhanced
by the ferroelectric distortion [65].

Figure 2.8: Perovskite structure of BaTiOg. The Ti ion sits in an octahedron formed

from six O atoms.

BTO is a room temperature ferroelectric with a spontaneous polarization of 26 pCcm?.
In the following sections the structural properties of BTO will be discussed. The struc-
tural phase changes associated with temperature and ferroelectric domain patterns will
be emphasized.

The crystal structure of the different phases of BTO as a function of temperature is
presented in Fig.2.9. The polarization direction is set by the relative atomic displace-
ment. The central positive charge Ti*" moves towards adjacent oxygen neighbours.
The spontaneous polarization, Pg develops along six equivalent (100) directions. The
critical transformation temperature from ferroelectric to paraelectric is called the Curie
temperature (T¢). Above the Curie temperature ( 395 K for BTO), it has a centrosym-
metric paraelectric cubic structure with five atoms per unit cell. At lower temperatures,
the crystal has three successive ferroelectric (non-centrosymmetric) phases. In between
the temperatures 395 — 275 K the octahedral cages of oxygen distort and the Ti and
Ba sublattices are shifted relative to the negatively charged oxygen lattice resulting in
a spontaneous polarization. In the displacive model, the specific shift of atoms leads
to a change of crystal structure from cubic to tetragonal, where the c-axis is elongated
and a = b axes are shortened [67]. Below 275 K, the preferred displacement direction
of atoms changes (from <100> to <110>) and the structure converts to orthorhombic.
Here b = ¢ and the non-rectangular angle only marginally diverges from 90°. The final
phase transition occurs below 170 K, where the structure converts to rhombohedral
(with <111> displacements).
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Figure 2.9: Schematic presentation of the structure of the different phases of BaTiO3.
Lattice changes along the b- and c- axes with respect to the tetragonal phase are indicated
in the side-view of the rhombohedral, orthorhombic and cubic phases (Figure is adapted
and modified from [68].)

2.4.2 Ferroelectric Domains and Domain Walls

Naturally, BTO single crystals are in multi domain state to reduce the strain field
energy. Similar to ferromagnets, regions of same polarization directions are called fer-
roelectric domains. At room temperature BTO is in the tetragonal phase with the
existence of two different ferroic domains: ferroelectric 180° and ferroelastic 90° do-
mains. In ferroelectric 180° domains, the polarization is out-of-plane (Fig.2.10 (a))
and the domains are often referred to as c- domains [37]. Here, the unfavorable depo-
larizing electric field is provided by the abrupt polar discontinuity at the surface [69].
Due to the electrical charge accumulation at the surface, the presence of c-domains
is unexpected in BTO thin films and in single crystals [70]. C-domains are driven by
strain. The polar discontinuity charge builds up large dipolar-electric-fields, which are
energetically unfavorable. However, if the elastic energy minimization by c-domains is
bigger than the dipolar electric field energy, they tend to occur as well. Nevertheless,
fast cooling through the phase transition temperature forbids for sufficient build-up of
charges to compensate the dipolar fields caused by the spontaneous polarization [37].

As a result of 90° rotation of the polarization due to lattice mismatch a large ferroe-
lastic strain occurs at the domain boundary. In the presence of an uniaxial or biaxial
tensile strain in BTO films, 90° domains develop with almost equal areas of al and a2
domains [37]. Likewise, the establishment of al-a2 domains in bulk BTO dominates, if
the BTO is under pressure during preparation. As shown in Fig.2.10 (b), ferroelectric
domain boundaries lie at an angle of 45° with respect to the polarization direction [37].
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Figure 2.10: Ferroic domains in BTO(001) single crystals: c-domains are presented in
(a), al-a2 domains in (b) and a-c domains in (c¢) with an inset showing the angle between
domains at the surface. The structural changes at the ferroelectric/ferroelastic domain
boundaries are depicted in (d) to (f) [Taken from [37]].

To diminish the charging at the domain boundaries, the polarization in al-a2 domains
points head-to-tail in neighboring domains [37]. Furthermore, the change in the polar-
ization direction is accompanied by the ferroelastic domain formation.

Alternative to al-a2 domains, 90° ferroelastic a-c domains can also be present in BTO
single crystals [37]. As shown in the inset of Fig.2.10(c), there is a 0.5° bent at the
a-c¢ domain boundary due to unequal a- and c-domain out-of-plane lattice parameters
[37]. Also here the polarization points head-to-tail to reduce charging.

In ferromagnets, domain wall formation is set predominantly by the exchange energy,
which favors parallel alignment of spins. Therefore, as outlined earlier, magnetic do-
main walls display a gradual rotation of spins over lengths on the order of hundreds of
nanometers to weaken the exchange energy [69]. In ferroelectrics, however, there is no
exchange energy. The domain wall energy is dominated by the coupling between the
polarization and the polarization reversal, thus ferroelectric domain walls develop on a
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much shorter scale of a few unit cells [69)].

Different ferroelectric domain wall widths (Fig.2.10 (d — f)) are observed for ferroelec-
tric and ferroelastic domains in BTO. 180° ferroelectric domain walls occur between
the out-of-plane domains (c-domains) with no in-plane component associated with po-
larization rotation, therefore the domain wall width is on the order of 0.5 nm [71]. In
comparison to the ferroelectric domain walls, the ferroelastic domain walls are much
wider due to a change in polarization direction and the lattice mismatch at the bound-
ary. In Fig.2.10((d) and (f)) top-views of ferroelastic al-a2 domains and a-c domains
are illustrated. Expected ferroelastic domain wall width changes from 2 nm to 5 nm
at the domain boundary [37].

2.5 Interactions across Ferroelectric/Ferromagnetic Inter-

faces

A material is multiferroic, if it has two or more primary ferroic orders which coex-
ist in the same phase [72]. The properties of an ideal multiferroic material from the
perspective of applications are: room temperature ferroelectricity and ferromagnetism,
and strong MEC. However, there are only few single phase multiferroic materials with
coupled ferroelectric (FE) and ferromagnetic (FM) order parameters and usually one
of the order parameter is small. At this point, layered artificial multiferroics offer much
more flexibility in the design of the desired ferroic properties [73]. When a ferroelec-
tric (FE) and a ferromagnetic (FM) material are brought together, which originally
have particular characteristics each, new phenomena emerge at the interface region
and can combine to a magnetoelectric coupling (MEC). In magnetoelectric materials
the magnetization is coupled to the ferroelectric polarization, so that a switching of
the electrical polarization, for example by an external electric field, induces a change
in the magnetic easy axis. For applications in electronic devices the magnetoelectric
coupling is interesting, because the control of the magnetization state by an external
electric field may significantly minimize the energy consumption of the device [74]. The
magnetoelectric coupling is often caused by the magnetoelastic effect.

Magnetic anisotropy is originating from spin-orbit coupling. Any deviation from the
initial orbital shape changes the magnetic anisotropy of the investigated system [75].
The change in mechanical strain of a system due to magnetization is assigned as mag-
netostriction. If a sample with randomly oriented magnetic domains is exposed to an
external magnetic field, the magnetic domains align parallel to the applied magnetic
field (only if the applied magnetic field is enough to overcome the domain wall energy.).
During this alignment, the length of the sample slightly increases, which will induce
mechanical strain.

In an Fe/BTO system the inverse magnetostriction effect, i.e. the magnetoelastic effect
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is crucial. For example, if Fe is grown at elevated temperatures, such as T = 600 K,
the BTO single crystal will be paraelectric. Upon cooling ferroelectric domains will
develop at the first transition temperature at about T = 400 K. Associated with this
process there will be strain states, which will be transferred to the ferromagnetic film
deposited on top. Due to the phase transition from paraelectric to ferroelectric state,
the lattice parameters of BTO will extend laterally, thus this lateral extension of BTO
will be translated into the Fe film. Strained bonding at the Fe/BTO interface will affect
the local magnetic properties of the Fe film.

To exploit the emergent phenomena at the interface between a ferromagnetic and fer-
roelectric material, control of the interaction at the interface is needed. The control
of one degree of freedom will lead to a control of the coupling as well. Some of the
fundamental control parameters which are important with respect to this work are:

e Control of the lattice using lattice mismatch or different crystal structures to
induce strain in the material.

e Control of the spin and the orbital occupancy by the exchange mechanism between
the different electronic phases.

Strain-control mechanisms to alter the magnetic properties of magnetic films depend on
the competition between the magnetoelastic and the magnetocrystalline anisotropies as
well as magnetostatic and exchange interactions [37]. For example, the magnetoelastic
coupling between a magnetic thin film and a ferroelectric single crystal can be utilized
to control the magnetic properties. By applying an electric field, an interfacial strain is
created, upon which the lattice strain of the ferroelectric can be altered. If this is the
case, a magnetoelastic anisotropy of the magnetic film is accomplished via the inverse
magnetostriction effect.

The magnetoelastic anisotropy strength relies upon the efficiency of the strain transfer,
which depends on the tetragonal lattice elongations of the ferroelectric and on the
magnetoelastic properties of the magnetic film [37]. Additionally, depending on the
ferroelectric crystal structure, its orientation, and the ferroelectric domain polarization
direction, the magnetoelastic anisotropy-symmetry generated in the adjacent magnetic
film can be varied. As presented by Lahtinen [37], the ferroelectric domain imprint into
the magnetic films and a strong pinning of the magnetic domain walls on top of the
ferroelectric domain boundaries can be set via local strain transfer.

Strain coupling between a BTO single crystal and a Laj;_SryMnOgs thin film was
accomplished via structural phase transitions of BTO [76]. The authors showed that
the lattice transitions modified the strain state and so the magnetoelastic anisotropy
of the ferromagnetic film.

The overlap between the atomic orbitals rules the magnetic properties, which can be
changed via atomic displacements at the FM/FE interface. Changes in the magnetic
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moment have been demonstrated via ab initio calculations at an Fe/BTO interface
[22]. The authors explained the effect in terms of hybridization between the Fe and
the Ti 3d orbitals, which induce a charge redistribution of majority and minority spins
depending on the Fe-Ti bond length.

The work presented in this thesis focuses on:

e Direct observation of the interaction between the electrical and the magnetic
degrees of freedom in an all-oxide multiferroic system, that is BTO/LSMO/STO
by means of x-ray absorption spectroscopy.

e Imaging and measuring of ferroelectric-ferromagnetic domain interactions in Fe/BTO
metal/oxide hybrids using photoemission electron microscopy, in order to provide
information on the strain-induced magnetostrictive effects in a magnetic film with
spatial resolution and element sensitivity.

2.5.1 Sample Layouts

In order to understand the interactions across ferroelectric/ferromagnetic interfaces two
different sample types have been prepared. Fig.2.11 (a) shows the two layer systems
used in this thesis. For the investigation of electronic structure, magnetic and structural
properties and surface morphologies of all-oxide ferromagnetic/ferroelectric heterosys-
tems BTO/LSMO samples were prepared. The LSMO and BTO films were deposited
onto Nb(0.5 %) doped SrTiO3(001) single crystals with (001)-orientation. In order to
obtain a single termination at the substrate surface, as-received STO substrates were
prepared via a combination of wet chemical etching and a subsequent annealing proce-
dure. The STO single crystal cleaning treatment will be given in detail in chapter 4.

Figure 2.11: Schematic sample layouts used in this thesis.

We studied a second type of artificial multiferroic, namely a metal /oxide interface, i.e.
Fe/BTO system (as schematically shown in Fig. 2. 11 (b)). For this, approx. 3 nm-thick
Fe thin films were deposited on to a pre-cleaned 5 x 5 x 0.5 mm® BTO(001) crystal
(SurfaceNet GmbH) by molecular beam epitaxy (MBE) at room temperature in UHV.
Details of the BTO surface treatment are given in Chapter 5.5.1.
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2.6 Fundamentals of Absorption Spectroscopy

2.6 Fundamentals of Absorption Spectroscopy

In this chapter some basic X-ray characteristics will be discussed in order to understand
the features of the X-ray absorption data. Measuring the X-ray absorption coefficient
as a function of photon energy near the absorption edge of the element of interest,
E =hv, is called XAS. It is a widely used technique to obtain information on the
chemical environment of the probed element, its valency and its spin state.

XAS was invented in 1913 by M. de Broglie. If the X-rays are absorbed by the sample,
core electrons are excited to unoccupied electronic states. Free core level holes will then
be filled again by the electrons coming from higher energy levels either by emitting
a photon or an Auger electron. The attenuation of the radiation propagating in a
continuous homogeneous material can be expresses by Lambert-Beer’s law:

I(E, z) = Iyexp MF)= (2.10)

where I is the incident intensity of the radiation and I is the remaining intensity
after the radiation has propagated the distance z inside the material [77]. The linear
absorption coefficient 4 = p(hiw) depends on the energy of the X-rays and is related to
the absorption cross section o (hw) [em?/atom] as

= LNA o
1 .

Here, p is the density of the sample, N4 is the Avagadro’s number and A is the atomic

(2.11)

weight of the sample. Usually, mass attenuation coefficient p,, = p/p is given to
avoid considerations of sample density. Basic parameters that contribute to the X-ray
attenuation are [77]:

e Photoelectric absorption

e Elastic scattering (Rayleigh, Thompson)

e Inelastic scattering (Compton)

e The electron-positron pair production at energies above 1.022 MeV

The spectrum range of interest is soft X-ray regime, thus we will consider only photo-
electron absorption coefficient. p(E) contains an integration over all optical transitions
into the empty density of states and the transition matrix element leads to the so-called
dipole selection for the transitions between the states. Dipole selection rules for linearly
polarized light are:

Aj=0,+1;Al = £1; Am = 0; As = 0. (2.12)

And for circularly polarized light:

Aj=0,£1;Al = £1; Am = +1; As = 0. (2.13)
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2. THEORETICAL BACKGROUND

The dipole transitions are spin conservative and orbital moment selective as Am is
determined by the helicity of the photon Am = 1(—1) for left circular (right circular)
polarization. Conservation of angular momentum stimulates spin-selective electron
transitions, which in turn cause the magnetic dichroism. The number of transitions
equal to the energy difference between the occupied initial states and the unoccupied
final states. This is the case when a photon energy is high enough to excite a core
electron into the continuum above the Fermi level, which is called an edge. As shown
in the Fig.2.12 (b) the result is a sharp peak in the absorption coefficient.

(a) (b)
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Figure 2.12: (a) The connection between the X-ray absorption edges and the excitations
of core electrons corresponding to the K, L, M x-ray absorption edges. The threshold
energy difference of each edge is shown by the arrows. (b) Scheme of the X-ray absorption
coefficient as a function of incident photon energy. Four X-ray edges are shown: K, Lq,
Ly and Ls. The ionization energies are different for each element, therefore corresponding
absorption edge measured at a certain energy is element specific [Figure is reproduced from
Ref. [78] and references therein.].

The absorption spectra obtained by monitoring all electrons created during the ab-
sorption process is called total electron yield (TEY) mode. In the TEY mode the
total number of electrons (photoelectrons, Auger electrons, secondary electrons) emit-
ted from the sample are detected by measuring the sample drain current Ipgy (E),
which is proportional to the absorption cross section o. Secondary electrons are the
electrons ejected after the interaction of the primary Auger electrons and photoelec-
trons with the atoms of the sample. The number of emitted electrons is proportional
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2.6 Fundamentals of Absorption Spectroscopy

to the number of holes created in the sample, which in turn is proportional to the ab-
sorption coefficient. The mean free path of the secondary electrons, having an energy
of 2 eV —4 eV, is about 2 — 4 nm. Therefore, measurements in the TEY mode require
atomically clean surfaces. One most note that the proportionality between the drain
current ITgy and the absorption cross section o will most probably be demolished by
self-absorption effects, if the probing depth of TEY is of the same order (or larger than)
the attenuation length of the incident X-rays |79, 80].

2.6.1 X-ray Magnetic Circular Dichroism (XMCD)

Determining the magnetic moments element specifically and distinguishing their spin
and orbital moments became possible by means of x-ray magnetic circular dichroism
(XMCD) [81]. It was theoretically predicted for Ni Ma 3 edges by Erskine and Stern
[82]. In the late 1980s circularly polarized light became first available in the hard x-ray
regime in HASYLAB in Hamburg. Schiitz et al.[83] experimentally proved the XMCD
effect at Fe K-edge using hard x-rays. The XMCD effect was small, because the s-state
has no spin-orbit coupling (L = 0). After the measurements performed by Chen et al.
at the Fe L3 and Lo edges [84] Hi‘c became an often used method for the characterization
of magnetic materials.

The XMCD effect is explained in the following for the example of L3z absorption
edges, which are also relevant absorption edges in this work. At the L3 absorption
edges, electron transition from 2p states into the 3d states takes place. Due to spin-
orbit coupling the 2p level energetically splits into a 2p3/, and 2py /5 level. In a simple
one-electron model, the XMCD effect can be considered as a two-step process: First,
spin-polarized electrons are produced by absorption of circularly polarized light, then
these spin-polarized electrons are transferred to an exchange split valence shell. Since
spin flips are forbidden in electric dipole transitions, spin up (spin down) electrons
can only make transitions into spin up (spin down) empty 3d-states. A schematic
presentation of the process is given in Fig. 2.13. The spin-split valence state serves as
a spin detector for these spin-polarized electrons, and the transition probabilities are
proportional to the empty d-states for a given spin direction.

Now we look more closely, how a net spin polarization of the exciting photoelectrons
from the 2p core level is created [85]86]: During the absorption process photons transfer
their angular momenta to the photoelectrons. The electron spin could have an arbitrary
orientation with respect to the orbital moment, and it is only through the spin-orbit
interaction, that the spin orientation is related to this angular momentum.

In order to quantify the effects of the spin polarization, one should calculate the relative

4At the Lz edge (L = 1), the spin-orbit coupling prevails in the initial state.

25



2. THEORETICAL BACKGROUND

spin I A spin
down * [ up

Fe Density of states: 3d, 4s

Fermi

[710 av]

% Energy
=

e circular polarized x-rays
¥
L . 2pai2

HH— oo
4

2pire
Figure 2.13: Schematic presentation of absorption process [Figure is reproduced from

the Lecture Notes of Prof. Claus M. Schneider, Universitdt Duisburg-Essen.].

intensities of the transitions from 2p;/33/2 to 3d states. If we separate the transition
matrix element, M2 = |(f|&.f]i)|? into radial and angular parts, we obtain:

My, = 3(ms',ms)('l|r|nc) (Imy|e|em.), (2.14)

where ¢, m, are the angular momentum quantum numbers of the core levels and [, m;
are angular momentum quantum numbers of the final states, respectively. Since the
angular part of the transition matrix element is connected to my, it is important for
the dichroic effect. By using the spherical tensor notation for the angular parts of the
transition matrix element one gets the matrix elements that involve only the spherical
harmonics. This problem can be solved by using the Gaunt’s Formula:

<Y2mL|Y)\q‘chc> = (—l)ml\/

(21+1)(2>\+1)(20+1)< I Xec )<z A e
mp q Mme

= 00 0). (2.15)

The expression of the relative intensities can be written as:

Iem.q x |ijjcmcsms <Yc+lmc+q |Y111‘chc>|2- (2.16)

In order to determine the transition intensities for each transition, the transition matrix
element has to be multiplied with the corresponding Clebsch-Gordan Coefficient.

From the measured XAS intensity and associated XMCD effect, spin and orbital mag-
netic moments of the final states can be calculated according to the so-called sum rules
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I87]. Therefore, we calculate the integrals over the spin-orbit splitted edges. Sum rules
are based on an atomic model (spherical symmetry) and a single electron picture, in
which multiplet and solid state induced anisotropies are mainly neglected [87]. Sum
rules are originally derived for systems with highly localized d electrons, thus the ap-
plication of sum rules to the complex systems such as Lag 7Srg3MnO3(001) is rather
difficult. In strongly correlated systems the 2p — 3d electrostatic interactions are rela-
tively large compared to the 2p spin-orbit interaction. This stimulates a strong overlap
in the 2ps/; and 2p;/, multiplets. As a result of this a significant mixing between
these two j levels occurs. Since the spin-sum-rule is only valid in the limit of j — j
coupling, it should be corrected for j — j mixing. The correction factor is obtained
using the calculated Hartree-Fock values of the Slater integrals and the core spin-orbit

interaction.

2.6.2 X-ray Linear Dichroism (XLD)

The X-ray Linear Dichroism (XLD) describes differences in the absorption behavior
using linearly polarized X-rays caused by a charge anisotropy. In most cases, the
anisotropy of the charges in the atomic volume is caused by the anisotropy of the
bonds, for example, by an inhomogeneity of electrostatic potential. In the absence of a
spin arrangement XAS can determine the charge ordering in the system, but only if the
symmetry of the absorbing atoms is lower than cubic symmetry [88]. Since the electric
field vector oscillates along an axis and the radiation may be absorbed at any time, the
linearly polarized x-rays are sensitive only to properties with axial symmetry. In case
of a soft x-ray absorption spectra taken at the Ly 3 absorption edges of Ti, electrons are
excited from the 2ps/5 and 2p; /5 core levels into the 3d states. For linearly polarized
light, the electric field vector of the x-rays acts like a search light for the number of
valence holes in different directions of the atomic volume [89]. Consider the d,2 orbital:
If the electric field vector is parallel to the z axis, the absorption will be high, while the
absorption will be lower for the electric field vector lying in the xy plane or including
any non-vanishing angle with the z axis [89].

In the case of tetragonal symmetry with c>a, the relation between the x-ray absorption
at the Ti Ly 3 edge and the 3d orbitals is presented in Fig.2.14. The two absorption
lines arise as a result of electronic transitions towards the lower energy dy,, dy, and
dxy orbitals on the one hand and the higher energy d,2 and dy2_y2 on the other hand
[89]. Owing to hybridization effects, orbitals pointing towards the oxygen ligands yield
broader lines in the absorption spectrum [89]. The additional energy splitting due to
the Ti displacement is too small to be directly visible in the absorption spectrum. How-
ever, it can be analysed by measuring the dichroism between two different directions
of linear polarization [89] [73].

Filippetti and Hill calculated the density of states for Ti**t in BTO for a cubic and
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Figure 2.14: The Ti Ly edge XAS (left) is related to the Ti ion energy levels in the
crystal field for positive values of 10D and negative values of Dy (Dy is neglected.) [89].
The value of the crystal field parameter 10D, denotes the energy splitting between the toz
and e, states in a cubic symmetry, whereas D takes into account the deviation from a
cubic symmetry including the displacement of the Ti** ion [89]. In the tetragonal phase,
the energy levels of the cubic eg and tog states further split into sublevels [Taken from [89]].

tetragonal unit cell by a plane wave pseudopotential implementation of density func-
tional theory within the local spin density approximation (LSDA) and linked it to the
atomic orbitals [90]. In the tetragonal phase, the displacement of the Ti** from its
centrosymmetric position along the z direction splits up the dy, orbital and the dy,
and dy, orbitals [89]. In terms of crystal field parameters, this splitting corresponds
to the introduction of a negative value of Dy as depicted in Fig.2.14. However, from
the parameter Dy, the geometric structure cannot be obtained directly [89]. Here the
negative value of Dy is associated with an elongation of the BTO unit cell along the
z direction. This is in agreement with XRD data in the literature revealing that the
elongated axis of the tetragonal BTO is parallel to z [89].
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Chapter 3

Experimental Methods

In this chapter, the experimental tools and techniques involved in fabricating samples
and measuring their magnetic, surface and electrical transport properties are described.
Thin oxide films of LSMO and BTO are grown by means of pulsed laser deposition
(PLD), and thin metallic iron films are grown via molecular beam epitaxy (MBE),
which are briefly introduced in section 3.1. Magnetic, structural, and chemical pre-
characterization methods are summarized in section 3.2. Magnetic characterization of
the samples was performed by superconducting quantum interference device (SQUID)
magnetometry (see Section 3.2.1). In section 3.2.2, the working principle of atomic
force microscopy (AFM) is reviewed, which was employed for the investigation of the
topography and surface roughness of samples. A brief introduction to X-ray diffraction
(XRD) is given in section 3.2.3, which was used in order to study the structural
properties of all-oxide hybrids. Auger electron spectroscopy (AES) was utilized to
check the cleanness and the chemical composition of the BTO single crystal surfaces
and is shortly explained in section 3.2.4.

In section 3. 3, the basic properties of synchrotron radiation, the UE56/1-SGM beamline
and a brief description of the interaction between x-rays and matter is given. Finally, in
the last section of this chapter the low energy electron microscope/ x-ray photoelectron
emission microscope (LEEM/XPEEM) instrument is introduced, which was used to

perform synchrotron-based layer-resolved measurements.
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3. EXPERIMENTAL METHODS

3.1 Sample Growth Techniques

3.1.1 Pulsed Laser Deposition (PLD)

Pulsed Laser Deposition (PLD) is a well-established technique to grow ultrathin epi-
taxial’| heterostructures made of oxides under controlled conditions. Deposition of
materials takes place in a vacuum environment, with an oxygen background pressure
of 10~* mbar. The most important aspect of PLD is the precise control of oxygen
stoichiometry of complex oxides. LSMO and BTO thin films used in this thesis were
fabricated in a PLD chamber in PGI—@ by Dr. Jiirgen Schubert. The PLD setup in
PGI — 9 is depicted in Fig.3.1.

focusing

| target
ens  —

laser beam

-

<— Pblasma

sample

SiC-heater

Figure 3.1: Schematic presentation of PLD setup at PGI-9. In a vacuum chamber,
elementary or alloy targets are hit at an angle of 45° by a pulsed and focused laser beam.
The atoms and ions ablated from the target are deposited on substrates. The substrates

are placed on a SiC-heater with the surface parallel to the target surface. Figure is taken

from [91]

In the PLD chamber the target material is ablated from a rotating cylindrical target
by a short pulse of an excimer laser beam via a suitable optical sytem [92]. The laser
beam is produced by a 248 nm wavelength KrF excimer laser. The pulse duration is
varied from 5 ns to 250 ns, depending on the desired thickness of the ablated material.
The typical laser energy density on the target is varied from 2 J/cm? to 4 J/cm? [92].
The cylindrical targets consist of single phase, pressed and sintered BTO and LSMO
powders. A high energetic plasma beam of the target material is generated in the

5Epitaxial growth reproduces the crystallographic structure of the substrate in the deposited ma-
terial.
SPeter Griinberg Institute-Semiconductor Nanoelectronics
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direction of the substrate by the laser ablation. To achieve monocrystalline growth
substrates are held at high temperatures varying from T = 550°C to 650°C. For this
the SrTiO3(001) single crystal substrates are placed on a resistive SiC heater inside
the PLD chamber [92]. For proper oxidation of the films, materials are ablated un-
der constant oxygen pressure. At the sample position standard oxygen pressures of
5x1072 mbar up to 0.5 mbar can be reached [91]. One of the advantages of the PLD
growth technique is a high deposition rate. The deposition rate is determined by the

laser power and the pulse rate. It can reach 102 — 10° nm/sec.

3.1.2 Electron Beam Evaporation

The deposition of iron films was carried out with an Omicron EFM-3T electron beam
(e-beam) evaporator in situ in front of the objective lens of the LEEM/XPEEM micro-
scope and in the preparation chamber. Iron films were deposited on clean BaTiO3(001)
single crystal substrate surfaces from a 99.99 % pure iron rod with a diameter of 2 mm
purchased from Mateck GmbH. We employed room temperature deposition to avoid
any thermal activation of interlayer diffusion during iron growth. At a given electron
emission of the e-beam evaporator, filament current of Ig; = 2 A, emission current of
Igmis = 13 mA, and accelerating voltage of U = 950 V, the ion flux was measured at
the beam exit column with an ion collector. The ion flux is directly proportional to
the flux of the evaporated atoms (Igjx = 80 nA). To roughly calibrate the flux moni-
tor of the evaporator, we studied the Ti (461.3 e¢V) from the substrate (BaTiO3) and
Fe (709 eV) from the growing film. We compared the XAS total electron yield (TEY)
peaks. Increasing the Fe film thickness increased the Fe TEY intensity and decreased
the Ti TEY intensity. We calibrated the TEY intensity changes of Fe and Ti peaks as
a function of Fe coverage and calculated the Fe thin film thickness from the calibration.

3.2 Magnetic, Structural, and Chemical Pre-characteri-
zation Methods

3.2.1 SQUID (Superconducting Quantum Interference Device) Mag-
netometer

To measure global magnetic moments of thin LSMO films we used the most sensi-
tive magnetometer, which is based on SQUID technology. The measuring principle
of SQUIDs is based on Josephson junctions [93]. A SQUID device has a closed su-

perconducting loop consisting of one or two Josephson junctions in the loop’s current
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path. The system used in PGI— is a SQUID magnetometer manufactured by Quan-
tum Design (MPMS MultiVu)[94]. The principle of operation rests on RF—SQUIqﬂ
The superconducting loop, however, is not directly connected to the circuit, but is in-
ductively coupled to a high frequency LCﬁ resonator.

In more detail, the SQUID magnetometer measures the longitudinal magnetic moment
of a sample, along the direction of an applied magnetic field. In the MPMS MultiVu
system the magnetic field in the range of £7 Tesla can be applied using a supercon-
ducting solenoid. We note that with increasing distance from the center of the coil the
homogeneity of the field decreases. The temperature at the sample location can be set
in the range from T =2 K to 400 K. The sensitivity of the SQUID magnetometer is
in the order of 107 emu (10712 Am?).

o heater
T SQUID
—— device
é_\—c SQUID
cample t: ) E amplifier
~
space J—,—\—' ‘_,—C
|solat\0n signal coil RF bias
l transformer

second-derivative
\ detector loops /

Superconducting magnets

Figure 3.2: Schematics of an RF-SQUID device. The SQUID acts as a magnetic flux-to-
voltage converter. This voltage is amplified and read out by the magnetometer’s electronics
[taken from[95]].

Schematics of a RF-SQUID device are shown in Fig. 3. 2, the sample space is positioned
within a superconducting detection coil (”pick-up” coil). A single piece of supercon-
ducting wire is wound in a set of three coils. This configuration eliminates the contribu-

"Peter Criinberg Institute-Quantum Materials and Collective Phenomena
8i.e. radio frequency SQUID (also called as: alternating current AC SQUID).
9L:Inductor, C: Capacitor

32



3.2 Magnetic, Structural, and Chemical Pre-characteri-
zation Methods

tions from external fields and the pick-up coils become sensitive to the stray field of the
sample only. Superconducting magnets produce a uniform constant magnetic field over
the whole coil region and the pick-up coils are placed in between them (see Fig. 3.2).
The sample is suspended on a rod, which is installed at the top of the cryostat to a
vertical transport mechanism [95]. The sample is slowly moved through the pick-up
coils. The magnetization of the sample induces an electrical current in the pick-up coils
and any change of magnetic flux in them produces a change of the steady current in
the detection circuit, which is proportional to the change in magnetic flux [95]. The
SQUID serves as a linear current-to-voltage converter, thus the variations in the current
in the detection coil produce corresponding variations in the SQUID output voltage.
The output signal, V', is recorded as a function of scan length, z. A curve-fitting al-
gorithm of the MPMS software fits the measured V(z) data points to the theoretical
curve of an ideal dipole and so extracts the magnetization [95] 96| [97]. In this thesis,
the magnetization measurements were done by using an RSO (Reciprocating Sample
Option) sample holder. In an RSO measurement, the sample moves sinusoidally twelve
times through the detection loops for one saved data point. Then, the average of these
value series is taken, which guarantees a more precise result in comparison to the single
Dqﬂ measurements [95].

3.2.2 Atomic Force Microscopy (AFM)

Scanning probe microscopy (SPM) techniques provide real space imaging of surface
structures with atomic resolution [98]. There are variations in the nature of the inter-
action between the tip and sample, but the working principle and the basic components
of SPMs are the same: A very sharp tip is positioned at a specific small distance from
a sample. In this thesis, the information on the surface morphology of the samples is
obtained by atomic force microscopy (AFM). In an AFM, the force between the tip
and sample is employed to map the surface. Figure 3.3 illustrates the AFM working
principle. An extremely sharp tip (2 — 15 nm in radius of the tip end curvature) is
mounted on a flexible cantilever. The bending of the cantilever is directly related to
the force acting on the cantilever, and is monitored by a laser beam reflected by the
cantilever. The deflection of the laser beam is measured by a position sensitive pho-
todetector (PSPD). The PSPD has four segments, and it detects cantilever deflections
caused by normal and lateral forces and converts these forces into a voltage. There is a
feedback system, which keeps the tip exerting a constant force on the sample surface.
During the constant force mode, the deflection of the cantilever is used as an input to
a feedback circuit that moves the scanner up and down in z-direction [99]. The control
voltage in a feedback loop is measured for each scanning point and this corresponds to

10 1
Odirect current
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the sample surface topography by keeping the cantilever deflection constant.

f
A
Signal processing
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Figure 3.3: Schematic working principle of AFM. It consists of a cantilever with a sharp
tip at its end. During scanning the tip taps the surface and is deflected due to van der
Waals forces between the tip and the surface. The deflection is measured by a laser beam
that is reflected from cantilever onto a position-sensitive photodetector (PSPD). Then the
degree of the deflection of the cantilever is measured by the PSPD and converted in to
a voltage. Subsequent to the measurement of the voltage for each scanning point and

plotting, a map of the sample surface is obtained.

There are three main classes of scanning modes, i.e. the contact mode, tapping mode
and non-contact mode. In this thesis the AFM data were obtained with an atomic force
microscope from Digital Instruments in the tapping mode using a silicon tip. In the
tapping mode the cantilever oscillates at its eigenfrequency in the z-direction, generally
at hundreds of kHz. Upon approaching the sample, the tip starts to interact with the
sample and this changes the frequency of the tip. In the tapping mode, this change is
kept zero via a feedback loop, thus lateral forces are minimized and the risk of damag-
ing sample is reduced in contrast to the contact mode [95]. In this mode, the repulsive
part of the van der Waals forces [''| between tip and sample is measured indirectly by
measuring the deflection of the cantilever. An extremely precise positioning device is
made from piezo-electric ceramics for the movement of the tip (or the sample). This
ceramic is able to perform sub-angstrom resolution in x-, y- and z-directions [95]. The
surface morphology can be quantitatively analyzed with AFM. The definition of the
RMYZroughness is given as the vertical (standard) deviation z(z) of a surface from
ideal flatness, where z(z) is the height profile[101].

"The van der Waals forces represents the electromagnetic interaction of fluctuating dipoles in the

atoms of the tip and surface [100].
2RMS: Root Mean Square
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The RMS-roughness is calculated using

L& 1/2
Rpus = [N D (- 2)2} ; 3.1)
n=1

where N is the number of data points within the box cursor, i.e. a defined area is
selected from the AFM image, z, is the height data of the n'* point, and z is the
average height. Notably, the RMS roughness does not provide information about the
local structure of the surface, i.e., even if the morphologies of the surfaces are not
identical, both surfaces could yield same RMS roughness.

3.2.3 X-Ray Diffractometry (XRD)

X-ray diffraction (XRD) is an extensively used method for the characterization of the
structural properties of crystals, polycrystalline and amorphous samples or layer sys-
tems [102]. Information on the crystal structure, crystal orientation and crystalline
quality, lattice constants, purity of the phase, layer thickness and surface roughness
can be provided via an XRD measurement. The room temperature XRD measure-
ments included in this thesis were performed with a Philips X'pert MRD four-circle
diffractometer with Cu — K, radiation in the Bragg-Brentano configuration to probe
the crystallinity of the films. In Fig.3.4 the schematics of the four-circle geometry is
shown.

S0

incident
beam

diffracted
beam

Figure 3.4: Sketch of the four-circle x-ray diffractometry (Reproduced from [103]).

The detector angle 20 and the sample angle 6 or w can be rotated independently from
each other in the plane defined by the incident and the diffracted beams [103]. In this
configuration the interplanar distances for the planes parallel to the substrate surface
can be measured. The ¢ and 1 rotations permit the determinations of interplanar
distances of the planes that are not parallel. The incident x-ray beam is reflected from
parallel planes of atoms in the crystal, with each plane reflecting only a very small frac-
tion of the radiation. When the path difference is an integer number of wavelengths
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diffracted beams interfere constructively. The spacing between diffracting planes, dpx
with hkl being the Miller indices of this plane, can be determined by Bragg’s law:

2dhk18in9 = n>\, (3.2)

here 6 is the incident angle, n is an integer, and A is the wavelength of the x-ray beam.
Additional properties of the epitaxial films can be determined by measuring w-scan
of a Bragg reflection, i.e., rocking curve measurement. In this case, the direction of
the scattering vector is being changed. The full width at the half maximum (FWHM)
of the rocking curve provides a measure of mosaicity (variation in w), lattice strain

(variation in w/260) and limited layer thickness [103].

3.2.4 Auger Electron Spectroscopy (AES)

One of the standard analysis techniques in surface science to study the surface chemi-
cal concentration is Auger Electron Spectroscopy (AES) [104]. Considering the limited
escape depth of Auger electrons, AES is very surface sensitive. Typical probing depths
in AES are in the range of 10 — 30 A. In this work, AES was employed to study the
cleanliness of freshly prepared BTO single crystal surfaces under UHV conditions.
AES is based on the principle of Auger electron release and is a three-electron process:
Firstly, an atom is bombarded by an electron beam, which ionizes the inner shell of
that atom and a core hole is created. Secondly, the core-hole is filled by an electron
from an outer shell. Simultaneously, the energy gained upon decay of an outer shell
electron is given to another electron in the same outer shell, which is eventually emitted
from the atom at a well-defined kinetic energy [105]. This emitted electron is called
Auger electron. The emitted Auger electron carries a particular kinetic energy which is
related to the difference in core-level energies. By measuring this kinetic energy chem-
ical analysis becomes possible [104].

The AES setup used for this thesis (STAIB GmbH) consists of an electron gun, which
produces a focussed electron beam [21]. In our setup, the electron gun is usually op-
erated at 5 keV and the sample current is of the order of Iyymple = 5 tA. The emitted
Auger electrons from the sample are deflected back to a single-pass cylindrical mirror
analyzer, where the electrons are energy filtered and detected by a channeltron. The
spectrum of emitted Auger electrons is usually displayed as a function of the first deriva-
tive of the kinetic energy, dN/dE [21]. The differentiation is performed by modulating
the voltage and detecting the signal from the electron multiplier with a lock-in ampli-
fier. Presentation of AES in this mode suppresses the large background of secondary
electrons [105].
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3.3 Soft X-Ray Beamline UE56/1-SGM (FZ Jiilich Beam-
line at BESSY-II)

3.3.1 Generation and Basic Properties of Synchrotron Radiation

The electromagnetic radiation emitted by an accelerated charged particle moving with
a constant and relativistic velocity on a circle is called synchrotron radiation (SR). Al-
though the theoretical work of principles were established at the end of the nineteenth
century [106], first SR was observed at the General Electric 70 MeV synchrotron acce-
larator in Schenectady, New York, on April 24 1947 by Elder et al. [107]. The emitted
light was identified to be polarized with an electric field vector parallel to the plane of
the electron orbit [108].

The application of SR has an enormous contribution in modern physics, chemistry,
biology, and material sciences. SR experiments provide basic understanding of the
structure, the electronic properties and the collective phenomena of the system un-
der study [109]. To be able to perform such an experiment highly monochromatized
and intense radiation with tunable polarization and energy is needed. BESSY—IIIEl is
a 3™ generation source [110] of the Helmholtz-Zentrum Berlin (HZB). In this chapter
the generation of SR and its properties are briefly described. Some of the important
characteristics of the SR are:

e high intensity
e wide spectral range covering the I visible light, U, sof and hard X—ra
highly collimated!®|

high degree of polarization

pulsed time structure

e high brightness of the source due to small cross section of the electron beam

SR is generated when a relativistic particle of normalized energy + is accelerated and

v is defined as:
E

= 3.3
K moc?’ (3.3)
13BESSY: Berliner Elektronenspeicherring-Gesellschaft fiir Synchrotronstrahlung m.b.H.
“nfrared
15 Ultraviolet

1630ft x-rays, 80-2000 eV

Y The distinction between hard and soft x-rays is not well defined. Hard x-rays are typically those
with energies greater than 2 keV.

'8This property of SR provides high flux on very small areas also at far distances from the storage

ring.
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B<<1

Figure 3.5: Qualitative radiation patterns related to charged particles moving in a circular
orbit. The dipole pattern achieved for slow particles (left) is distorted into a narrow cone
when 3 =wv/c =1 (right) [Image is adapted from [111]].

with F its energy, mg the particle mass, e the particle charge and ¢ the speed of light.
When the charged particle is subjected to a magnetic field By of a few Tesla, the
particle is brought onto a curved path, i.e., there is an acceleration perpendicular to
the main motion, which causes a radiation emission in the tangential direction [108].
The movement of the particle is given by the Lorentz equation.

dp v X B

here p, e, and v are particle momentum, charge and velocity, respectively. B and E are
the electric and magnetic field.

For the compensation of the energy losses radio frequency (RF) cavities are used. The
electrons are grouped in bunches with time lengths on the order of 5 — 10 % of the
RF period, thus the SR is pulsed with the same time duration and separation. This
provides the opportunity to perform time-resolved experiments like studying the mag-
netization dynamics with soft x-rays [112, [113].

As sketched in Fig. 3.5, for non-relativistic particles the electromagnetic radiation is
emitted into all directions except the direction of the accelaration: The emission char-
acteristics has a donut shape. In the synchrotron, the electron velocity is close to the
speed of light ¢, therefore when these relativistic electrons travel through a bending
magnet, the dipole distribution is rather narrow and light is emitted tangential to the
electron orbit. The vertical half-opening angle, ¢ (as shown in Fig.3.5) is given by:

2
me 1

"/)“fz’)’ : (3.5)
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For BESSY-IT with « = 3320 the vertical half-opening angle is 1 =~ 0.3 mrad, thus SR
is highly collimated. The spectral distribution from the bending magnet emitted radia-
tion is a continuous broad spectrum. The polarization of the SR emitted by a bending
magnet is linearly horizontal with the electric field vector of the emitted electromag-
netic wave parallel to the plane of the electron orbit. Furthermore, the electrons in a
storage ring move along the circular orbit and emit SR along the tangent, thus in a
bending magnet the horizontal collimation is lost [114]. Nevertheless, by using undu-
lators as insertion devices the collimation can be preserved in both directions [114].
An insertion device (ID) consists of sequences of very strong magnets of constant period
length installed in a straight section of a storage ring. The general layout of such mag-
nets is shown in Fig. 3.6 at different settings. IDs provide an increase in the intensity
of the emitted radiation by a factor related to the number of wiggles induced by the
magnets, and high brilliance.

There are two kinds of IDs: wigglers and undulators. Here we will focus on the undu-
lator, since it is relevant in this work. The energy of the SR emitted from an undulator
depends on the distance between the magnets in the x- and y- direction and the mag-
netic field strength B(T'). The resolution of the undulator radiation is set by the number
of undulator periods N, and for high resolution large numbers are demanded.

One of the key feature of SR emitted from an undulator is its polarized nature [116].
For the experiments presented in this thesis both variable photon energy and variable
x-ray polarization is needed. Any polarization of the light, such as linear, elliptical
or circular, can be generated by changing the relative alignment of the magnet-arrays
along the x-axis, as shown in Fig.3.6. An undulator having such structure is called
elliptical undulator (UE). The polarization is described by the relationship between the

two orthogonal components of the electric field E of the x-rays as:
E, = Eocos(wt) (3.6)

Ey = Eyocos(wt + 6). (3.7)

There are three independent parameters, the field amplitudes, E,9, Eyo and the phase
difference 6. When the phase difference is zero the light is linearly polarized, with
the angle given by the relative field amplitudes. If the phase difference is 7/2 and
Er0 = Eyg then the light will be circularly polarized.

3.3.2 Beamline Instrumentation and Operation Principle

In order to use SR in an experiment monochromatization is required. There are two
classes of monochromators: diffraction gratings and crystal monochromators, which are
preferred depending on the photon energy range. The double crystal monochromator
is the most common type in the hard and intermediate x-ray range [117]. In the soft
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Figure 3.6: Schematic drawing of an APPLE insertion device at different settings. (a)
Linear mode without shift (linearly horizontally polarized light). (b) Linear mode with
shift set to half period (A/2) (linearly vertically polarized light) of the magnetic structure.
(c) Circular mode. The shift (\/4) is set to the position with equal amplitudes of the
horizontal and vertical magnetic fields (quarter period of the magnetic structure) (Figures
adapted from [115]).

x-ray regime diffraction gratings are used. A diffraction grating is a surface with a
periodic structure and it acts as a dispersive element. The condition for constructive
interference is given by:

nA = d(sinb; + sinby), (3.8)

with d being the distance between the lines of grating, #; and 6, are the angles of the
incident and diffracted beam, respectively A is the wavelength and n is an integer.

In order to make the synchrotron radiation generated in the undulator accessible to
the experiment, a setup of guiding mirrors, i.e., beamline is needed. Beamlines are
photon delivery systems that start at the storage ring vacuum chamber and continue
onto the experimental area to combine the experiment endstations [118]. The selection
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Figure 3.7: Schematic layout of UE56/1 — SGM FZ Jiilich soft X-ray beamline with

the optical elements, slits and UHV chamber for performing XAS measurements and
LEEM/XPEEM endstation.

LEEM/XPEEM
Endstation

of a specific photon energy is accomplished by diffracting the incident (white) beam on
an optical grating according to Bragg’s law [62]:

nA = d(cosa — cosf), (3.9)

with d being the line spacing of the grating and « and 8 are the entrance and exit
angles, respectively. By tilting the grating to a desired combination of these angles a
single photon energy can be selected [62]. If one combines a diffraction grating with
an entrance and an exit slit, it can be used as a monochromator. The diffracting
grating used in FZ Jilich soft X-ray beamline (UE56/ 1—SGM|§|) at BESSY-II is spher-
ical grating mirror (SGM) type. The monochromator houses five different exchangable
gratings with line densities of 200, 350, 800, 1200 and 1600 lines/mm. To achieve high
resolution and high intensity a combination of slits and mirrors is needed. X-ray ab-
sorption spectroscopy (XAS) experiments presented in this thesis were carried out at
the FZ Jilich soft x-ray undulator beamline of BESSY-II, Berlin. Fig.3.7 shows a
schematic layout of the FZ Jiilich beamline. This beamline is designed for performing
XAS studies with high resolution in total electron yield mode. The typical path of the
non-monochromized x-rays from the source to the sample starts with mirrors to image
the source point onto the entrance slit of the monochromator to get all photons. As
presented in Fig. 3.7, the translating exit slit cuts a defined energy interval AE from
the angularly dispersed energy distribution [62]. Behind the monochromator there is a
refocusing mirror and a gold grid to make the divergent beam to converge on the sample
[117] and to measure a photocurrent proportional to the photon flux of the beamline,

19UE56/1—SGM: Undulator-Elliptical, 56=period length in mm, SGM: Spherical-Grating Mirror
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respectively. The beam spot size at the sample is 100 gm x 100 pm and before doing

measurements beamline alignment is mandatory.

3.4 Combined Low Energy Electron and X-ray Photoelec-
tron Emission Microscope (LEEM/XPEEM)

One of the important research areas which utilizes the bright and monochromatized X-
rays obtained at a synchrotron is X-ray Photoelectron Emission Microscopy (XPEEM).
In this process photoelectrons are stimulated at the X-ray absorbing material and leave
the sample surface after undergoing series of inelastic scattering processes. Photo-
electrons which suffer inelastic scattering turn into secondary electrons. Secondary
electrons are accelerated by the objective lens and hit the MC. Here, the secondary
electrons are multiplied and reaccelerated, and eventually detected by the phosphorous
screen. The local photoemission on the phosphorous screen is detected by the CC
camera.

The intensity variations on the phosphorous screen depending on the photon energy
correspond to the electron yield [119]. Therefore, each XPEEM image can be inter-
preted as one single spatially resolved data point in XAS. When a set of several XPEEM
images is recorded on the same sample position for several photon energies, the inten-
sity in the CCD camera can be read out pixel by pixel and plotted versus photon
energy [119]. Furthermore, the aperture allows only electrons with low kinetic energies
to pass, which are the most important charge carriers for XAS [119]. Several groups
showed that the resulting spectra are intimately related to the absorption of the sample
(88l [119]

Combined with a Low Energy Electron Microscope (LEEM) the XPEEM is a unique
tool to study structural, chemical, electronic and magnetic properties of micro- and/or
nanometer sized materials. Utilizing soft X-rays, the core electrons of the material be-
come accessable and enable one to perform element specific imaging. By using polarized
X-rays and by taking the advantage of X-ray linear dichroism and X-ray magnetic cir-
cular dichroism effects, it is possible to investigate the ferro- and antiferromagnetic
domain structures of surfaces and interfaces of thin films, micro- and nanostructures
element selectively and with high lateral resolution as presented here. Nowadays, there
are several companies manufacturing diverse LEEM/PEEM microscopes. Elmitec, Fo-

cus, Omicron and SPECS are to name some.

20Multi channel plate
21Charge Coupled Device
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Microscope (LEEM/XPEEM)

3.4.1 Working Principle

In this thesis all LEEM/XPEEM experiments have been performed with the SPECS
FE-LEEM P90 AC (see Fig. 3.8(a)).

(b)

screen

contrast aperture

MTL1&2
H mirror
<§§> TL OL
H sample
energy slit
cL j%

Figure 3.8: The FE-LEEM P90 installed as an endstation at the FZ Jilich beamline
UE56/1-SGM in BESSY-II, Berlin, Germany. Image courtesy to D. M. Gottlob.

This microscope is a versatile tool to study complicated systems and processes. Imaging
in low energy electron microscopy (LEEM) is facilitated by electrons either reflected
from the surface of the material or emitted from the material. The scattered electrons
from the surface of a material can be used not only for imaging in real space, but also
imaging in k-space (diffraction pattern). The low energy diffraction (LEED) pattern
plays an important role on selecting and controlling the contrast mechanism for imaging
and is described in more detail in section 3.4.2. One of the substantial advantages of
a combined LEEM/PEEM microscope is the opportunity to get structural information
from the same sample using LEEM and LEED modes, thus enabling one to study
structural, electronic and chemical properties of a material in parallel. Furthermore,
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it is capable of monitoring the growth processes of magnetic or non-magnetic metallic
films.

The fundamental property of FE-LEEM P90 AC is that the sample is part of a cathode
objective lens system. The distance between the objective lens and sample is 1.5 mm
[120]. The sample sits at a potential of about —15 kV.

In the LEEM mode, the sample is illuminated with a collimated beam of 15 keV high
energy electrons, which are generated by a cold-field emission gun. These electrons
are focused by a gun lens (GL) (see Fig.3.11 (b)) and a condenser lens (CL) into the
entrance plane of the first magnetic prism array (prism 1) [120]. Then, the electron
beam is deflected over a 90° angle into the objective lens system. The objective lens
(OL) and magnetic transfer lens (TL) belong to this system [120]. Since the sample
is held at negative voltage around —15 kV, the energy of the electrons that reach the
surface is not —15 keV, but only a few eV. The electrons possessing a kinetic energy
changing from 0 eV to 100 eV interact with the sample and are re-accelerated to 15 keV.
In the backfocal plane of the OL a diffraction pattern is created, whereas the real space
image is formed at 60 mm away from the sample [120].

The task of the TL is to transfer the diffraction pattern to the entrance plane of prism 2,
and to place a virtual image in the center of prism 1 with a magnification of 38x [120].
Prism 1 disperses the electron with different energies with a dispersion of = 6u/eV
in the plane of electron transfer lens (ETL). This dispersion is removed by prism 2.
A magnetic transfer lens (MTL 2) transfers the diffraction pattern to the reflection
plane of the electron mirror, which matches and cancels the chromatic and spherical
aberrations C. and Cj5 of the objective lens, and transfers the real space image back
to the center of MTL 2, still at a magnification of 8.5, but now aberration-corrected
[120]. Chromatic dispersion is recovered in the ETL plane, which allows one to perform
spectroscopic experiments without an additional energy filter in the projector column
[120].

Mostly, elastically backscattered slow electrons are utilized for imaging. LEEM is a
direct and a (virtually) non-destructive imaging method to study and to understand
the static or dynamic physical properties of single crystal surfaces or thin films such as
growth, decay, phase transitions, reactions, structure, and morphology. The advantages
of LEEM over the other imaging techniques are:

e The ability to perform real-time imaging.

e There are diverse contrast mechanisms for imaging, such as: dark field LEEM
and bright field LEEM.

e The ability to work under high temperature up to 7=1200 K and high base
pressure P = 1076 mbar.
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3.4.2 Low-energy Electron Diffraction (LEED) and y-LEED

As stated above, the microscope can also be used as a local LEED probe, which is a
unique property for studying surface structures. The focus length of the some lenses
makes the difference between the imaging and the diffraction mode. In order to exam-
ine the long range order of a surface we have performed LEED measurements in our
microscope. The electron diffraction can be represented by the Ewald sphere construc-
tion in reciprocal space. In the LEED mode, the sample surface is illuminated with
electrons of well-defined energies changing from a few to 1000 eV in normal incidence.
The electrons are elastically diffracted and accelerated towards the phosphor screen and
they appear on the screen as bright spots. The LEED pattern is interrelated to the
image of the reciprocal space. The LEED spot intensity is proportional to the number
of electrons in the corresponding electron beam. With an aperture placed in the elec-
tron gun beam path before the sample, the area can be restricted down to sub-micron
scale. Hence, this working mode of the microscope is called micro-LEED (p-LEED).
This extra feature of our instrument offers the possibility to study the surface of the

sample even beyond the micro-scale down to, for example, 200 nm.

3.4.3 Bright Field and Dark Field LEEM

The contrast aperture placed in the diffraction plane enables one to perform real-
space LEEM imaging using electrons either diffracted in the zero or in the higher
order diffraction spots. An example of dark field and bright field LEEM images of a
submonolayer Au film grown on an oxidized Rh surface is presented in Fig. 3.9 [121].

If one uses the zero order diffraction spot (00), i. e. the backscattered electrons that go
through without momentum transfer parallel to the surface, for imaging, one works in
the so-called bright field mode (see Fig.3.9.b). The contrast in this mode derives from
structural changes. It depends on the diffraction amplitude's local variations of the
backscattered electrons for the different surface regions. Using the first order diffracted
electrons for imaging is called dark field mode (see Fig.3.9.a)). Dark field imaging is
done by tilting the illumination beam away from the optical axis by the Bragg angle
of the diffracted beam of interest. In this mode the areas which are contributing to
the second order diffraction look bright. The contrast obtained in bright and dark
field LEEM depends entirely on the structure of the material under investigation. The
contrast is given by the local changes in the diffaction amplitude of the different surface
phases. The regions which produce the corresponding LEED spots appear bright and

the rest of the surface remains dark.
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Figure 3.9: Dark field LEEM (a) and bright field LEEM images of a submonolayer Au
film grown on an oxidized Rh surface [Figure is adapted from [121]].

3.4.4 Mirror Electron Mode (MEM-LEEM)

In the FE — LEEM P90 AC instrument, both the electron gun and the sample sit at a
bias of —15 keV [120]. When a collimated electron beam impinges on the surface these
electrons are decelerated by the sample to a few volts, called the start voltage (SV),
thus electrons have an energy of 0 eV with respect to the sample [122]. At very low
SV, electrons are reflected by the surface potential (MEM), whereas at higher values
they penetrate the sample and are backscattered (LEEM) [122]. The MEM-LEEM
transition, i.e. the transition from the reflection of the electrons to the back-scattering
regime, measures the electrostatic potential above the surface [122].

MEM can be used to study the full surface electrical topography [122]. By scanning
the start voltage a 3D image stack of the surface can be obtained. The intensity of each
image at a particular start voltage V is defined as I(z,y). Each pixel bar (z,y) of the
3D stack relates to a reflectivity curve I(V) [123]. The MEM contrast corresponds to
the differences in photoemission threshold at the surface and it is a perfect tool to probe
surface charge differences in domains with a polarization component perpendicular to
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the surface, pointing either inwards (P |) or outwards (P 1)[122]. At the surface, an
in-plane electric field will be created at the boundary between oppositely polarized
domains due to the fixed charge |[122].

3.4.5 XPEEM

In XPEEM, X-rays are used to excite photoelectrons. The photon energy is adjusted
to an absorption edge specific to the material under study. Thus, a core electron makes
a transition to the density of empty states of the same atom. If one uses soft X-rays
as an external stimulus for the transition, the core levels will be most probably filled
via Auger process. In this process, the high-energetic Auger electrons will experience a
series of inelastic scattering processes in the solid. As a result of the scattering events
an avalanche of secondary electrons will be formed. For imaging in XPEEM these
secondary electrons are used. Since the allowed transitions are element specific, this
feature of XPEEM allows one to map the local chemical contrast of the material. In
other respects, if the photons are circularly polarized, one can greatly benefit from
studying the spin-dependent allowed transitions. A local magnetic map of the material
can thus be obtained by XMCD. One takes images using right- and left-circularly
polarized X-rays. These images are normalized according to:

(3.10)

where A is the asymmetry, I(O’+<7)) is the image intensity obtained by using circularly
right (left) polarized X-rays.

Nearly all of the most exciting new discoveries in thin film magnetism are observed in
multilayered structures in which two or more magnetic layers are contributing. Ob-
taining the magnetic structure of each layer is crucial. If the elemental composition of
the multilayered structure is known, one can perform element specific XPEEM mea-
surements. Figure 3.10 shows an example of how magnetic contrast is obtained using
XMCD. It shows the layer-resolved magnetic domain structure. The raw image of a
Co/Ni bilayer on Cu(001) obtained with circularly polarized X-rays of positive helicity
tuned to the maximum of the Ni L3 absorption edge is presented in Figure 3.10 (a).
The stripe-like magnetic contrast represents the lateral distribution of XMCD [124].
Depending on the magnetization, i.e. either the magnetization direction is parallel or
antiparallel to the helicity of the incoming X-rays, XMCD leads to a different X-ray
absorption within a domain. This is depicted in Figure 3.10 (a) [124].

To prove the magnetic origin, the X-ray helicity must be reversed. Figure 3.10 (b) shows
the same image, but for opposite X-ray helicity [124]. Since the topographic contrast in
the image does not depend on the X-ray helicity, differences between images (a) and (b)
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Figure 3.10: Demonstration of magnetic contrast in XMCD-PEEM. (a): X-PEEM image
of Co/Ni/Cu(001) obtained with circularly polarized X-rays of positive helicity at the Ni
L3 edge, (b): same with negative helicity. (c): Asymmetry image calculated from the
images (a) and (b) showing the magnetic contrast [124].

are of purely magnetic origin [124]. As expected for magnetic contrast, the stripe-like
pattern indeed reverses its contrast, when the direction of the helicity vector is reversed.
In order to eliminate all topographic contrast and obtain a magnetic domain image of
the sample, the two images obtained for opposite helicity of the circularly polarized
X-rays are subtracted [124]. The result, the intensity difference I(o*) — I(0™) divided
by the sum I(o") 4+ I(07), is called asymmetry [124]. The asymmetry image calculated
by using Eqn. 3.10 is presented in Figure 3.10 (c) [124]. Dark and bright areas in that
image correspond to domains of opposite magnetization directions [124].

Using XPEEM one can investigate ferroic properties of a multiferroic material such as
BiFeOj3, which has gained much recent attention due to its room-temperature ferroelec-
tric and antiferromagnetic properties. The magnetoelectric coupling in BiFeOgs-based
nanostructured systems has been measured in a spatially resolved manner via both
XMCD and X-ray magnetic linear dichroism (XMLD) imaging with the so-called nat-
ural linear dichroism due to structural sources of the electronic anisotropy such as
ferroelectricity also present in such systems.
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Chapter 4

Ferromagnetic/Ferroelectric

All-Oxide Heterostructures:
BTO/LSMO/STO(001)

In this chapter, we present and interpret the experimental data, which provide insights
into magnetoelectric coupling phenomena in BTO/LSMO/STO(001) all-oxide hybrids.
We describe the growth and physical properties of the LSMO half-metal ferromagnet
combined with ferroelectric BTO epitaxially grown onto STO(001) substrates by the
PLD technique. We study the morphological, structural, magnetic and electronic struc-
ture properties of BTO/LSMO heterosystems. In the first step, we optimize the growth
conditions of LSMO and BTO thin films individually. In the second step, we provide an
accurate information about differences in electronic and structural properties in LSMO
thin films as a function of the oxygen pressure during BTO growth.

4.1 STO(001) Single Crystal Preparation

Nb(0.5%) doped SrTiO3 (STO) single crystals with (001)-surface orientation were used
as substrates for the BTO/LSMO bilayer growth. Commercially available STO single
crystal (001) surfaces consist of alternating SrO and TiOs atomic layers [125]. As-
received substrate surfaces have mixed terminations. Fz-situ annealing in air or in
oxygen atmosphere improves the surface quality, but it does not provide a single ter-
mination of the surface. To prepare an atomically smooth, nearly perfect and uniquely
terminated STO surface we took advantage of the difference in physical and chemical
properties, e.g. solubility of the Sr- and Ti-cations in acids as described in [126] and
further developed the recipe. STO substrates were cleaned in aceton and propanol

for 10 min each in an ultra-sound cleaning system to remove the organic and ionic
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E=90 eV

Figure 4.1: (a) AFM image of an as-received STO single crystal surface and the cor-
responding LEED image in the lower panel. (b) AFM image of a TiOs terminated STO
substrate prepared using the method described in the main text and the corresponding
LEED patterns in the lower panel of (b): (1x1) lattice and no surface reconstruction.

impurities. Substrates were afterwards ultrasonically rinsed in distilled water for 10
min, which was followed by a short (30 sec) dip in a standard commercially available
NH,F buffered hydrofluoric acid solution. Then, the substrates were rinsed (ca. 12 sec)
with distilled water in order to stop the etching process. Subsequently the substrates
were annealed in a glass tube furnace at 950°C under 0.5 mbar oxygen pressure for
four hours to remove the organic residues and to smoothen the surface. Figure 4.1 (b)
reveals the successful terrace formation on the STO substrate by AFM measurements
after cleaning treatment. AFM images showed that the substrate in the initial state
had a mixed termination, but the cleaned substrate was atomically flat and had a single
termination: TiOq. (1x1) lattice LEED patterns improved after cleaning (presented in
the lower panel of Figure 4.1 (a) and( b)), proving the impact of the cleaning on surface

termination.

4.2 LSMO/STO(001)

In order to understand the magnetoelectric coupling phenomena at the BTO/LSMO
interface and to interpret the effect of the BTO ferroelectric electrode on the physical
properties of LSMO, informations on the uncapped LSMO films are needed. Thus, we
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initially studied the magnetism, the surface morphology and the electronic structure
properties of thin LSMO films in detail.

Bulk LSMO exhibits an ordering temperature of T¢ = 370 K with a magnetic satura-
tion moment Mg = 3.7 up per unit cell, which is originating from the double-exchange
mechanism. Double exchange in LSMO arises from the itinerant e, electrons coupled
to the localized ta4 electrons and, therefore, the Mn mixed valence is uniform [11].
The examined samples were fabricated by means of PLD, and the sample layout was
LSMO/STO, with LSMO film thicknesses ranging from d = 100 to 120 nm. LSMO
films were deposited on pre-treated STO substrates under same conditions. The sto-
ichiometry of the LSMO films was analyzed by Rutherford Back Scattering (RBS)
method and determined to be Lag g6Sro.33MnO3_g5 within the uncertainty of the method
(about 5 %) [91]. We noted that the sensitivity of the RBS method was insufficient to
determine the amount of oxygen in the films.

Fig.4.2 shows the temperature-dependent magnetization curves of a 100 nm thick
LSMO film. The schematic layout of the sample is given in the inset of the figure.
During the measurements an in-plane magnetic field of H = 50 Oe was applied along
the [100] axis. In Zero-Field-Cooled (ZFC) measurements, the sample is cooled in
(nominally) zero magnetic field down to 8 K and then the magnetic field was applied.
In Field-Cooled (FC) measurements, the sample is cooled under applied magnetic field.
Data are collected while warming up the sample under the magnetic field.

Performing ZFC and FC measurements on magnetic systems is a method to conclude,
whether the system under investigation possesses exchange biasing, and if yes, how
strong this interaction is. Also, it allows one to determine the ferromagnetic and anti-
ferromagnetic ordering temperatures of the film.

The M(T) data showed more than one magnetic transition due to the coexsitence of
magnetic phase inhomogeneities. The splitting of the FC and ZFC M(T) curves was
linked to the presence of exchange bias [95].

The magnetic ordering temperature, i.e. the Curie temperature T, was determined
by the intersection with the abcissa of the linear extrapolation of maximum absolute
value of the slope [91]. The ferromagnetic order of the LSMO film sets in about 290 K,
which was smaller than that of the bulk material.

Oxygen-deficient manganites generally possess lower T than stoichiometric samples
[127, [128] [129]. This was elucidated by Ju and Sohn |128] as an establishment of mag-
netic inhomogeneities in the LSMO film [91]. According to their interpretation different
ferromagnetic regimes exist in the film and these regions are not perfectly aligned and
are even separated by nonmagnetic regions, where Mn®* ions accumulate. The inho-
mogeneous structure causes a smaller magnetic coupling and a lower Curie temperature
[91]. Furthermore, analogous to oxygen-deficient LCMO (C = Ca) films, LSMO films
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Figure 4.2: Temperature-dependent — magnetization cuves of  as-grown

LSMO(100 nm)/STO(001) film taken in the zero-field-cooling (ZFC) and field-cooling

(FC) conditions. Insets show the hysteresis loops taken at different temperatures.

deposited under low oxygen pressures (not shown here) displayed properties of spin-
glass systems, which can be explained by the inhomogeneity model[128) [129].

We claimed that the difference in the magnetization between the ZFC and FC curves
around the low temperature regime was caused by the presence of randomly oriented
magnetic domains. The domains were difficult to align in the film under the applied
magnetic field of 50 Oe. These disordered spins might cause a spin-glassy behavior.
The insets show the hysteresis loops of the same LSMO film performed at different
temperatures. The hysteresis loops are characterized by four important parameters:
the saturation field Hggyy, the remanence magnetization Mg, the saturation magnetiza-
tion Mg and the coercive field Ho. The coercive field is a property that is related to
the magnetic anisotropy, grain boundaries and pinning defects of a ferromagnetic thin
film. The hysteresis loop at room temperature showed rather a mixed hysteresis curve.
We observed a change towards a common ferromagnetic behavior accompanied by an
increase of the remanent magnetization Mp/Mg at low temperature (T = 150 K). At
T = 300 K the remanent magnetization Mpr became negative. As can be seen in the
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Fig. 4.2, when the magnetic field was reduced from positive saturation, the sign of the
magnetization was reversed, due to the positive coercive field present in the system
yielding a negative remanence for H = 0 Oe [130].

Unconventional magnetization reversal mechanisms in LSMO/SrRuOg3 superlattices
with ultrathin layers have already been observed and were interpreted by the interplay
of magnetocrystalline anisotropy energy, antiferromagnetic exchange coupling strength
and interfacial Bloch wall width [131]. However, the question arises, how the ex-
change bias effect can be present in a system without an antiferromagnetic film. The
observation of the exchange bias effect suggested the presence of antiferromagnetic re-
gions in the film. The magnetic depth profile analysis using PN on a PLD-grown
LSMO/STO bilayer measured at T =5 K and under H=1 T revealed a completely
ferromagnetically ordered LSMO layer [91]. On the other hand, a region with reduced
magnetization was detected for samples grown by HS at the interface with the STO
substrate, however, whether this interface region was macroscopically non-magnetic
or possessed a small net magnetization cannot be gained by PNR measurements [91].
The XRM@ experiment results presented by D. Schumacher [91] yielded a non-zero
magnetization for the interface region of about 20 % to 30 % of the rest of the LSMO
layer magnetization.

The presence of a spin glass behavior as a result of magnetic frustration could be linked
to the competition between the AFM super-exchange and the FM double-exchange in-
teractions at the interface of LSMO with the non-magnetic part of the LSMO film. We
then conclude that the canted AFM moments associated with spin glass behavior were
responsible for the EB effect.

In addition to microscopic quantities like magnetic moments, the magnetic properties
of thin films are also affected by vacancies, incomplete layers and the substrate rough-
ness. In order to understand how the magnetization depends on the roughness and
whether the conductivity of the LSMO film correlate with the topography, we studied
the morphology of the sample surfaces by local conductivity atomic force microscopy
(LC-AFM) in contact mode.

Figure4. 3 (a — d) and (e — h) display the surface morphology of an as-deposited 100 nm
thick LSMO film and the corresponding LC-AFM images, respectively. The atomic-
force micrographs presented the terrace structure of the underlying SrTiO3 substrate on
the LSMO film; no other features were detected [132]. Conducting areas were shown
black, while white regions corresponded to the insulating behavior. AFM pictures
clearly indicated that topography correlates very well with the conductivity measure-
ments. In order to quantify the surface characteristics, we utilized the roughness anal-

22Polarized Neutron Reflectivity
23High Oxygen Pressure Sputter Deposition
24X-Ray Magnetic Resonant Scattering
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Figure 4.3: The relation between the topography and the local conductivity maps on
LSMO(100 nm)/STO(001). a-d) show the topography and e-h) show the corresponding
local conductivity maps. The black color in the conductivity images refers to high conduc-
tivity. The straight unit-cell high surface steps are visible in the topography image. The
local conductivity is correlated with the topography of LSMO film, i.e. the conductivity
is high on the etch-pits.

ysis [101] option for studying the evolution of surface morphology. The RMS roughness
[101] is a parameter extracted from AFM data, which is quantified by the vertical de-
viations of a real surface from its ideal form [101]. If these deviations are large, the
surface is rough, if they are small, the surface is smooth [95]. The RMS roughness was
calculated from the AFM height profile at different scan sizes, in order to accurately
determine the RMS roughness. We found that the film was very smooth with an RMS
roughness of 0.2 nm. The film conductivity was inhomogenous: On the etch pits the
conductivity is higher than the rest of the film surface. Spatial distribution of the dif-
ferent phases in the nanometer range affirmed the theoretically predicted percolation
behavior [6]. The anticipated domain structure was not connected to the microstruc-
ture and was an intrinsic phenomenon of the films as described in [6].

To investigate the strain effect on the electronic structure of LSMO films, absorption
measurements with polarized X-rays (XAS) were carried out in total electron yield
(TEY) mode. XAS with polarized photons is sensitive to orbital ordering and in the
TEY detection mode one can probe up to a few nm below the surface/interface [73]. In
bulk LSMO, the octahedral coordination of cations at Mn-sites splits the Mn 3d-orbitals
into a degenerated to, triplet and e, doublet with (xy,yz,xz) and (x2 — y2,2%) sym-
metries, respectively. Further lowering of the crystal field symmetry breaks the orbital
degeneracy of e; doublets. This symmetry breaking is driven by the half-filling of the
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e orbitals. The strong electron-phonon coupling induces a distortion of the MnOg oc-
tahedron yielding alternating long and short Mn-O-Mn bond lengths (Jahn-Teller (JT)
distortion) that lift the (x? — y2,22) degeneracy, which in turn modifies their electron
occupation and leads to the complex orbital ordering (OO)[133]. In Laj_xSryMnOs,
the electron occupancy in the (x> — y2,22) orbitals strongly depends on the hole dop-
ing level (x) and the strength of the JT distortion. Additionally, epitaxial strain in
LSMO thin films breaks the (x2 — y2,2%) orbital degeneracy. Depending on the type of
the biaxial strain a preferential occupation of the orbitals develops [57]: tensile strain
favoring the x? — y2 occupancy, and compressive strain favoring the z2 occupancy [8].
It is a particularly challenging task to investigate the orbital occupancy of the dis-
tinct orbitals, especially at buried interfaces [73]. One of the first studies on OO in
Laj_xSr1+xMnO4 was presented by Huang et al.[134]. In that paper, as well as in
[135], authors performed XAS measurements to provide information on the OO in
Lal,xSr1+anO4.

Multiplet structures of complex oxides are fingerprints for valency and site symme-
try [73]. If there are oxygen vacancies, the Mn valency can be used as a trace, since
it changes from 2+ to 7+.[73]. In order to directly probe the orbital character of 3d
states polarization-dependent XAS measurements were performed at the Mn (2p) edge.
All spectra were normalized to the photon beam intensity Iy, measured by the TEY
of a gold grid. A linear background was fitted to the pre-edge region of the spectrum
and substracted from it. Afterwards, both spectra were normalized to the TEY signal
at the post absorption edge region. LD was obtained by subtraction of the two XAS
signals as in Ref.[73].

The result is presented in Fig.4.4. The general lineshape of the spectra was very sim-
ilar and was broadly consistent with the XAS characteristics of manganites [43]. The
spectra showed two pronounced edges due to transitions into the localized 3d states
producing a 2p3/; core hole at lower photon energy and a 2p;p core hole at higher
photon energy. The distinguishing feature of the different XAS spectra was the main
shoulder at 642 eV, which was associated to the Mn3+ high spin contribution [43] [73].
Using linearly-polarized X-rays, two spectra can be measured when the polariazation
vector is set parallel to the c-crystallographic axis or perpendicular to it (I, and Iy,
respectively) [134]. The difference (I, — I,1,) yields the linear dichroism (LD) and sheds
light on the empty Mn 3d states [134].

Mn*t, unlike Mn®t, does not tend to distort its octahedral environment by the JT
effect, thus the observation of LD was in agreement with the presence of Mn®t. The
preferential orbital ordering was caused by the cooperative orientation of the distorted
octahedral environment around the Mn3* ions. Distorted octahedra were cooperatively
oriented and generated a preferential orbital ordering [43]. Our results were further in
agreement with the spatial variations of the local conductivity on a sub-micrometer
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Figure 4.4: XAS and LD measurements of LSMO(100 nm)/STO(001) recorded in TEY
at the Mn Lg3-edge. The sample is kept at room temperature (non-magnetic). The
spectrum displayed by black open circles is recorded with p-polarization, whereas the
spectrum displayed by blue open circles is recorded with s-polarization. Lower panel:
Measured linear dichroism, LD=I. — IL,}.

scale observed with LC-AFM experiments (see Fig.4.3). It was a clear indication of
the Mn3*t content enhancement in less conductive samples in order to preserve the
charge neutrality [43]. According to the transport measurements performed by Aruta
et al. [43] on similar LSMO films, a higher hopping energy corresponds to an increase
of the Mn?* content. JT distortions around the Mn3* ion cause small polarons which
localize the charge carriers, thus the conductivity decreases.

4.2.1 Optimization of LSMO thin films

The key to have coherently strained, at room temperature ferromagnetic and smooth
LSMO films lies in the engineering of the interface between the film and the substrate. It
involves growing very high quality single crystal films. Tuning the growth temperature
and post-annealing in oxygen helps to relax strain between the film and the substrate
and improves the surface morphology [136]. Therefore, it is important to understand
the microscopic processes and the corresponding deposition parameters that define the

film growth [137].
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It was shown that the growth temperature has a great influence on the diffusion barrier
[137]. With increasing growth temperature, an exponential increase of diffusivity was
observed, which affected the growth mode [137, 138, [139, [140]. At low growth temper-
atures the single layer terraces inherited from the STO substrate were still visible on
the LSMO film surface. The RHEED pattern showed weak intensity contrast without
extra diffraction spots. The film surface was poorly crystallized with 2D layer-by-layer
features preserved. Upon increasing the substrate temperature the AFM image of the
LSMO film surface did not show regular terraces or steps from the substrate and the
roughness was increased. The RHEED displayed a weak diffraction pattern with extra
spots, indicating 3D island formation. Further increase in substrate temperature indi-
cated chemical phase separation resulting in different stoichiometry on different regions
of the film surface [137].

With this knowledge, we studied the influence of heat current through the substrate
holder (i.e. the growth temperature) on the magnetic properties and on the crys-
tallinity of the LSMO films, while fixing the background oxygen pressure and the laser
fluence in order to find the optimum growth temperature. 100 nm thick LSMO films
were prepared by PLD. We would like to point out that there is a correlation between
the heat current and the substrate temperature, thus we have specified the property
which was really measured, the heat current, emphasizing that a higher heat cur-
rent results in higher substrate temperature. The ZFC/FC magnetization curves of
LSMO(100 nm)/STO heterostructures for three different heat currents were presented
as a function of temperature on Figure 4.5a). T changes depending on the depo-
sition temperature. The onset of the paramagnetic to ferromagnetic transition was
Tc = 320 K for the film grown at Igy = 4 A and reduced with decreasing growth tem-
perature. Furthermore, the nature of the transition was broad, which was associated
with the influence of a magnetic domain distribution in the film. Some of the domains
contained higher strain related defects and the distorted MnOg octahedra resulting
in reduced T¢, while domains containing lesser defects had a T close to the target
material. We observed two prominent features in the data: A peak in the ZFC mag-
netization curves, Tpeqr and a splitting between the ZFC and FC curves below the
irreversibility temperature T;... The FC and ZFC magnetization curves separated at
around T = 90 K with Mpc non-equal to Mzrc at Tj... The low temperature devia-
tion of the M (T') curves was attributed to extrinsic effects such as strain and oxygen
vacancies in LSMO [141]. These extrinsic effects promoted spin glass behavior in the
film. The difference between the Mpo-Mzpc at the temperature T;,.,. increased upon
cooling. This was attributed to the presence of AFM-coupled Mn-Mn clusters at the
interface region and a stronger coupling at low temperatures. However, as in the case
of many other manganites, the charge ordering co-existed with ferromagnetism in the
low temperature phase. Two characteristic temperatures (Tpeqr and Tj.) were very
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Figure 4.5: (a) and (b) Heat current dependent magnetic properties of LSMO/BTO
hybrids. c) Effect of post-annealing on the M (T) curves of 100 nm thick LSMO films.
Measurements were performed under applied magnetic field of 50 Oe in [100] direction.
Insets shows the enlarged M (T') characteristics at high temperature regime for clarity. d)
Effect of post-annealing on M (H) of the same films. Inset shows the enlarged portion of
the hysteresis loops around 0 Oe. Ferromagnetism sets in after ez-situ annealing.

close for samples grown at low substrate temperatures. Tp.q; differed from T, and
reduced with increasing growth temperature, which was an indication of an AFM or-
dering or -more general- presence of a cluster spin glass system [136]. In Fig.4.5b) the
magnetization against magnetic field, M (H) for the same samples was plotted. A cha-
racteristic shift of the M (H) loops was evident for the LSMO grown at heater current
of I=3.5 A and I = 3.75 A. This shift was an indication of the well-known exchange
bias (EB) effect in the LSMO film.

Focusing on the sample grown at I =3.5 A, there was a complex M(H) curve: At
Hgat = 3 kOe the magnetic moments of antiferromagnetic and ferromagnetic regions

were oriented parallel. A sharp switching at low magnetic field of H = 12 Oe occured,
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which was attributed to the switching of the ferromagnetic regions of the LSMO. The
plateau in the M (H) curve showed a gradual switching of the antiferromagnetic-LSMO
magnetization due to the presence of spin clusters, which caused inhomogenous mag-
netic coupling. We also observed that the Hgp decreased with increasing growth tem-
perature.

By tuning the growth temperature, varieties of surface morphology, surface crystallinity,
and stoichiometry were observed [137]. The widely accepted equation of change in sur-
face energy Ao, is given as:

Ao = Ogubstrate + Ointer face — O film (4~1)

with ogupstrate Deing the surface energy of the substrate, ojnterface the film-substrate
interface energy and o, the surface energy of the depositing layer. However, micro-
scopic growth processes involve not only a balance of surface energy, but they consist of
multiple steps. During PLD growth, a large atomic flux is generated. Incoming atoms
become adatoms on the substrate surface and diffuse [137]. In reality, the growth
is non-homogenous: Depending on the growth temperature various processes such as
desorption, 2D island growth, 2D nucleation, 2D nucleation on 2D island growth and
diffusion on 2D island growth can be observed, which might affect the crystallinty of
the film. The maximum value of the nucleation rate Tyc,,,., i defined as:

Truemes = H(Ap)/2k, (42)

where k is the Boltzmann constant and H(Apu) denotes the energy barrier of the nu-
cleation| and is described as [137]:

4x?s.

H(Ap) = Ap — scAo

- (Edes - Esd) (43)
Here Fg4.s and Fgy are the desorption and diffusion energy barriers, s. is the area
of the surface unit cell, y is the step edge energy per unit length. Agp, defined as
supersaturation, is the chemical potential difference of adatoms transitioning from their
quasi-vapor phase near the substrate to their solid phase on the substrate [137]. At
low substrate temperature, the nucleation rate decreases due to the high nucleation
energy barrier. At the same time the deviation of the system from the equilibrium
state, called as effective Zeldovich factor f(Ap,T), which is given as the rate of atom
exchange between the nuclei and its quasi-vapor parent phase, becomes high. Thus, the
nucleation rate Jyq., defined as in Eqn. 4.4 is low and the film is not well-crystallized.

Jnue = F(Ap, T) exp (—%) . (4.4)

5 At low laser repetition rate [142} [137].
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An increase in the growth temperature drove the grains at the film surface to coalesce,
improving the overall crystallinity of the film. We found that there was an indication
of a decrease in roughness due to the diffusion of the grain boundaries. When the films
were prepared at low substrate temperatures, the films exhibited a high non-uniform
strain indicating a higher defect density. This can be attributed to the lower mobility
of the adatoms on the growing film [143]. Additionally, at higher temperatures films
could transport oxygen better through diffusion, enhancing the overall crystallographic
order, but it did not reduce the overall strain. The literature on optimizing the mag-
netic and crystallographic properties of LSMO thin films shows a variety of approaches.
As reported by Ref.[43], the amount of oxygen vacancies can be controlled by the oxy-
gen pressure during LSMO growth. Furthermore, it has been shown by other groups
that the oxygen content can be influenced by annealing. In Ref.[136] and in related
references it has been observed that post-annealing in oxygen ambient pressure recov-
ered the magnetic properties of LSMO/STO. This is a result of better oxygenation
and minimized crystallographic defects. Thus, in order to improve the quality of the
LSMO films, we annealed the samples ez-situ at T = 650°C in flowing oxygen under
atmospheric pressure for an hour. Fig.4.5c¢) depicts the effect of post-annealing on
the temperature-dependent magnetization curves of (100 nm)LSMO/STO heterostruc-
tures and Fig.4.5d) represents hysteresis loops of the same films. The inset shows
the enlarged portion of the hysteresis loops around 0 Oe. As presented in Fig.4.5c¢),
the oxygen annealing significantly enhanced the ordering temperature, while there was
hardly any change in the shape of the ZFC-FC magnetization curves. In agreement
with the M (T) curves, ferromagnetic ordering set in after ez-situ post-annealing. As
shown in Fig.4.5d) large hysteresis corresponding to ferromagnetism was observed.
The coercive field of the film was 40 Oe, which was factor four larger than the reported
value (10 Oe [144]) of LSMO thin films with similar thickness. We assumed that the
crystal anisotropy became dominant upon annealing. Hence the coercive field of the
LSMO films increased after annealing.

Furthermore, it is well known that the ferromagnetic order in the LSMO is dominated
by the double exchange interaction between Mn*t and Mn3* ions. The improved mag-
netic properties after annealing could be attributed to the increment in the Mn**+ /Mn3+
ratio in the LSMO films due to oxygen absorption and incorporation during annealing.
This was consistent with the result reported previously |145].

Worledge et al. [146] have demonstrated that annealing of Lag 7Cag33MnO3 films in
oxygen changes structural ordering only slightly, if the oxygen content of the film is
stoichiometric. That is, perovskite manganites have a stable structure with the O-
stoichiometric phase [147]. In LSMO, the Mn ion has two different valences: Mn>*
and Mn?*, with the ionic radius of Mn®* (0.07 nm) being much greater than that

60



4.2 LSMO/STO(001)

T T T TT T T
—— asgrown STO(001) | | LSMO (001)
—— annealed
10°F 3
2 10'F E
)
2 BTO (001)
[7]
S 3
8 10F E
£
10°F 3
1 1 1 1 1
19 20 21 22 23 24 25
2 Theta (deg)
Figure 4.6: Comparison of XRD patterns between as-grown and annealed

BTO/LSMO/STO hybrids. The presence of only (00{) peaks suggests that both the BTO
and LSMO films are (00]) oriented in the growth direction in accordance with STO(001)
substrate. XRD scans indicate no significant change in the out-of-plane lattice parameter

between as-grown and annealed sample.

of Mn** (0.05 nm) [128]. If the film is non-stoichiometric, the Mn**/Mn3* ratio di-
verges from the ideal value causing a reduced ferromagnetic order [148]. Fig. 4.6 shows
the comparison of XRD patterns between the as-grown and annealed LSMO films with
BTO capping. Only (007) peaks were found in accordance with the STO(001) substrate
suggesting that both the BTO and LSMO films were (00/) oriented in the growth direc-
tion. XRD scans indicated no significant change in the out-of-plane lattice parameter
of LSMO. The diffraction peak of the LSMO film was only slightly shifted from the
bulk. This was attributed to the mismatch between the LSMO film and the substrate.
The LSMO film had an out-of-plane lattice constant, argvo = 0.382 A.

The Full Width at Half Maximum (FWHM) LSMO peak was somewhat broadened
compared to the substrate peak, which was an indication of slightly varying lattice
parameters at different regions of the film or it could be also the variation of the lat-
tice parameters along the depth axis [149]. After post-annealing the gravity center of
the LSMO peak moved only slightly towards the left, which meant that the film only
relaxed to a small extent. The peaks did not change drastically, thus there was no
substantial relaxation. We concluded that the film was under tensile stress and the
energy for straining was lower than the energy for forming dislocations. The FWHM
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of the LSMO film slightly reduced after ez-situ annealing. The result was attributed
to the improved crystal structure of the annealed LSMO films. More oxygen vacancies
due to the oxygen deficiency were considered to result in more structural defects in the
as-grown LSMO films. Structural distortions caused strong pinning centers for mag-
netic domain movement, hence increased the coercivity.

We also performed AFM measurements on as-grown and on post-annealed samples
(not shown here). The surface roughness and the morphology were almost unaffected
upon annealing, which was comprehensible with the results of LSMO films grown by
RF-Sputtering [150].

4.3 BTO/LSMO/STO(001)

In order to directly disentangle the mutual interaction between the electrical and the
magnetic degrees of freedom in BTO/LSMO hybrids, we prepared samples for Hard
X-Ray Photoemission Spectroscopy (HAXPES) measurements. Prior to HAXPES
measurements the quantitative ferroelectric film properties were obtained by Piezo-
Response Force Microscopy (PFM) analysi@ Results from AFM and PFM mea-
surements on an as-grown BTO(5 nm)/LSMO(30 nm)/STO(001) heterosystem are de-
picted in Figure 4.7. The Figure 4.7a) presents the topography image of the BTO
film. The as-grown BTO film had a huge amount of particles on the surface. The
PFM phase image (4.7b)) showed a contrast originating from P+ polarization writ-
ten with a DC bias of 7 V and 8 V, marked as blue and red rectangles, respectively.
For reading out the piezoresponse, a tip bias of Vi, =2 V at f = 25 kHz was applied.
However, the written polarization pattern decayed very quickly, e.g. within two hours
(4.7c¢)). Figures 4.7d) and 4. 7e) show the piezoresponse amplitude and piezoresponse
phase diagrams versus applied bias, respectively. The piezoelectric strength obtained
from the measurement amounted to 5 pm/V. Due to retention losses no hysteresis
was observed. In order to check if the backswitching after poling was prompted by
the high AC voltage used for PFM (between 2 — 3 V), the DART@ mode was used.
For reading out the piezoresponse a tip bias of Vi, =1 V at f = 293 kHz was applied.
Unfortunately, the DART mode is very sensitive to crosstalk by topography, therefore
the phase image was not clear. We wrote the polarization on different areas, however,
the phase image showed no changes. We claimed that the BTO film had a degraded
retention characteristics, which hindered the patterning. The retention loss was most
probably generated by the leakage currents, which were caused by ion drift and carrier
conduction induced by the depolarization field [151].

After the pre-characterization of the ferroelectric quality, we have performed HAXPES

26Measurements were performed by Dr. Alessio Morelli at MPI-Halle.
2"Dual-Amplitude-Resonance-Tracking
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Figure 4.7: a) Topography image of the as-grown BTO(5 nm)/LSMO(30 nm)/STO(001)
heterosystem. b) PFM phase image of the sample showing contrast originating from P+
polarizations written with 7 V and 8 V. Right after switching one can detect phase signal
(see b)), but it is disappearing very fast, e.g. within two hours (c). d) and e) show the
piezoresponse amplitude and piezoresponse phase diagrams vs. applied bias, respectively.
The piezoelectricity strength obtained from the measurement amounts to 5 pm/V.

measurements. High photon excitation energy produces photoelectrons of high kinetic
energy allowing one to measure buried layers and interfaces due to the high inelastic
mean free path of those electrons. In addition, circular light polarization allows for
magnetic circular dichroism in angular distribution (MCDAD), yielding information
about the magnetic state of a layer.

The samples were grown by PLD on STO substrates as explained in the beginning of
this chapter. For the HAXPES measurements, the samples consisting of a 3 nm Pd
electrode, a ferroelectric BTO layer of 7 nm thickness followed by a 30 nm thick LSMO
bottom layer were grown on a conductive Nb : SrTiO3(001) substrate. We increased
the thickness of the BTO film from 5 nm to 7 nm in order to exclude the possible oxy-
gen vacancies, which could destroy the ferroelectric polarization. The crystal phases
and the surface topography of the samples were characterized by XRD and AFM, re-
spectively. SQUID measurements ensured that the LSMO was ferromagnetic at RT. To
achieve a higher magnetic signal an in-plane magnetic field was applied and the samples
were cooled down to 75 K. The ferroelectric top layer was poled under electrode arrays
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larger than the beam footprint on the sample. We wrote three different ferroelectric
states: up- and down-polarized, and neutral depolarized. The sample geometry is pre-
sented in the Fig. 4.8b).
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Figure 4.8: Mn 2p HAXPES-MCD of a Pd(3 nm)/BTO(7 nm)/LSMO(30 nm) microca-
pacitor array at T = 80 K in remanent magnetization. The buried layer shows a Mn 2p
spectrum and MCD. Measurements are carried out using hard x-rays of 6500 eV at beam-
line P09 of the PETRA-III synchrotron (HASYLAB,Hamburg).

The electrical characterization and polarization measurement of the BTO microcapa-
citors was performed using an Agilent B 1500A semiconductor analyzer in a two probe
measurement scheme, with the switching voltage applied to the Pd top electrode and
the substrate grounded. These areas were investigated independently by HAXPES.
Measurements were carried out using hard x-rays of 6500 eV at beamline P09 of the
PETRA III synchrotron (DESY,Hamburg,Germany), using a Si (111) double crystal
monochromator (DCM). The pass energy of the analyzer was set to Epass = 100 eV.
The resolution of the analyser was 322 meV and the beamline resolution was 700 meV.
The angle between the photoelectron-analyzer and the beamline was 90°. We operated
close to normal emission (ca. 7° off) to maximize the information depth and to reduce
the surface layer contributions. The electrode size and separation in each array were
50 x 50 m? with 2 pm separation. We expected to see:

e a polarity-induced shift in the peak positions of the ferroelectric film.

e a change in the magnetic structure and hence the size of the magnetic dichroism
in the ferromagnetic layer.
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These results were of very high relevance for answering which electronic states partici-
pate in the magnetoelectric interaction, and if a change from ferromagnetic to antiferro-
magnetic structure happened at the BTO/LSMO interface. By this knowledge, it would
become possible to optimize the magnetoelectric devices. Fig. 4.8 shows the results from
photoemission experiments on multiferroic Pd(3 nm)/BTO(7 nm)/LSMO(30 nm) mi-
crocapacitors using hard x-rays. We measured the Mn 2p peaks of the buried LSMO
layer. The statistics were not very good. Though the layer exhibited a small MCD
signal, which was strongest at the Mn 2p, /5 edge.

Next, we performed HAXPES measurements on a 7 nm thick LSMO reference layer
grown on a BTO(001) single crystal. The measurements were carried out using hard
x-rays of 6000 eV at beamline P09 of the PETRA III synchrotron (HASYLAB), using
a Si (311) DCM. The pass energy of the analyzer was set to Epass = 40 €V. The resolu-
tion of the analyser was 200 meV. The optical axis of the photoelectron analyzer was
positioned close to the surface normal (ca. 7° to the x-rays). The result is presented
in Fig.4.9. We observed a strong dichroism (25 %) at the Mn 2ps3/, peak in the MCD
signal from the non-buried reference layer. We considered that the reversed signal in
the microcapacitor sample could be due to a modified electronic structure near the
BTO/LSMO interface. The reference sample yielded mainly information about the

LSMO bulk.
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Figure 4.9: Mn 2p HAXPES MCD of a LSMO(7 nm)/BTO(001) reference sample. Mea-
surements are carried out using hard x-rays of 6000 eV at beamline P09 of the PETRA III
synchrotron (HASYLAB,Hamburg).

To overcome the leakage current problem occured in thin BTO films (< 10 nm), we
prepared bulk-like BTO films to ensure a low defect density and a high polarization
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normal to the sample plane [122]. A 150 nm thick BTO film was fabricated by PLD
onto an LSMO/STO(001) film as a back electrode for PFM and for absorption mea-
surements. A JSPM 4210 (Jeol) microscope located in the department of PGI — 7 at
FZ Jiilich was used for the AFM and PFM measurements The PFM measurements
of the out-of-plane polarization were carried out with conductive Si cantilevers having
a spring constant of 40 N/m, which are stiff enough to reduce the influence of non-local
electrostatic effects causing cantilever buckling oscillations [151]. The local polariza-
tion reversal of the as-deposited BTO films was performed by applying a DC voltage
of £8 V on the tip. To read the piezoresponse an AC peak-to-peak voltage of 3 V was
applied on the tip, with the lock-in frequency of 6 kHz. X-PEEM measurements were
performed at the LEEM-PEEM, which is located as an endstation at UE56/1-SGM
beamline of BESSY-II, Berlin.

Figure 4.10a)-c) depicts the topography, out-of-plane and in-plane piezoresponse ima-
ges, respectively. In Fig.4.10b), the outer square of 8 x 8 ym? was written by a neg-
ative bias of —8 V creating a positive image charge below the surface and thus a Pt
state (outward directed polarization). The polarity of an inner 4 x 4 um? square was
reversed by a 8 V bias (P~). In general, after poling along the z-direction, one should
not observe in-plane piezo-response, however, we detected an in-plane piezoresponse.
We claimed that the as-grown BTO had a canted polarization. We determined the
local conductivity of the BTO surface by using the LC-AFM option of the set-up. The
local current at different points on the sample was on the order of 10713 A, which was
an expected result for a bulk-like BTO film.

Misfit dislocations occur due to a difference in the lattice parameters of the film and the
substrate [152]. The stability of ferroelectric polarization increased with increasing film
thickness. The results suggested that increasing the thickness up to 150 nm reduced
the oxygen deficiencies, that hindered leakage currents.

In order to check the possible electronic structure changes in BTO upon pattern polari-
zation, we performed X-PEEM measurements. During XPEEM experiments, spatially-
resolved images of the sample surface were recorded for different photon energies. Room
temperature ferroelectricity of BTO is due to a reduction of octahedral symmetry (Oy,)
around the Ti%T ion to a C4 symmetry [73]. This symmetry reduction is associated with
a relative displacement of the T1i ions from their centrosymmetric position in the tetrag-
onal unit cell along the c-axis, which is related to a considerable charge rearrangement.
Lower than a cubic symmetry in the ferroelectric phase lifts the degeneracy within the
tog and eg orbitals. Yet, this additional energy splitting is modest and not directly vis-
ible in the x-ray absorption spectrum in the case of BTO. It can, however, be resolved
by measuring the dichroism between two different directions of linear polarizations|89].
Figure 4.10d) presents the XAS data extracted from the regions of interest as marked

28Measurements are performed by Prof. Dr. K. Szot
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Figure 4.10: a)-c) depicts the topography, out-of-plane and in-plane piezoresponse images
of a 150 nm thick BTO film, respectively. The outer square of 8 x 8 um? was written by
a bias of —8 V creating a positive image charge below the surface and thus a PT state
(outward directed polarization). The polarity of the inner 4 x 4 ym? square was reversed
by a 8 V bias (P~). d) presents the XAS data at the Ti edge extracted from the regions
of interest as marked in the inset, which was taken at a photon energy of 462 eV with a

20 pm field-of-view (FOV) using soft x-rays.

in the inset of Fig.4.10d). The inset image was taken at a photon energy of 462 eV
with a 20 pum of field-of-view (FOV). The three levels of intensity at a given energy
were marked. As presented in the upper panel of Fig.4.10d), the measured spectra
closely resembled the spectra for a Ti ion in an octahedral coordination[153]. The four
well-split peaks represented the characteristic structure of a Ti*t 2p%3d° to 2p®3d! ab-
sorption process. Due to 2p spin-orbit splitting they were divided into two sets of peaks
forming the L3 and Ly absorption edges. Each edge’s main feature was the presence of
two peaks directly related to to; and e, orbital splittings in perfect Oy symmetry, and
determined by the strength of the crystal field, i.e. the electrostatic potential, U due
to oxygen ligands acting on 3d orbitals [154} [155].

Pattern polarization and subsequent ferrolectric signal detection proved that BTO was
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ferroelectric. However, it was observed that the ferroelectric polarization disappeared
in X-PEEM experiments performed one day after the PFM experiments. During depo-
larization of the PFM patterned regions, the BTO film homogeneity was disrupted and
local Ti- and O-rich (on the corners of the pattern) regions in the film were formed.
Although there was a slight difference in the intensity of the PEEM image, we did not
see a clear difference in the Ti spectra between the written (open square) and the virgin
regions (open circles) in X-PEEM. The following comments might be deduced for these
results:

e This might be a pre-finished phenomenon and we might have taken a picture of
it.

e The photon-generated carriers during XPEEM measurements destroyed the pat-
tern polarization.

4.4 Effect of oxygen pressure of BTO growth on
BTO/LSMO/STO(001)

Oxygen vacancies in complex oxides constitute one of the most important defects [73].
Oxygen vacancies are easily accessible to materials engineering due to the convenient
possibility to control oxygen pressure and reactivity during and after growth [73].
Specifically for ferroelectrics, oxygen vacancies can have detrimental effects, such as
increasing leakiness and destroying the ferroelectric retention [151,[73]. It is important
to improve our knowledge of the interfacial phenomena in all-oxide hybrids and to elu-
cidate the microscopic processes related to oxygen vacancies [73]. In a comprehensive
study, Aruta et al. [43] showed that the orbital ordering in LSMO thin films can be
manipulated via the oxygen partial pressure during LSMO growth. In an oxide hete-
rostructure, to grow the top layer often involves different temperature and pressure
conditions, which may subsequently alter the interfacial region in the bottom layer,
even if the bulk part of the bottom layer remains unchanged [73].

We studied the interface between LSMO and BTO. The focus of the work was on the
changes of the interfacial electronic structure and the orbital ordering in LSMO, which
have been introduced by growing the BTO top layer under different oxygen partial
pressures. In order to extract the desired information from such an interface region we
have performed XAS measurements [73]. BTO/LSMO layered heterostructures were
prepared via PLD. First, a 120 nm thick ferromagnetic LSMO film was grown on TiO2-
terminated STO, followed by the deposition of a 5nm thick ferroelectric BTO film as
described in [92]. For the LSMO growth, an oxygen pressure of 1x10~2? mbar was found
to be the optimal growth parameters and therefore kept constant for the LSMO de-
position in all BTO/LSMO heterosystem presented here. The oxygen pressure during
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BTO growth was varied from 3x10~3 mbar to 1x10~2 mbar. In sample A, BTO was
grown at 3x1072 mbar oxygen pressure (low oxygen pressure), whereas in sample D
BTO is grown at 1x10~2 mbar oxygen pressure (high oxygen pressure) [73]. We note
that all measurements were performed without any post-annealing procedure in the
present work.

First, room temperature XRD measurements were performed in order to probe the
crystallinity of the films. The crystal structure of bulk BTO in the ferroelectric
phase is tetragonal with the in-plane and out-of-plane lattice constants, a = 3.994 A
and ¢ =4.0335 A, respectively as measured experimentally in Ref.[156]. The crys-
tal structure of bulk LSMO is rhombohedral with a pseudocubic lattice parameter of
a = 3.87 Aj43]. XRD measurements confirmed the high crystalline quality. The ana-
lysis supported the (001) orientation of the LSMO and BTO films [73]. The spacing
between diffracting planes, d was determined by Bragg’s law (see Equation 4.5.).

2dsing = nA (4.5)

here 6 is the incident angle, n is an integer, and A is the wavelength of the beam. It
must be also noted that d is calculated based on the cubic symmetry, i.e. as if a = ¢
in the ferroelectric phase: , Y

di?:h +52+l (4.6)
with h, k,l being the Miller indices. Figure 4.11 shows the relation between the out-
of-plane lattice constants, d; of BTO and LSMO films as a function of BTO-growth
oxygen pressure. The out-of-plane lattice constant, d; of the BTO thin film grown
under low oxygen pressure (Sample A) was calculated from the XRD data amounted
to 4.25 A, confirming that the BTO film grown on the LSMO/STO system was under
in-plane compressive strain compared to bulk BTO. Moreover, the d; of the unit cell
of BTO reduced from 4.25 A to 4.18 A as the oxygen pressure during BTO growth
increased from 3x107% mbar to 1x10~2 mbar, which corresponded to a reduction in
compressive strain by 2 % [73]. Besides, increasing the oxygen pressure has broadened
the BTO(00!) reflections, which was attributed to a smaller crystallite size and to an
increase of the non-uniform strain [73].
The d; of LSMO thin film grown under low oxygen pressure of BTO growth (Sample A)
was calculated as 3.843 A. This implied that the LSMO film grown on STO(001) was
under tensile strain [73]. The Fig. 4. 11 showed that the d; of LSMO only marginally in-
creased with increasing oxygen pressure of the BTO growth [73]. This small expansion
of the c-axis lattice parameter was an unexpected result, since in an oxygen-rich film
the number of Mn?* ions should have reduced [43, [73]. Additionally, upon increasing
the oxygen pressure the width of the LSMO(00!) reflections became narrower, which
was a sign of better crystallographic quality, e.g. reduction of the non-uniform strain.
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Figure 4.11: The relation between the measured out-of-plane lattice constants, d; of BTO
and LSMO films in BTO(5 nm)/LSMO(120 nm)/STO(001) heterosystems as a function of
oxygen pressure. Lattice constants are calculated by Bragg’s law using respective (001)
reflections. Dotted lines serve as guides to the eye.

Simultaneously, AFM investigations of the films (not shown here) exhibited clear ter-
races with a width of ca. 1 pum and a height of one unit cell (step-flow growth regime).
All films were smooth with a root-mean-square (rms) roughness around 0.5 nm. The
information gained by the RMS roughness analysis on STO substrates have suggested
that the surface roughness of STO substrates was not significantly different from each
other, which allowed us to relate the observed roughness of BTO/LSMO/STO contacts
with different oxygen pressure of BTO growth directly to the changes in the oxygen
pressure. The sample grown at high oxygen pressure (Sample D) still displayed indica-
tions of step-flow growth, however the sample surface was more grainy with the islands
formation easily observable. We have expected to see a clearly less porous film due to
higher oxygen pressure during growth (Sample D), as was seen in the reduction of the
out-of-plane lattice parameter. The BTO film became denser due to better oxygena-
tion, which resulted in better growth. We claimed that the film was more ferroelectric

157] (see Fig. 4.13)
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Figure 4.12: (a) Temperature dependence of normalized magnetization curves of
BTO(5 nm)/LSMO(120 nm)/STO(001) taken in the field-cooling condition. The LSMO
films A and D are shown. (b) Hysteresis loops of the LSMO films.

Next, the magnetic properties of the LSMO films were determined. Fig.4.12a) shows
the temperature dependent magnetization curves taken in the field-cooling condition.
The inset shows the enlarged M (T') characteristics at the high temperature regime for
clarity. The magnetization M was normalized to its value My at T = 8 K. The M (T)
data diverged from a standard magnetization curve of stoichiometric LSMO films [73].
Sample A showed a gradual increase in magnetization with decreasing temperature.
Due to the coexistence of two magnetic phases sample D showed two transitions [73].
Sample D had a T around 350 K, whereas the T of sample A was slightly lower than
300 K. The reduced T¢ of sample A was attributed to the magnetic inhomogeneties in
the film.

Oxygen vacancies reduce the valency of the transition metal ion, here Mn ions. The
overlayer BTO was grown under low oxygen pressure, thus there might be regions in
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the LSMO film, which were separated by high Mn3t containing non-magnetic clusters
as found in references 40, [73]. The local Jahn-Teller distortion around the Mn3* ion is
followed by the localization of the electrons, which caused a reduced Tx. We tentatively
assumed this model and discussed it in the context of the Mn L3 5 absorption spectra
[73].

Fig.4.12b) presents the M(H) loops of the same films taken at room temperature.
The inset shows the enlarged M (H) curves in a narrow range around zero applied field.
The magnetization of the sample A increased linearly with increasing magnetic field.
This could be attributed to an existence of an antiferromagnetically ordered phase in
the film [158] or - more general - a field induced change of spin canting angle [159].
Upon increasing the oxygen pressure the remanent magnetization Mp/Mg increased,
which was a common ferromagnetic behavior [73]. The observed room temperature
ferromagnetic behavior in sample D was mimicking the ideal case, i.e. the presence of
a double exchange mechanism [73].

Magnetic measurements showed that an overlayer of BTO shifted the magnetic transi-
tion temperature towards room temperature. However, the ferromagnetism diminished
at room temperature indicating an existence of magnetic inhomogenities, if the LSMO
films were not saturated by oxygen during the BTO growth [73].

To investigate whether regions with different magnetic phases were present within the
XAS probing depth, we carried out XAS measurements at Ti (2p) and Mn (2p) L3 o
edges with s- and p-polarized x-rays. Fig.4.13 shows the XAS of BTO/LSMO/STO
heterosystems taken with s-polarized x-rays at the Ti L3 o absorption edge as a function
of oxygen pressure during BTO growth. In the lower panel the XLD signals of the same
samples were reproduced. The anisotropy of the orbitals provided the opportunity to
study the charge anisotropy, and thus ferroelectricity |73]. We observed a considerable
XLD in both samples. The difference spectrum was similar in shape independent of the
oxygen pressure during BTO growth [73]. Both spectra nearly resembled the spectra
for a Ti ion in an octahedral coordination[153]. The L3 absorption edge zoom inset for
BTO grown under high oxygen pressure (sample D) in Fig. 4. 13 illustrated the defini-
tion of the corresponding crystal field energy.

In order to estimate the crystal field energy, the L3-tog and the L3-eg absorption edges
were fitted by a combination of Lorentzian and Gaussian functions, respectively. We
calculated Eg,, — Ee, = 2.0740.02 eV. The crystal field energy was surprisingly in-
dependent from the oxygen pressure [73]. This supported the interpretation that the
overlap between the Ti 3d and the O 2p orbitals was not related to the oxygen pressure
of BTO growth and that low oxygen pressure rather introduced oxygen vacancies in the
film leading to a broadening of the peaks [73]. The low energy side of the L3 e, peak of
sample D appears slightly broader than sample A and higher in magnitude. This was
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Figure 4.13: XAS of BTO(5 nm)/LSMO(120 nm)/STO(001) taken with s-polarized x-
rays at Ti Lz 2 edge as a function of oxygen pressure during BTO growth. Lower panel:

XLD of the same heterostructures. Inset: Magnification of the Ti Ls edge of sample D
showing the definition of the crystal field splitting.

an another prominent effect of oxygen pressure on the BTO growth on the Ti multi-
plets [73]. We fitted the e, peaks to the Gaussian function and calculate the FWHM
from the equation, because ey states are more sensitive than tog states. The fit of the
L3 eg peak for the BTO film grown under low oxygen pressure (FWHM, = 0.85 eV)
yielded a slightly larger value than the BTO film grown under high oxygen pressure
(FWHMp = 0.78 eV). This was designed such that the Ti ions in sample A sustained
a more tetragonal symmetry than in sample D.

In a complementary study, we have performed XPS using hard x-rays of 4000 eV on
the same samples. The Ti 2p core level electrons exhibited a shift towards higher elec-
tron binding energy with increasing oxygen pressure (see Fig.4.14). This indicated a
lower oxidation state of the Ti atoms for the sample grown at low oxygen pressure.
According to the XRD results the distortion along the z-axis reduced with increasing
oxygen pressure. Therefore, both XAS and XPS data well supported the XRD findings
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Figure 4.14: Hard x-ray photoemission of BTO(5 nm)/LSMO(120 nm)/STO(001) as a
function of oxygen pressure during BTO growth. Inset shows the magnification of the shift

towards lower kinetic energy of photoelectons with increasing oxygen pressure.

[73].

To emphasize the changes in the BTO/LSMO interface emerging with the BTO growth
under different oxygen pressure, we have performed XAS experiments at the Mn L3 o
edges. Fig.4.15 depicts the polarization dependent Mn Lz o XAS characteristics of
BTO/-LSMO/STO at two different values of oxygen pressure during BTO growth.
The lower panel of the Fig. 4. 15 shows the corresponding XLD spectrum. We assigned
the peak at 641.6 eV as Mn3* contribution in both films analogously with Ref.[43].
Usually most of the Mn** ions are substituted by Mn®* ions only in oxygen deficient
films |73]. Further analysis showed that the amount of Mn®* ions was higher in sample
A than in sample D.

In the last step, we have addressed the polarization dependent XAS of individual
LSMO films. The intensity of the XAS of sample D taken with p-polarized x-rays
was larger than the intensity of the XAS taken with s-polarized x-rays meaning more
free states were present in the direction of the electric field vector parallel to the c-axis
[73]. The electrons had an in-plane e4 orbital ordering in agreement with the previous
observations[43},[73]. According to the Goodenough-Kanamori rules this statement also
supported the observed higher ferromagnetic in-plane interaction in sample D|160]. On
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Figure 4.15: Upper panel: XAS characteristics of
BTO(5 nm)/LSMO(120 nm)/STO(001) taken with E|ab (s-pol.) and E|lc (p-pol.)
x-ray polarizations at Mn L3 o edges as a function of oxygen pressure during BTO growth,
offset for clarity. Energies of the most prominent peak of the 3+ /4+ multiplets are marked.

Lower panel: Measured linear dichroism, LD=I||ab — I||c, of the same heterostructures.

the basis of magnetic and structural data we claimed that increasing oxygen pressure
during overlayer BTO growth maintained the bulk-like stoichiometry at the interface
between LSMO and BTO. The prerequisite for ferromagnetic ordering in stoichiometric
LSMO was the presence of Mn3+/Mn** mixed valency. Sample D showed a ferromag-
netic ordering at room temperature, which was a direct indication of the preserved
stoichiometry [73]. Furthermore, considering the fact that the Mn3* ion was a JT
active ion and the film possessed an in-plane strain and was under uniform distortion,
there would be a preferential orbital ordering[73].

The absence of a clear linear dichroism in sample A supported the magnetic mea-
surements. Oxygen vacancies induced by low oxygen pressure during BTO growth
increased the average of Mn ions with Mn®* contribution. In the case of static JT
distortion the Mn3+ — 02~ — Mn?3* interaction favors antiferromagentic configuration.
However, sample A did not show an XLD, suggesting that there were magnetic inho-
mogeneities and/or spin clusters at the BTO/LSMO interface [73]. The M(H) data
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verified the existence of a sizable exchange bias in sample A. Ferromagnetic properties
of thin manganite films might have reduced at the (001)- interface or surface. LSMO
is a polar and STO is non-polar oxide. STO has a cubic and bulk LSMO has a rhom-
bohedral crystal structure. LSMO films grown on STO forms an orthorhombic phase
to hold strain. Along with that there is a charge redistribution at the interface due to
polar discontinuity and orbital ordering generated by the strain and/or broken sym-
metry [144]. Since sample A did not show any sizable XLD, we assumed that due to
inhomogeneities during deposition, LSMO/STO of sample A formed different phases
along with the orthorhombic phases.

In conclusion, first we prepared LSMO films by pulsed laser deposition on the lowest
lattice mismatched STO single crystals. Varying different PLD parameters, we studied
their surface morphology, structural, magnetic and electronic structure properties in
detail.

From the XRD and AFM results, we claimed that an increase in the growth temperature
caused the grains at the film surface to coalesce, improving the overall crystallinity of
the film. There was an evidence of roughness reduction due to larger grain size. When
the films were prepared at low substrate temperatures, the films exhibited a high non-
uniform strain indicating a higher defect density. This was attributed to the lower mo-
bility of the adatoms on the growing film [143]. Furthermore, at higher temperatures
films transport oxygen better through diffusion, enhancing the overall crystallographic
order (reduced crystallographic defects), but it does not reduced overall strain. Lower
film growth rate and higher film thickness caused polycrystallinity and development
of grain boundaries. With increasing defect and grain boundary concentration, the
low field magnetoresistance and dielectric constant of the film increased significantly in
agreement with [11].

Second, we prepared BTO/LSMO hybrids in order to manipulate the strain state of
the magnetic film LSMO via BTO, because in such heterostructures physical proper-
ties are most commonly coupled via mechanical stress. PFM investigations on very
thin BTO layers did not show any change in the phase image after poling the sam-
ple. We concluded that the thin BTO films had a degraded retention characteristics,
which have hindered charge polarization. This result was in good agreement with other
studies reporting that the retention loss is mainly generated by the leakage currents
[151]. Increasing the thickness of the BTO film reduced the leakage currents and made
patterning possible. On the contrary, it prohibited us to study the interface between
LSMO and BTO, which laid at the heart of the research of this thesis.

Last, we demonstrated a way to modify orbital ordering in LSMO thin films. We
showed that it was possible to influence the electronic and structural properties of
LSMO films fabricated under same conditions only by tuning the oxygen pressure dur-
ing the growth of an overlayer oxide BTO. Our systematic characterization confirmed
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4.4 Effect of oxygen pressure of BTO growth on
BTO/LSMO/STO(001)

that with increasing oxygen pressure existing stoichiometry variations in LSMO films
between the bulk and near interface could be minimized. Increasing oxygen pressure
of BTO growth induced a reduction in the non-uniform strain in the LSMO and kept
the film ferromagnetic at room temperature. We showed that high oxygen pressure
led to in-plane ordering (Sample D), while low oxygen pressure resulted in an orbital
non-ordered state (Sample A).
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Chapter 5

Metal /Oxide Artificial
Multiferroics:Fe/BTO(001)

This chapter focuses on:
e the brief introduction to the state-of-the-art research,

e characterization of BTO(001) single crystal surfaces mainly via LEEM and XPEEM
methods,

e in situ growth properties of Fe films on BaTiOs, and

e the effects of Fe deposition control parameters on the microscopic properties of

ferromagnetic domain configuration.

5.1 BTO(001) Surfaces

5.1.1 BTO(001) Single Crystal Cleaning

BaTiO3(001) (BTO) single crystals (SC) were supplied from the company SurfaceNet.
SC were one-side polished, 6 x 6 mm? big and 0.5 mm thick. Prior to the experiments,
the as-received BTO SC were cleaned ez situ via ultraviolet-ozone (UV — Og) treatment
to eliminate the surface carbon contamination. Organic compounds are transformed
into unstable substances such as water, carbon dioxide and nitrogen by dissociation
by ultraviolet rays and by strong oxidation during the formation and decomposition of
O3, and are removed from the contaminated surface. Immediately after the UV — O3
treatment, the clean BTO SC were introduced into the load-lock. The SC were trans-
ferred to the prep-chamber, where they were annealed in situ at T = 600°C in oxygen
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atmosphere of 4 x 10~% mbar for an hour to obtain a clean reconstructed surface recon-
struction. Subsequently, to remove residual contamination such as HoO and CO9 and to
create sufficient oxygen vacancies for electrical conductivity, the crystals were annealed
at T = 700°C with a base pressure of 8 x 1071% mbar for two hours. Auger electron
spectroscopy (AES) is a method to analyze the chemical composition of the surface
layers of the sample, i.e. cleanliness of the surface [104]. Figure 5.1 (a) presents the
Auger spectrum of a clean BTO SC surface after subsequent in situ annealing cycles.
AES revealed a negligible carbon contamination on the surface within the AES detec-
tion limit, which might have originated from the contaminants on the surface and/or in
the vacuum chamber. In order to control the crystalline order of BTO surface the low-
energy-electron-diffraction (LEED) mode of PEEM was utilized. The representative
LEED pattern in Fig.5.1(b) taken at E = 26 eV showed a well-ordered (2x2) recon-
struction and a homogeneously BaO-terminated crystal surface at room temperature.

(a) Ckie Timm Okl Bamnn (b)
6 . e .
L0 1 —— BaTiOs(001) ( "

- Lo

2]

g E=26 eV

S ©F -

= 5

©

N S

§ S,

P £
Ee)
R
K
£ . .
S 0 50 100
=z

N Li dist ixel
Kinetic energy (eV) inescan distance [pixel]

Figure 5.1: Auger spectra from a clean BaTiOgs single crystal after in-situ annealing
cycles. Negligible contamination on the surface within the AES detection limit. (b) LEED
pattern of the BTO(001) taken with the LEEM with primary energy of 26 eV. (c) Linescan

over the diffraction spots.

The sharp diffraction spots indicated a high quality long-range order of the BTO(001)
surface structure. Due to surface preparation by high temperature UHV annealing
we created oxygen vacancies, leaving the surface reduced, while some of them were
compensated by the annealing in the oxygen atmosphere [21]. The (2x2) surface re-

construction referred either to a relaxation, to a rearrangement, or to oxygen vacancies
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[21]. With the absence of oxygen atoms, the Ti atoms at the surface were rearranged.
In case of oxygen vacancies, there must be a charge compensation on Ba and on Ti.
For example, Ti would change to a 3+ state to compensate oxygen vacancies [21]. On
these well-prepared single crystals, the deposition of thin iron films was performed as
presented in the following sections. Furthermore, the reconstruction might also have
a very limited influence on the deposited atom positions. According to the theoretical
studies, upon Fe evaporation on BTO(001), the Fe atoms would occupy the on-top po-
sitions of oxygen atoms [22,[161]. With the missing oxygen lattice points, the first layer
of Fe might form voids at those positions, which are compensated with the successive
Fe layers [21].

5.1.2 In-situ LEEM and X-PEEM Characterizations of BTO(001)
Surfaces

5.1.2.1 LEEM Studies on BTO(001) Surfaces

Near-field techniques such as piezoresponse force microscopy (PFM) or scanning surface
potential microscopy (SSPM) are successfully applied to resolve changes in the surface
potential [162, [163] [164]. Contrary to these techniques, in mirror electron microscopy
(MEM) using a low energy electron microscope (LEEM), variations in the MEM-LEEM
transition can be detected. The intensity variations are related to changes in the screen-
ing of the surface polarization charge. The MEM-LEEM technique avoids tip-surface
interactions, which might otherwise influence the domain polarization [162} [165]. Uti-
lizing LEEM in the MEM mode provides non-contact, full-field imaging of the surface
topography and potential with 12 — 15 nm spatial resolution [122].

We started by investigating the surface polarization of a clean BTO(001) single crystal
surface by LEEM measurements. To determine the electrostatic potential difference
above the surface between two domains, we took LEEM images at different start volt-
ages (SV). The front image of the image stack in Figure 5. 2 a) presents a typical MEM-
LEEM image from a clean BTO(001) surface taken at a SV of +3.2 V without UV
illumination. Two clear intensity levels were detected corresponding to the different
electrostatic potentials above the surface [162].

The reflectivity curves extracted from the two domains were plotted in Fig.5.2b) as a
function of start voltage. The inflection point of the decrease in the reflectivity curve
marked the position of the MEM-LEEM transition. The shift in the MEM-LEEM tran-
sition between the two domains was 0.1 eV. This shift in electrostatic potential was a
measure of the difference in the effective charge and here it was attributed to polariza-
tions perpendicular to the surface inwards (P) and in-plane polarization. There was a
good agreement between our experimental data and theoretical calculations presented
in [68].
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Figure 5.2: a) 3D LEEM image stack. Each individual image is taken at a different start
voltage. b) Local reflectivity curves extracted from in-plane polarized (a) and out-of-plane

polarized (c) domains as a function of start voltage without UV illumination.

Wang et al.[166] showed that the surface polarization charge in ferroelectric materials
can be screened by a variety of mechanisms: intrinsic (charge carriers or defects in the
bulk), extrinsic (chemical environment or adsorbates), domain ordering, or even a com-
bination of the above [166]. Photo-generated charge carriers can efficiently screen the
surface and interface polarization charge and hence the depolarizing field [166]. In order
to verify the experimental proof of the ferroelectric domain screening on the BTO(001)
surface by ultraviolet photo-induced charge, we carried out LEEM measurements. The
MEM-LEEM transition was measured as a function of the ferroelectric polarization
with and without UV illumination. The UV illumination was carried out by a Mercury
discharge lamp with a primary line at 254 nm. Figures 5.3 (a) and (b) show MEM-
LEEM images from the clean sample with and without UV illumination, respectively.
The potential contrast in the MEM-LEEM transition reflected the screening of the
polarization charge of the a- and the c- domain surfaces. Three distinct intensity lev-
els were observed corresponding to different electrostatic potentials above the surface,
which was supported by the inversion in the intensity contrast as the SV was increased
[162]. Bright, dark, and intermediate regions correspond to the c—, ¢+, and a domains,
respectively. The 180° ¢+ and c— domains were separated by irregular curved domain
walls (see Fig.5.3(a)), suggesting that our data was consistent with Ref.[L67]. The
polarization vector of the a-domain laid in the (001) plane: It had no surface charge,
thus, it was at zero potential and its contrast level was between the c+ and ¢c— domains
[167]. The reflectivity curves extracted from the two domains were plotted in the top
panel of Figure 5. 3 as a function of SV with (filled circles) and without UV illumination
(open circles). The shift in the MEM-LEEM transition between the two domains was
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Figure 5.3: Local reflectivity curves extracted from a- and c- domains as a function of
start voltage with (full symbols) and without (open symbols) UV illumination. a) MEM
image at a start voltage of 1.5 V showing the contrast in the electrostatic potential above
the clean surface of in-plane (a) and out-of-plane (c+,c-) polarized domains. b) MEM
image at a start voltage of 1.5 V with UV illumination.

300 mV. This shift in electrostatic potential was a feature of opposite polarizations
perpendicular to the surface, pointing either outwards (P+) or inwards (P). Shao et al.
[165] reported a 150 — 200 mV shift between ¢+ and c— domains using PFM, but their
data were acquired in air, thus there was a high probability that the potential contrast
was weakened by adsorbates [165]. In contrast to this, we had an adsorbate-free surface
as shown by AES, since we prepared the single crystals in UHV and the measurements
were performed in situ. Additionally, upon illuminating the surface with the UV light,
the shift in the MEM-LEEM transition between the two domains was significantly re-
duced. As presented in Figure5. 3 (b), the domain structure was changed by the UV
illumination, and the contrast was reduced. When the UV light was switched off, the
contrast gradually increased back to the original value (not shown here). The aver-
age value of the MEM-LEEM transition shifted by AV,, =2 V to lower SV when the
illumination was switched on. This huge shift is attributed to the UV-induced pho-
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toemission, charging the surface positively. The differences between the experimental
report by Wang et al.|166] and our experimental findings is attributed to longer UHV
annealing of the BTO single crystal. Upon longer UHV annealing we create more holes
in the band gap, which causes the crystal to charge more positively.

The MEM-LEEM transition measures only a potential change perpendicular to the
surface, therefore, in the case of an in-plane polarization only a photoemission induced
shift to lower SV was expected with no screening by electron hole pairs. As shown in
Figure 5.3 (b), there was a 180° domain wall motion, when the UV light was switched
on. Our results were in good agreement with the results reported in Ref.|165], where the
authors showed that during imaging in contact mode, rapid 180° domain wall motion
is visible in consecutive PFM images [165].

5.1.2.2 XPEEM Studies on BTO(001) Surfaces

The electronic structure of the as-prepared BTO single crystal surface was determined
via XPEEM measurements. The ferroelectricity of BTO single crystal at room tem-
perature is due to reduction of octahedral symmetry (Oy,) around the Ti** ion to a Cy4
symmetry [73]. Thus, the inversion symmetry is broken. Through the displacement
of Ti and O atoms relative to each other, each unit cell possesses an electrical dipole
moment [168]. In Fig.5.4, the unit cell of BTO single crystal in the cubic phase was
illustrated.

Figure 5.4: BTO unit cell in cubic structure [Reproduced from [168]]

The chemical environment of the oxygen atoms O1 and O2 of BTO in the cubic crystal
structure is identical. Upon transition from cubic to the tetragonal phase, the environ-
ment of the oxygen atoms changes due to a shift in their position [168]. Furthermore,
there is a shift of the Ti atom position along the c-axis. In the tetragonal phase the
local electronic structure for O1 and O2 atoms is different. Likewise, the local elec-
tronic structure of Ba and Ti atoms changes upon the phase transition. The details of
the lattice constants and the atomic displacement in cubic and tetragonal phases were
displayed in Tab.5.1 [168]. In the tetragonal phase the degeneracy within the toz and
eg orbitals is lifted. However, this additional energy splitting is small and can only
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Figure 5.5: X-PEEM images and local XAS spectra of BTO as a function of photon
energy in the area marked by the boxes are shown. The four PEEM images from a) to d)
were recorded at different photon energies. Local XAS data is taken and plotted versus
photon energy for the three domains, black, red and blue boxes in Fig. 5. 5, when the energy
is scanned through the Ti Lo 3 edge with s-polarized x-rays. The spatially resolved XAS
spectra are recorded from areas below 2 ym x 2 ym. On the lower panel of the figure, the

XLD signal is reproduced.

be resolved by measuring the dichroism between the two different directions of linear
polarizations as shown in Chapter 4. The anisotropy of the orbitals leads to different
absorption intensities for s- and p-polarized X-rays giving the opportunity to study the
charge anisotropy, and thus the ferroelectricity [73].

We performed XPEEM measurements on a clean BTO(001) surface to address the
ferroelectricity. We took local spectra as a function of photon energy and X-ray polar-
ization in the areas marked by the boxes in Fig.5.5b) at the Ti 2p (La 3 edges), Ba
3d (Mys edges) and O 1s (K edge) in the electron yield mode by performing XPEEM
experiments at room temperature. In Fig.5.5 an example of an XPEEM image and
the extracted local absorption spectra at the Ti Lo 3 edge measured in grazing inci-
dence along the in-plane orientation (s-pol.) of BTO is presented. In Figures from
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5.5b) to d) single XPEEM images of the BTO surface were shown for different photon
energies, 460.8 eV, 461.2 eV and 468 eV, which corresponded to the Ti La 3 edge. An
XPEEM image at the 450 eV -pre-Ti edge was also measured (Fig.5.5a)). The overall
intensity variations were resolved from dark (a), to very bright (d). In the picture three
areas marked as black, red and blue, are displayed. From these areas, the local-XAS
data is extracted and depicted below.

The Ti Ly 3 edge spectrum originates from the Ti 2p (occupied or core level) to the 3d
(unoccupied state) electronic transitions. As presented in the upper panel of Fig.5.5,
the measured spectra closely resembled the spectra for a Ti ion in an octahedral coor-
dination [153]. The four well-split peaks represented the characteristic structure of a
Tit* 2p53d° to 2p®3d! absorption process.

BTO is treated as a cluster made of Ti and six O atoms. The unoccupied 3d orbital
states of Ti were assumed to be split into two states assigned as tog and e, in perfect Oy
symmetry, and were determined by the strength of the crystal field, i. e. the electrostatic
potential, U due to oxygen ligands acting on 3d orbitals [154, [155]. In the octahedral
Oy site symmetry the eg orbitals of Ti point toward the oxygen ligands, while the ta,
orbitals point in between them, resulting in a lower energy for the latter [154]. None
of these states is pure due to the mixing by 2p — 3d electrostatic interactions [154]. If
there is a distortion of the octahedral symmetry present acting on the Ti site, there will
be a non-symmetric broadening of especially the e, peaks [154]. Lowering to tetragonal
symmetry splits the to; and ey states, which gives a difference between XA spectra
taken with polarization along the z and x, y directions.

The Ti absorption spectra shown in Fig. 5. 5 matches well with the reported experimen-
tal and calculated absorption spectra at the Ti-Lgp 3 edge. The features in the spectra

Table 5.1: Lattice constants and atomic positions of BTO in cubic and in tetragonal

phase [Data are taken from [168]].

cubic tetragonal
(x.y,2) [a] AZ [c]
Ba (0.0, 0.0, 0.0) 0.0
Ti  (0.5,0.5,0.5)  0.0224
01 (0.5,0.0,0.5) -0.0105
02 (0.5,0.5,0.0) -0.0244
a [A] 4.01 3.991
c [A] 4.01 4.0352
c/a 1 1.01
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were assigned according to the available literature on the Ti absorption process [154].
In the lower panel of Fig. 5.5 the XLD signal was reproduced. The XLD signal was an-
other indicator of the ferroelectric character of BTO. As shown in the Fig. 5.5 b), three
grey levels demonstrated three different ferroelectric domains, which were also visible
as three different magnitudes of XLD. Eventually, these three regions corresponded to
¢, al and a2 domains. Figures 5.5 b) and c) illustrate the ferroelectric contrast in a
single X-PEEM image at the Ti eg edges, i.e. where the XLD signal has its maximum
(both in positive and in negative) indicating several types of domains.

Experiments using polarized light microscopy showed that the surface domain structure
of BTO single crystals arranges in regular domains, in which either 90° or 180° domain
walls separate neighboring domains [169]. In-plane domains are separated either by
180° or 90° domain walls (al-a2 type domain variants), while in-plane and out-of-plane
domains are separated by 90° domain walls (a-c type domain variants) creating a fer-
roelastic distortion.

A stripe-like ferroelectric domain pattern of BTO might be explained in terms of the
pressure applied to the crystal during cleavage and/or during mounting the sample to
the PEEM sample holder, which induced a stress. Annealing at moderate tempera-
tures (below 800°C) did not entirely relax the lattice. Specific ferroelectric domains
were stabilized by the lattice deformation |170].

A difference in contrast is seen when the ferroelectric axis is along or orthogonal to
the x-ray polarization, because by using linear dichroism as a contrast mechanism for
BTO, one is susceptible to the anisotropy axis in BTO [171]. It was not possible to
distinguish between adjacent domains separated by 180° domain walls via XLD-PEEM,
but we were able to observe the contrast between adjacent domains separated by 90°
domain walls. Similarly, x-rays polarized parallel to the sample surface would show a
contrast between domains of different in-plane ferroelectric axis orientations [171].

We performed XAS measurements by changing the azimuth angle at the Ti L-edges and
at the O K-edge on the same spot of the BT O surface. The multiplet structures mea-
sured on the individual domains were changed. According to the angular-dependent
XAS results, we concluded that the contrast seen in Fig. 5.5 was due to the differently-
oriented a-type (in-plane) ferroelectric domains.

In the last step, we present the local absorption spectra at the O K-edge in Fig.5.6. It
originates from the transitions of O 1s core level into the final states with O 2p states.
The features of the O K edge in Fig. 5.6 were labelled as reported in [172]. The asso-
ciated energies labelled as A, B, C, D, E and F are 533, 535.4, 535.8, 544.8, 548 and
554.4 eV, respectively. The features A and B are fingerprints for the excitation into
O 2p orbitals hybridized with Ti 3d orbitals. We determined the energy separation be-
tween A and B as 2.4 eV, which corresponds to the crystal field splitting at the Ti Lo 3
edges. The feature C results from the transitions to O 2p — Ba 5d hybridized states.
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Figure 5.6: X-PEEM image and local absorption spectra of BTO as a function of photon
energy in the area marked by the boxes are shown. The PEEM image on the left is
recorded at the photon energy of 532.2 eV. Local XAS data is taken and plotted versus
photon energy for the three domains marked as black, red and blue boxes in the left panel
of Fig. 5.5, when the energy is scanned through the K edge.

The peaks after C result from the transitions to final states consisting of O 2p, Ti 4s,
4p and Ba 5p levels.

As presented in [21], the presence of domains also had an influence on the BTO lat-
tice. The a-domains provide a maximum anisotropic lattice strain of 1.1 % in the [100]
direction in the tetragonal phase of BTO, which could result in an energy shift in the
X-ray absorption spectra. On the right hand-side of Fig.5.6, the enlarged portion of
the local-absorption spectra around 532 — 535 eV proved this statement. The spectrum
of domain 1 (black line) is shifted to lower energy in comparison to the spectrum of
domain 2 (blue line). The result suggest that differently-polarized domains have differ-
ent absorption cross-sections due to the relative alignment of ferroelectric polarization
vector-or-the orbital orientation- and the x-ray polarization direction.

5.1.2.3 XPS Studies on BTO(001) Surfaces

Studying ferroelectric properties of materials is usually based on electrical characteri-
zations, e.g. current-voltage I('V) characteristics or impedance spectroscopy. However,
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macroscopic methods are limited to identify the interface properties due to the interde-
pendence of parameters [173]. In addition, the microscopic properties cannot be directly
accessed from such experimental approaches. X-ray photoemission spectroscopy (XPS)
is widely used for many years to study semiconductor interface formation and is applied
in the present work on the perovskite-structure titanate material BTO.
Photoemission spectroscopy is an important analytical technique to investigate the near
surface/interface chemistry of ATiO3 compositions (A: Ba, Sr) in the bulk form or in
thin film form [173]. For instance, it is shown that cleaning ATiO3 surfaces by ion
bombardment yields a non-stoichiometric surface region introducing new features in
the photoemission spectra making the data interpretation problematic |[173]. Thus, the
surface preparation is an important procedure in order to examine the intrinsic surface
properties. Depending on the stability criteria and to the preparation conditions the
actual surface termination is generally fixed [174].

The BTO surfaces were Ar™ ion sputtered for a total of 20 min with 800 V acceler-
ating potential at 1075 mbar Argon pressure. The sample current during the sputter
treatment was Isample = 6 pA. As described in the previous section, the crystals were
annealed in situ at T = 600°C in an oxygen atmosphere of 4 mbar in UHV for an hour
to obtain a clean surface reconstruction. Subsequently, to remove the residual contam-
ination such as HoO and CO2 and to create sufficient oxygen vacancies the BTO single
crystals were annealed at T = 700°C with a base pressure of 8 x 1071 mbar for two
hours. Firstly, the effect of successive annealing after Ar" ion cleaning on the surface
morphology of the BTO single crystals was examined by AFM.

The AFM observations revealed a significant difference in the morphology of the BTO
single crystals with and without successive annealing. Fig.5.7a) and Fig.5.7c) show
the AFM results for only Art ion sputtered (7S”=BT082) and Ar™ ion sputtered and
successively UHV annealed BTO (”S+A”=BTO083) single crystal surfaces. The surface
roughness (Ryms) of these surfaces was 8 nm for BTO82 and 0.2 nm for BTO83. The
relatively large surface roughness of BTO82 resulted essentially from Ar™ ion sputter-
ing. In contrast to BTO82, upon annealing the BTO83 surface developed back with the
formation of ferroelastic domains as shown in the piezoresponse measurement performed
on the same spot (see Fig.5.7d)). The contrast was due to ferroelastic domain-walls
forming between an in-plane and out-of-plane polarized domains, as described earlier
in this chapter. Ferroelectric materials are sensitive to point defects. The absence of
measurable piezoresponse for BTO82 surface implied that the electrical properties of
ferroelectrics were drastically modified by the Ar™ ion sputtering.

Secondly, XPS measurements were conducted to investigate the changes in the stoichio-
metry and in the electronic structure of the surface layers upon Ar™ ion bombard-
ment and successive annealing steps. XPS measurements were performed using a
CLAM 4 hemispherical electron analyzer and a Mg K, (1254 eV) X-ray source. The

89



5. METAL/OXIDE ARTIFICIAL MULTIFERROICS:FE/BTO(001)

pm

pm

Figure 5.7: The dependence of the atomic force and corresponding piezoresponse micro-
graphs on the surface treatment conditions for BTO single crystals. a) and c¢) represent
the AFM measurement results on only Ar™ ion sputtered (BT082) and successively UHV
annealed BTO (BTO83) single crystal surfaces, respectively. Similarly b) and d) show the
piezoresponse micrographs for BTO82 and BTO83, respectively.

analyzer pass energy was Epass = 20 eV. During the XPS measurements a step-size of
AE = 0.05 eV was used. Measurements were performed under 30° take-off angle. For
each spectrum dwell time was of 100 ms. A sum over five scans was named as ”quick
scan” and the sum over 20 scans was named as "long scan”.

The surface phase changes of BTO82 and BTO83 single crystals were verified by XPS
measurements. We recorded the core levels at their characteristic binding energies for
fine analysis of the chemical state. The Ti 2p core level spectra for BTO82 and BTO83
single crystal surfaces are shown in Fig. 5.8. In general, the analyzer collects two kinds
of electrons from the sample: (i) the primary electrons contributing to the chemical
and electronic information and (ii) inelastically scattered electrons contributing to the

background intensity (secondary electrons). For the primary electrons, the measured
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kinetic energy was directly coupled to their inelastic mean free path, thus the back-
ground was subtracted from the signal.
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Figure 5.8: Ti2p core level spectra for only sputtered (”S”=BTO82) and sput-
tered+annealed (”S+A”=BT083) BTO single crystal surfaces. Spectra are vertically stag-
gered for clarity.

The Ti 2p spectra shown in Fig.5.8 shed light on the preparation dependence and
chemical state at the near surface region. Both Ti 2p spectra affirmed the spin-orbit
split doublet corresponding to fully oxidized Ti*t. The absence of suboxides, along
with the increased electrical resistance (as determined from the conductive-AFM mea-
surements), pointed to a stronger oxidation at the surface of BTO83. As followed from
the Fig. 5. 8., the sample BTO83 was charging less than BTO82 - with a clear evidence
in Ti 2p spectra and also the decomposition of Ols spectra. The shifting caused by
charging was about ~ 6 eV.

The temporal change of core level emission lines at the Ols edge versus the binding
energy is presented in Fig. 5.9. The evidence of both charging and not charging of Ols
species is seen, probably as the sample was undergoing reduction under the beam. After
the second measurement, the surface seemed to be reduced enough to start conducting.
The samples were altered or damaged during the XPS measurement. The long scan
seemed to be a mixture of different states, changing during the scan. The complicated
peak composition therefore is not interpreted. We note that exz-situ XPS data of an
only Ar™ ion sputtered surface is not suitable for a reliable composition analysis, since
the defects created during the cleaning step preclude a correct integration of the Ti
XPS lines.
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Figure 5.9: Temporal change of O 1s core level spectra for only sputtered (BTO82) and
sputtered+annealed (BTO83) BTO single crystal surfaces. The spectra are normalized in
intensities and shifted in the same axis to underline the shape change. A sum over five and
twenty scans were denoted as ”quick” and ”long” scans, respectively.

In general, the presence of oxygen vacancies was expected, formed as a result of differ-
ential surface ion sputtering, creating an amorphised surface. AFM results confirmed
this fact: The sputtered only surface (BTO82) was damaged by the Ar™ ions. Accor-
ding to this consideration, there would be more Ba and Ti ions present on the surface,
which would reduce the charging. However, BTO82 was more charging than BTO83,
showing that our consideration was too simple to explain the findings only by differen-
tial sputtering.

Considering Vgr as an A-site cation, our result was compatible with other studies,
which showed that heating SrTiO3 in oxidizing atmosphere develops a Vgr ion concen-
tration at the SrTiOs surface according to the defect reaction in the cation sub-lattice
I175, [173):

57, +2e” 4 1/209 +— Ve, + SrOsccondary—phase- (5.1)
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Sr ions diffuse outwards from the bulk to the surface, where they can react with gaseous
oxygen and according to the equation 5.1, establish SrO-rich surface phases. In our
case, the surface would possess a BaO-rich phase. In reducing conditions, oxygen might
desorb from the surface [173]:

0 < Vi +2e” +1/209, (5.2)

which is associated with an increase of oxygen vacancies (V) at the surface. Thus, the
concentration of compensating Vga ions correspondingly increases resulting in Ba mi-
gration from the surface to the bulk. Consequently, a Ti enrichment (and Ba-deficiency)
can be assumed at the surface.

Reducing SrTiOs surfaces in vacuum above 900°C stimulated the establishment of Ti-
rich surface phases, such as TiO and TiyO islands [175,[173]. The O 1s core level showed
an asymmetric shape for the only sputtered BTO surface (BT082). This might be an
indication of the presence of Ti** and creation of oxygen vacancies, however, we did
not observe any significant Ti3* in the core level spectra of BTO82. Additionally, the
oxygen vacancies were removed after oxygen annealing as confirmed by the symmetric
O 1s and Ti 2p feature of BTO83.

The green component in the long scan, for both samples, represented the state dominant
during the first minutes of the measurements. In contrast to the ”pink component” in
the case of BTO82 and the ”pink and blue components” in the case of BTO83 were
those being the only ones present in the quick scans, representing thus the altered
(damaged) state. The average roughness obtained from AFM measurements also sup-
ported this observation. These ”starting state” green peaks were shifted by ~ 46 eV
in kinetic energy from BTO82 to BTO83, similar to the Ti 2p peak. Since both peaks
were equally shifted, we deduced that the sample BTO82 was charged by ~ 46 eV
over sample BTO83, which might also charge to a smaller extent, but it was better
conducting.

Clearly, it was a difficult task to accurately fit the Ols with multiple chemical states
and to interpret the data. We claim that the change of the spectra during the mea-
surement is due to a decomposition of the oxide by the x-rays, which was not observed
before.

5.2 Fe/BTO(001) Interfaces

Thin magnetic films display altered properties compared to the bulk owing to the
reduction in size and consequently dimensionality effects. Especially interesting are
the changes in magnetic thin film properties due to the interaction with a ferroelectric
substrate, which offer possibilities of future applications. Borek et al. [172] presented
first-principles calculations of XAS and the related XMCD for ultrathin Fe layers on
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a BTO(001) single crystal surface within the framework of density functional theory.
They found a weak dependence of the Fe film magnetic properties on the polarization
direction of BTO [172].

The interface plays a crucial role in the applications of artificial multiferroic materials.
In this regard, the chemical stability of the interface becomes a prominent point to
discuss. The first few layers of Fe deposited on oxidic substrates such as MgO and NiO
are found to be oxidized due to the interaction with the oxygen from the substrate.
Since the Fe/BTO interface is a metal/oxide interface, it can be expected that the Fe
layer close to interface is oxidized. With this in mind, we studied the sharpness of the
interface, the role of the deposition-temperature, and the effect of grazing incidence
deposition-dependent changes in the electronic properties of the Fe/BTO by XPEEM.
First, the characterization of the Fe growth on BTO was presented and epitaxial Fe
thin film magnetic properties were discussed.

5.2.1 In-situ growth characteristics of Fe on BTO(001)

Fe and BTO have in-plane lattice parameters of 2.866 A and 3.991 A, respectively [21].
Fe grows with 45° rotation of its cubic lattice with respect to that of BTO in order to
reduce the lattice mismatch [29]. With the rotation of the Fe unit cell by 45°, a small
lattice mismatch of 1.5 % is obtained, which assumes that the Fe[110]/BaTiO3[100]
epitaxial relation is given by the theoretical calculations [22].

incident

Figure 5.10: Illustration of oblique incidence deposition with a being the incident angle.

In this thesis ultrathin Fe films (=~ 3 nm) were evaporated directly in front of the
PEEM objective lens onto ferroelectric BT'O single crystals by e-beam evaporation at
room temperature. A schematical presentation of the oblique incidence deposition was
shown in Fig. 5.10. In the figure the incident angle is denoted as c.

In the LEED mode of the microscope, the structure and the long-range order of the
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Figure 5.11: (a) Microspectroscopy extracted from darker magnetic domains (XMCD
spectrum shown in red). Dichroic spectra from the domain show that the Fe L3 edge has
a shape corresponding to metallic Fe, rather than to an iron oxide. Inset: Sample layout:
E-beam deposited Fe film on BTO single crystal. (b) Single image XLD-PEEM contrast
(Ti Ly absorption edge) of the buried BTO. (c) XMCD-PEEM image (Fe L3 absorption
edge) of an in-situ grown Fe layer. The iron film thickness is approximately 3.2 nm. Needle-
like Fe magnetic domains are correlated with the ferroelectric domains. Dashed lines are
guides to the eye.

Fe films were investigated. Prior to deposition, the BTO single crystal substrates
showed sharp LEED patterns. On evaporation of the first few monolayers of Fe, the
background intensity increased. However, the substrate spots faded away upon further
Fe deposition. We would continue to see the same LEED pattern, if during Fe film
growth the lattice constant of the growing film had not been changed. Modification of
the lattice constant would have either created a new diffraction pattern or the existing
pattern would have been completely lost. Since we did not observe a new diffraction
pattern, we assume that the Fe film did not grow layer-by-layer on BTO under these
conditions, which was probably hampered by the surface roughness and/or 3D island
formation. The competition between the substrate surface energy osupstrate, film surface
energy o fiim, and film-substrate interface energy oinser face affected the growth mode of

the film. There might be two mechanisms occuring:
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e Fe atoms depostited on BTO formed clusters and developed into 3D island struc-
ture, i.e. the so-called Volmer-Weber mode.

e Fe atoms depostited on BTO initially formed one or two monolayers, which is
followed by 3D island formation.

We noted that we cannot assess, whether the film has grown epitaxially or not only by
the absence of LEED patterns.

We performed XMCD- and XLD-PEEM measurements in the same area of Fe/BTO at
the Fe Lo 3 edge and at the Ti Lg 3 edge, respectively. We used spectroscopic imaging by
scanning the photon energy while collecting single X-PEEM images. Dichroism images
were an average of 50 images. Each image was taken with a 6 s acquisition time. This
facilitated extraction of XMCD spectra from individual features. A spectrum collected
from a single ferromagnetic domain was reproduced in Fig.5.11a) (XMCD spectrum
shown in red). The absorption spectrum of Fe shown in Fig. 5. 11 a) consisted of mainly
two features. The peak at 709.6 eV (L3 edge) resulted from the transition of electrons
from the 2p3/y to the unoccupied 3d states. The peak at 721.4 eV (La edge) was the
result of the excitation of 2p;/, electrons to the unoccupied 3d states. An analysis of
the Fe XAS line shape yielded information on the chemical state of the system. The
lineshape matched those reported for Fe and clearly lacked the distinct peak splitting
reported for magnetic iron-oxides. We claim that the magnetic domains are composed
of metallic Fe [176].

The standard molar heat (enthalpy) of formation of a compound, A¢H®, is comparable
to its enthalpy convertion when one mole of compound is formed at 298.15 K and 1 atm
in kJ/mol [177]. The heat of formation of chemical substances relevant to our study in
crystalline state is given in Table 5.2. The interface sharpness is set by i) the surface
free energies of BTO and Fe and #4) the affinity of Fe for O [21].

Table 5.2: Heat of formation values of chemical substances in crystalline state [177].

Molecular formula AfH® [kJ/mol]

BaO -548
TiOo -944
Fe 0
FeO =272
Fes O3 -842.2
Fe30y4 -1118.4
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Owing to the modest heat of formation of Fe metal compared to Ba and Ti, Fe possessed
a reduced affinity. As presented by [21], this would result in a very small interaction
between the Fe and the substrate, when Fe was deposited on TiOg surfaces [21]. In
this work, Fe was grown on BaO-terminated surfaces. Considering the absence of Fe
oxidation- within the detection limit of XAS measurement- we concluded that in case
of a system with a heat of alloy formation lower than the substrate, intermixing would
be preferred [21].

In Figures 5.11b) and c) single image XLD-PEEM contrast (Ti Ls absorption edge)
of the buried BTO and XMCD-PEEM image of an in-situ grown Fe layer is presented,
respectively. The iron film thickness was approximately 3.2 nm. Our first attempts of
depositing ferromagnets yielded a needle-like ferromagnetic domain pattern. The vec-
tor components of the room-temperature magnetization in the Fe/BTO system were
measured by taking advantage of the sensitivity of the XMCD effect to the magneti-
zation component only along the X-ray incidence direction. By rotating the sample in
the microscope through different azimuthal angles, we determined the magnetization
components as in-plane for Fe magnetic domains with a spatial resolution below 40 nm.
We assumed that the ferroelectric domain pattern was imprinted into the magnetic film
to a certain extent via interface strain transfer, which induced local uniaxial magnetoe-
lastic anisotropy axes via inverse magnetostriction [178| [25]. However, our assumption
turned out to be wrong, which will be explained in Sec. 5. 2. 3.

The origin of the stripe-like pattern in the Fe film shown in Figures 5.11¢) was fur-
ther elucidated by examining the BTO ferroelectric domain structure directly. Due to
the insulating nature of BTO it was difficult to image the ferroelectric domains with
PEEM without a cap layer. For instance, Chopdekar et al. [L71] deposited a 3.9 nm
thick StRuO3 on BTO as a conductive capping to reduce surface charging. The pho-
toelectron escape depth and thus the PEEM probe depth is on the order of 5 nm, so
imaging through the BTO domain structure below the thin SrRuO3 layer was possible.
To our knowledge, our study was the first study investigating the buried ferroelectric
domain configuration and the related multiplet structure in the Fe/BTO system. By
taking local spectra as a function of energy and X-ray polarization in the area marked
by the blue box in Fig.5.12b), we observed a difference in the absorption between
horizontally (p-pol.) and vertically polarized (s-pol.) X-rays. A typical set of absorp-
tion spectra and the corresponding XLD spectrum is shown in Fig. 5.12a). Fig.5.12c¢)
presents a close-up of the Lg and Lo edges, i.e. the region most often used to measure
the magnitude of the linear dichroic effect in BT O-like ferroelectrics. Due to the limited
electron escape depth, the linear dichroic effect was not as strong as the non-buried
BTO surface.

Owing to the presence of an XLD contrast in Fe-covered BTO we claim that the elec-
tronic multiplet structure near the interface within the reach of total electron yield is
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Figure 5.12: (a) X-ray absorption spectra with horizontal and vertical polarization at
Ti L absorption edge of the blue boxed area in the inset b). (b) Single XLD-PEEM image
at Ti L absorption edge of the buried BTO. (¢) Enlarged portion of the difference in spectra
showing large dichroism at Lg and Ly peaks.

independent of the metallic material deposition, thus the ferroelectric domain contrast
did not vanish. However, we are careful about this interpretation. TEY-XAS is not
only sensitive to the Fe/BTO interface, but also extends into the BTO at 3.2 nm cap
layer so that no conclusions can be drawn about possible electron transfer at the inter-
face, e. g. possible occupation of Ti tog or ey states by the extra electron provided by
the Fe.

The electronic structure upon a tetragonal distortion can be modelled by two para-
meters, to; and eg. Here tog is defined as the energy difference between the dyy orbital,
and the dy, and d,. orbitals. e, is defined as the energy difference between the d,2 —y2
and d,2 orbital. The parameters to; and e, are related to the parameters Dy and Dy,
used in many textbooks, via tag = 3Ds — 5Dy and eg = 4Dg + 5Dy. In a first approxima-
tion, the both toz and eg shells are empty. Therefore, the e, states should not show any
anisotropy if the e; parameter is changed. One might expect no difference in spectrum
when the eg is varied. This, however, is not completely correct. The changes in spec-

98



5.2 Fe/BTO(001) Interfaces

tral line-shape were much smaller when e, peaks vary, but still were clearly visible (see
Fig.5.12c¢)). The reason is that the final-state does change when e, changes, therefore
one finds differences in the spectra line shape for different polarizations.

We calculated the crystal field splitting and FWHM individually for BTO and for
Fe/BTO systems. First, a change in the crystal field splitting upon Fe deposition
was undetectable. Second, the overall spectrum before and after Fe depostion did not
change its shape. Apart from the decrease in intensity, no major changes like peak
splitting or shift in energy were seen in the Ti spectrum after Fe evaporation. These
results suggested that the Ti** multiplet structure was conserved within the detection
limit of our measurement.

Next, we deposited Fe on different oxide surfaces again in front of the PEEM objective
lens to check the reproducibility of our results. We deposited Fe on:

e SrTi0O3(001) single crystal surface (Fe/STO),
e on bulk-like Lag 7Sro.3sMnOs3 thin film surface (Fe/LSMO), and

e on re-prepared (Art ion-sputtered and oxygen-annealed BaTiO3(001) single crys-
tal surface (Fe/BTO).

Figure 5.13 a) — c) shows the X-PEEM images taken at Ti L3 and Mn L3 absorption
edges and Figure 5.13 d) — f) presents the corresponding XMCD-PEEM images taken
at the Fe Ls absorption edge. The results are quite interesting: The ferromagnetic
domain configurations are not related to the corresponding underlying oxide surface
structure. We compare the Figure 5.13 ¢) and Figure 5.13 f). There is no correla-
tion between the ferroic domains. We claim that the interface strain transfer in this
Fe/BTO system is low or does not influence the ferromagnetic domain stripe direc-
tion. Even though the lattice elongation of the ferroelectric domains is not transferred
to the Fe film, needle-like magnetic domains are still present. Local uniaxial magne-
toelastic anisotropy axes are still in-plane (verified by the rotation experiments). We
observed that depending on the roughness of the BTO surface after preparation steps
as presented in Figure 5. 13 ¢), the ferromagnetic needle-like domain size changed (see
Figure 5.13 f). The texture improvement of the BTO surface yielded a wider ferro-
magnetic domain configuration, suggesting a low magnetocrystalline anisotropy (see
Figure 5.13 d).

We tackled the experimental influences on the needle-like domain formation. One key
aspect to the interpretation of our results was that during evaporation in the microscope
the Fe atoms entered the BTO surface plane under an oblique angle of approx. 30° with
respect to the surface normal. The Fe growth was thus projected onto the BTO sur-
face. In contrast to the work of Lahtinen [178, [25], the growth conditions in our case
promoted the incoming vapour flux to make an angle with the film normal.
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Figure 5.13: (a-c) X-PEEM images taken at Ti Lg and Mn Lj absorption edges with
corresponding XMCD-PEEM images in panels (d-f) taken at the Fe L3 absorption edge of
an in-situ grown Fe layer. The iron film thickness is approximately 3.2 nm. Magnetization
projections along in-plane [001] direction.

A specific feature in such a deposition was that certain parts of the growing film were
shadowed for direct impingement [L79]. As a result, the oblique-incidence deposition
has promoted an anisotropic characteristics in thin Fe films [179]. The oblique deposi-
tion side effects were reflected in the nucleation and growth of Fe films. Such deposition
configuration induced an anisotropy on the Fe film regardless the substrate that the
Fe film was grown onto [179]. The details of this system were examined in detail in
Sec.5.2.3. Incorporation with the limited adatom mobility during the growth yields
different film packing densities and morphologies to emerge in the directions parallel
and perpendicular to the incidence plane |179].

The complete process of thin-film formation can be disentangled into the following
phases: nucleation, island growth and coalescence stage, channel-filling stage, and
growth of continuous films [179]. During deposition a certain amount of nuclei is formed
[179]. A combination of surface roughness and oblique incidence deposition may affect
the position of the nucleation centers [179], which may influence the ferromagnetic do-
main size and shape. Regions with adatoms have merged into larger clusters, called
islands. At this stage the film was structurally discontinuous [179]. As the islands grew
larger, coalescence occured at the interface between them, which reduced the surface
free energy. However, a complete change of shape upon coalescence was less likely to

100



5.2 Fe/BTO(001) Interfaces

happen upon increasing size. We assumed that the island size distribution of metal
overlayers on insulating substrates was inhomogenous mostly in the small thickness
regime. Weak interaction between Fe and BTO would result in a large surface energy,
thus a stretched-out, flat film. However, in our case not only the film thickness, but the
growth conditions such as room temperature growth and the oblique deposition might
be the reason of Fe film roughness. We speculated that OAD created a porous film.
Detection of the XLD signal from a buried BTO surface was might become possible
due to the porous nature of the Fe film.

To conclude, the importance of BTO as a substrate was outlined by the absence of in-
termixing with the Fe layers as was seen from the XAS investigations. The confirmation
of a sharp interface opened the possibility of the non-oxidic metal film growth or 3D
island growth on BTO, which made this system even more interesting for technological
applications.

5.2.2 Effect of Fe growth temperature on the electronic structure and
crystallinity

Thin-film growth is a kinetic and a thermodynamic phenomenon depending on the de-
position conditions like substrate temperature and deposition rate. Our investigations
of room temperature deposited Fe on BTO films resulted in a needle-like in-plane fer-
romagnetic domain configuration. However, the magnetoelastic coupling between Fe
and BTO was not observed. Independent of the microstructure of the substrate the
resulting magnetic domains were not coupled to the underlying ferroelastic domains.
The two most essential properties for describing the microstructure of the film are the
morphology and the texture. The morphology strongly depends on the deposition pa-
rameters such as substrate temperature. It is expected that the adatom mobility is
larger for [179):

e smoother crystalline and chemically inert substrates

e increased substrate temperature during deposition

e lower deposition rate

e higher angle of incidence, and

e lower partial pressure of the ambient gases during deposition.

Among all these physical parameters the ” substrate temperature” is the most straight-
forward parameter to apply. We assumed that heating the BTO single crystal would
affect the microstructure of the Fe film due to the increased mobilty of adatoms. The
local stress applied to the Fe atoms changes as a result of the BTO phase transition.
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Thus, the substrate temperature was used to tailor the microstructure of the Fe films
grown on BTO, which was the subject of this part of the thesis.

We deposited Fe at room temperature and at elevated temperatures (T = 600 K) under
the same incidence angle and deposition rates in front of the objective lens of the micro-
scope. A typical X-PEEM image of an as-received BTO single crystal surface prior to
Fe deposition, which was recorded at the Ti Lg absorption edge with x-ray polarization
perpendicular to the c-axis (s-polarized light) is presented in Fig. 5. 14 a). Correspond-
ing XMCD-PEEM images after Fe deposition at (T = 300 K) and at (T = 600 K) are
shown in Fig.5.14b) and Fig.5.14c), respectively. We observed that the XMCD-
PEEM contrasts of both Fe films were not related to the corresponding underlying sur-
face structure. We therefore claimed that the interface strain transfer in these Fe/BTO
systems was low or did not influence the ferromagnetic domain configuration.

One of the two contributors to the adatom movement direction is the surface diffusion,
which might result in a random movement along the surface depending on the substrate
temperature. The second one is the oblique-incidence direction of the incoming atoms
[179]. This drives the atoms to have a momentum component parallel to the incident
plane. The atoms are trapped in a region where their thermal energy becomes low,
e.g. at the edge of a nucleus or due to oxide formation [179]. Thus, the ferromagnetic
domains are affected by the growth mechanism as is the case presented in Fig.5.14b).
On the contrary to the Fig.5.14b), the Fe film grown at T = 600 K showed a granular
magnetic domain contrast. Also, here we evaporated the Fe films directly in front of
the objective lens of the PEEM with the same evaporator. In the LEED mode of the
microscope, we investigated the structure of the Fe films. After the full Fe film evap-
oration, we observed LEED spots indicating the presence of long range ordering of Fe
atoms.

We explain these seemingly contradictory observations on the basis of surface diffusion.
At elevated BTO substrate temperatures surface diffusion governs the formation of the
layer [L79], whereas the diffusion of Fe into the substrate is not expected at T = 600 K
deposition temperature [180]. The effect of shadowing is reduced, when the adatom
mobility increases. Due to the greater mobility, the particles are able to diffuse more
uniformly over the surface [179]. Besides surface diffusion, one might count also on the
migration of crystallite boundaries for the crystal growth at T = 600 K.

Based on the available experimental data of thin-film growth, two major conclusions are
drawn from this work: (i) Shadowing effects and surface diffusion greatly influenced the
growth of the films. (ii) At elevated temperatures surface diffusion might have partly
cancelled the shadowing effect. The shadowing mechanism effectively pointed out that
the atoms in the growing film shadowed the unoccupied sites from the direct path of in-
cident atoms. Owing to the limited mobility in case of room temperature growth, most
of the unoccupied sites were left empty. The resulting morphology would be columnar
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Figure 5.14: a) XPEEM image of BTO surface prior to Fe deposition. The image was
recorded at the Ti L3 absorption edge with x-ray polarization perpendicular to the c-axis (s-
polarized light). Next to the X-PEEM image schematical sample layout: E-beam deposited
Fe film on BTO single crystal is presented. Corresponding XMCD-PEEM images after Fe
deposition, at room temperature and at elevated temperature (T = 600 K) under same
incidence angle and deposition rate are shown in b) and c), respectively. In b) the adatom
mobility is limited thus a columnar growth is present, where in c) physical processes are
dominated by the surface diffusion.

with the columns tilted towards the effective incoming direction, thus we claimed that
oblique-incidence deposition provided a tool to tailor the morphology of the Fe films.
With the effective incoming direction getting closer to perpendicular incidence, like
in the case of references [25) [178] and/or with increasing substrate temperature, the
surface morphology changed. Along with that also a new magnetic configuration of the
film developed.

We claim that the needle-like domain formation is a feature. First of all, different
morphologies emerge in the incidence plane. The morphology is related to the physical
parameters, such as electrical resistance, magnetic shape anisotropy and magnetic coer-
civity, its specific features can be exploited to realize anisotropic behaviour in obliquely
deposited thin films. By evaporation conditions (e. g. direction of the incoming atoms)
we could pre-define the preferred magnetization direction still with a good epitaxy.
The outlook was to prepare the Fe films with preferred domain direction along the
ferroelectric domains.
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5.2.3 Elimination of deposition side-effects on the Fe-BTO ferroic do-
mains

5.2.3.1 Normal incidence in — situ Fe film growth on BTO

Different aspects of oblique growth deposition and its correlation with magnetization in
thin Fe films were studied in Fe/BTO systems. Due to symmetry breaking, intermix-
ing or hybridization effects at the Fe/BTO interfaces new physical properties emerged
such as magnetic anisotropy. One of the sources of magnetic anisotropy is the oblique-
incidence deposition geometry [181]. In the initial stages of the growth the presence of
substrate steps due to ferroelectric domains were intrinsically higher than one Fe atomic
layer. This prevented Fe island interconnection and thus the large volume magnetic
domain formation.

In standard operation conditions, the sample floated at 15 kV and was almost 1 mm
away from the objective lens. All lenses starting from the objective lens scale with
the sample bias and at 15 kV there is a non-vanishing magnetic field at the sample
position due to the magnetic objective lens. According to the simulations [*”| using the
parameters 1000 windings and a current of 0.7 A for the objective lens, the magnitude
of the magnetic field generated at the sample position was calculated as 1 mT, how-
ever, depending on the exact geometry of the objective lens this value may change.
The magnetic field direction lays mainly along the optical axis of the microscope and
the sample normal is also aligned with the optical axis. A magnetic stray field of 1 mT
may be neglected for most of the magnetic films except for soft magnetic materials.
The coercive field of 26 ML Fe grown on BTO by MBE was estimated to be larger than
5mT [21].

Figures 5.15al) — c1) and 5.15a2) — ¢2) depict the XLD-PEEM images at the Ti ab-
sorption edge and XMCD-PEEM images at the Fe absorption edge of the Fe/BTO
systems, respectively. The contrast in Fig.5.15al) — c1) presents the ferroelectric do-
main patterns of the BTO single crystal surface. Prior to Fe deposition, BTO single
crystals were prepared in UHV as described in the previous chapter. Approx. 3.2 nm
thick Fe (26 ML) is deposited by e-beam evaporation on to BTO at T = 300 K with
a base pressure 8x107!0 mbar. In Figs.5.15a2) and b2) films were grown in front of
the magnetic objective lens of the microscope in operation, whereas in Fig. 5. 15 ¢2) the
film was grown in the prep-chamber. The bright and dark regions in the XMCD-PEEM
images corresponded to the magnetic domains with magnetic vectors parallel and anti-
parallel to the incident synchrotron radiation, respectively. Likewise, the grey scales in
the XLD-PEEM images presented the a-type (in-plane) ferroelectric domains.

The XMCD-PEEM images of the Fe films in Figs.5.15al) and bl) illustrated the Fe

29Simulations were performed by Dr. A. Kaiser from SPECS GmbH, Berlin, Germany
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Figure 5.15: (al-cl) XLD-PEEM images taken at Ti L3 absorption edge with corre-
sponding XMCD-PEEM images in panels (a2-c2) taken at the Fe L3 absorption edge of
an in-situ grown Fe layer. The iron film thickness is approximately 3.2 nm. Magnetization
projections along in-plane [001] direction. First two images (a2-b2) are examples of an
in-situ Fe deposition at room temperature with an oblique-angle deposition in front of the
objective lens of the microscope with applied voltage. Image ¢2) presents the Fe film grown
at room temperature in the prep-chamber with normal incidence growth.

films grown in situ in front of the magnetic objective lens of the microscope at operat-
ing high voltage of 10 keV and 15 keV, respectively. Magnetic domain imaging of Fe
films were obtained at an azimuth angle of ca. 20° between the incident X-ray beam
direction and the [001] direction, respectively.

Due to oblique growth adatom diffusion was limited and thus columnar growth ap-
peared [|182]. Both figures showed magnetic domains and presented the shadowing
effect granted by the limited surface diffusion. In order to check the reproducibility of
our results we prepared eight samples. We observed the same needle-like ferromagnetic
domains in all samples. For example, we deposited Fe films not only on as-received
BTO single crystals, but also on re-prepared BTO single crystals. The re-preparation
sequence included removal of Fe by ArT ion sputtering and successive annealing steps
with/without oxygen in UHV. In Fig.5.15b2) ferromagnetic domains were smaller
than the ferromagnetic domains shown in Fig.5.15a2). We claimed that due to sur-
face cleaning the BTO surface roughness increased and this amplified the shadowing
effect. The texture of the substrate surface influenced the magnetic domain structure.
Magnetic field application during Fe film deposition might have induced an easy axis of
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magnetization on magnetic film in one direction. To create a magnetic field-free region
around the sample, we turned off the objective lens during Fe film deposition. However,
we obtained same magnetic domain configuration.

We observed that regardless of i) the operating high voltage, ii) the surface treatment
and 477) magnetic field generated by the objective lens the Fe XMCD images looked
always similar. Previous studies showed that oblique-angle deposited films have mag-
netic anisotropies driven by the film morphology [183,[184]. For example, Z. Ali showed
that uniaxial anisotropy and coercive field of a permalloy film (Nig;Fejg) increased with
increasing deposition angle due to anisotropic film texture [185]. Due to OAD the mi-
crostructure of the film was extended along the incoming material flux. The surface
topography in this case is called as columnar microstructure (see Fig.5.16a)).

Material Flux Material Flux

\ Columns
/ Shadow

(a) (b)

Figure 5.16: Schematic representation of (a) oblique angle incidence and (b) normal
incidence Fe growth modes. Figure is adapted from Ref.[185].

We assume that the total anisotropy energy in Fe/BTO system is determined by Ejoar:

Etotal = Egrowth—induced anisot'ropy+EmagnetOCTystalline anisotropy+Emagnetoela5tic anisotropy -

(5.3)
In any Fe/BTO(001) system, the magnetoelastic anisotropy competes with intrinsic
magnetic properties such as magnetocrystalline anisotropy, exchange and magnetostatic
interactions between ferroic domains [186]. However, here the dominant anisotropy en-
ergy in the system seemed to be the Eyowih—induced anisotropy due to oblique-angle Fe
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film deposition. To eliminate the growth-induced magnetic anisotropy, one can i) an-
neal the film at elevated temperatures, ii) rotate the BTO single crystal 360° during
Fe film deposition and #ii) grow Fe films at normal incidence angle.

c/alc/a 3- domain
2-domain structures structure
Paraelectric — ™ Ferroelectric 4
"0 =&
[010] [100] a,
(@ (b) ©

Figure 5.17: Schematic representation of BTO ferroelectric domains. (a) Transition
from cubic paraelectric phase to the three tetragonal ferroelectric domains, (b) the simple
two-domain c¢/a/c/a polydomain structures, and (c) second-order polytwin three-domain

architecture of a and ¢ domains. Figure is adapted from Ref.[152].

Next, we deposited Fe on BTO in the preparation chamber attached to the microscope
to grow Fe films in — situ. We study whether the presence of needle-like domains were
deposition condition artifacts. The expected side-effects that we eliminated by evap-
orating Fe in the prep-chamber were: i) the influence of magnetic field caused by the
objective lens which scales with the high voltage of the sample and i) the influence
of the oblique growth which might be the dominant factor affecting the diffusion of Fe
atoms on the insulating oxide surface. Fig.5.15¢2) is an example for an Fe/BTO(001)
system with the Fe film being grown in the prep-chamber at room temperature with
normal incidence growth. The magnetic domain size and configuration corresponded
to the ferroelectric domains. The absolute orientation of the ferroic domains did not
match. We related it to the sample transfer from the prep-chamber to the main cham-
ber, after which most likely the spot on the sample was different, which might have
led to the rotated ferromagnetic domains with respect to the ferroelectric domains.
Roytburd et al. showed that in order to relax the stresses ferroelectric materials form
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multi-domain structures [152]. Initially, this phenomenon is attributed to epitaxial
ferroelectric PbZry2TipgO3 films of 450 nm thickness, which can be treated as a bulk
material. The 2 — domain architectures, consisting of a and ¢ domain structures, are
shown in Fig.5.17b). The magnetic domain structure observed in Fig.5.15c2) was
correlated with the underlying ferroelectric domains. Domain size was on the order
of 5 pm which coincided with the ferroelectric domain width. This indicated that the
BTO imprinted the ferroelectric domain pattern on to the Fe layer, when Fe was de-
posited in normal incidence configuration and in a magnetic-field free environment.

Our results support the experimental findings presented by Lahtinen et al. [186].

5.2.3.2 Normal incidence ex — situ Iron wedge film growth on BTO

We investigated the magnetoelectric coupling in an ez situ grown Fe/BTO(001) sys-
tem. Fe film was grown at room temperature onto BTO(001) in a molecular beam
epitaxy (MBE) chamber at PGI-6 by Thomas Jansen. The BTO single crystal was
pre-characterized before Fe film deposition. We prepared Fe wedge films of thicknesses
between 0 — 5 nm. We used a 0.8 nm thick MgO capping layer to prevent the Fe film
from ex — situ oxiditation. A simplified representation of the sample geometry is shown
in Figure 5.18(c).

XMCD-PEEM images taken at E = 709.6 ¢V (Fe L3 absorption edge) at thin (< 1.5 nm)
and thick (> 1.8 nm) regions of the Fe wedge are shown in Fig. 5.18(a) and (b), respec-
tively. We estimated the Fe film thickness by measuring the secondary electron yield
signal of Fe. We have observed different magnetic domain patterns depending on the
thickness of the Fe film. As shown in Fig. 5. 18(a) at a region with a thinner Fe layer the
magnetic domain structure mimiced the ferroelectric domain configuration, i.e. the so
called ” herringbone pattern” (See Fig.5.18(d) and (e)). Black and white contrast in
XMCD images indicated magnetization along the X-ray propagation direction, which
was marked on the image by the yellow arrow in individual XMCD-PEEM images.
Dark and light gray contrasts indicated that the magnetization was making an angle
with the incoming X-rays. The observed magnetic pattern correlated to some extent
with the ferroelectric domains [187]. This result confirmed that experimental findings
on in situ grown Fe films on BTO in the previous chapter are not accidental. The
Fe film deposition on BTO in normal incidence produced compact thin films. The
energy term defined as Ey,owih—induced anisotropy diminished. Hence, the ferromagnetic
contrast depends on the competition between the magnetoelastic and the magnetocrys-
talline anisotropies.

Figure 5.18(b) presents the XMCD-PEEM image on a thicker region of the Fe film.
We have observed that the magnetic contrast was not very strong. Though, the strain
transfer due to the a/c ferroelastic domain transition of BTO was established on the
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“thin” Fe < 1.5 nm “thick” Fe > 1.8 nm
(a) (b)
vi vi

—— 0.8 nm MgO ‘
— (0-5nm)Fe UL ‘ lk

[
BaTiO3(001) J ’ {
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Figure 5.18: XMCD-PEEM image of a thin Fe film (a) and thick Fe film (b) taken at
E =709.6 eV (Fe L3 absorption edge). X-ray beam direction is symbolized by the yellow
arrow in individual XMCD images. (c) Illustration of the Fe/BTO wedge sample geometry.
(d) and (e) Two kinds of herringbone patterns. The S-type has no correspondence across
the C walls. Herringbone scheme is reproduced from Ref.[187].

ferromagnetic contrast. With increasing Fe film thickness the domain wall width in-
creased. As shown in Fig.5.18(b) in order to compensate the stray field energy the
magnetic domain size reduced. To support our claim we zoomed in the region on
the same spot and took XMCD-PEEM images and performed X-ray absorption spec-
troscopy at the Fe absorption edge with circulary polarized left and right helicities.

In Fig.5.19 (b) a XMCD-PEEM image of 20 pm field of view (FOV) on the same spot
of Fig.5.19 (a) is presented. To obtain XMCD contrast in Fig.5.19 (b) we performed
imaging by inserting ¢) the energy filter entrance slit of the microscope and i) the
contrast aperture to filter the secondary electrons to achieve a better lateral resolution.
With better PEEM resolution we have shown that stripe-like domains were separated by
rather complex magnetic configurations (marked with red open circle), which occurs in
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films with varying easy-axis direction and/or magnitude of the anisotropy constant. The
so-called ”anisotropy dispersion” of magnetic films is caused by the inhomogeneities
in the film structure [75]. As a result, the direction of the local magnetization M varies
slightly within a domain, which adds exchange energy to the system. Furthermore, due
to the divergence of M free magnetic poles are created within the domain causing stray
field and magnetostatic energy contribution [75]. The system minimizes these energies
by varying the direction of the M in a wavelike manner, i.e. "magnetic ripple” [75].
Fig.5.19 (b) revealed that two regions marked as yellow and red open circles in the
XMCD-PEEM images did not consist of distinct magnetizations.
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—— domain 2
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Figure 5.19: XMCD-PEEM images of MgO/Fe/BTO wedge system with Fe thickness
larger than 1.8 nm taken at E = 709.6 eV (Fe L3 absorption edge) with 40 ym field of view
(a) and with 20 pm field of view (b). Black and white contrast indicates magnetization
along the X-ray propagation direction, which is marked on the image by the yellow arrow in
each XMCD-PEEM image. Dark and light gray contrasts indicate oblique magnetization
along the incoming X-rays. The XAS spectra extracted from domain 1 (yellow circle),
domain 2 (red circle) and ultra thin Fe region of the film (c). In the lower panel XMCD
spectra of each region is shown.
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Region 1
(c-domains)

Region 2
(@-domains)

(c)
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Figure 5.20: XMCD-PEEM images taken at Fe L3 absorption edge on a relatively thin
Fe film grown on BTO(001) single crystal before (a) and after (b) annealing in situ. Yellow
arrow on the images indicates X-ray propagation direction. (c¢) A possible domain pattern
on BTO(001) surface with an inset showing the angle between a — ¢ domains. Yellow and

white stripes in (d) and (e) symbolize 90° and 180° ferroelectric domain walls, respectively.

We suspected that here the magnetocrystalline anisotropy governed the magnetic do-
main formation, since the magnetic domains were extremely small and there was mag-
netic ripple. The XAS spectra were extracted from domain 1 (yellow circle) and domain
2 (red circle). From the XAS data we calculated the XMCD spectrum of each domain
(see lower panel of Fig.5.19 (c)). We found that XMCD spectrum of domain 1 differed
from XMCD spectrum of domain 2 in magnitude and in polarity. Fe film oxidation
could be neglected for the domain 1 and domain 2 due to lack of recognizable high
energy side of Fe L3 absorption edge. We also performed XAS on the ultrathin Fe
film covered region. As presented in Fig.5.19 (c) by the green line, the XMCD signal
was undetectable. The prominent oxidation peak for the ultrathin Fe film suggested
that the formation of an FeOx layer at the Fe/BTO interface destroyed ferromagnetic
ordering.

Finally, we studied the effect of the annealing process on the interface coupling in the
Fe/BTO(001) system. At high temperatures BTO is cubic and thus not ferroelectric.
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On cooling it becomes tetragonal below the Curie temperature of T¢ = 395 K. Sahoo
et al. [24] showed that the Fe film magnetic properties are strongly modified by the
BTO lattice distortions during its structural phase transitions via magnetoelastic cou-
pling at the interface. The magnetoelastic energy promotes to uniaxial anisotropy [75].
We prepared a new wedge Fe film on BTO and performed temperature-dependent
XMCD-PEEM measurements at Fe Lg absorption edge. Figure 5. 20 (a) presents XMCD-
PEEM image taken at room temperature. The Fe film magnetic contrast reflected the
semi-Herringbone ferroelectric domain structure of BaTiOs. Region 1 and region 2 cor-
responded to the previously observed c- and a-type domains, respectively. Black and
white contrast indicated magnetization anti-parallel and parallel to the X-ray propaga-
tion direction, respectively. Dark and light gray contrasts indicated that magnetization
was making an angle with the incoming X-rays. As shown in the schematical draw-
ing in Figure 5.20 (c), 0.5° inclination of the surface is caused by the unequal lattice
parameters of a and ¢ domains. We assumed that intrinsic shadowing occured at the
ferroelastic domain wall boundary, which hindered Fe film compactness, thus establish-
ment of well-grown Fe film.

Figure 5.20 (b) presents the XMCD image of the same sample annealed at T = 600 K
for 30 min in situ during PEEM operation. Annealing rearranged the magnetic domain
configuration to minimize the ferroelectric domain wall energy. After the annealing pro-
cess, we observed that the ferroelastic domain pattern including 90° in-plane rotations
of the ferroelectric polarization and elongated ¢ axis illustrated in Figure 2.8 (b) was
almost fully reflected in the ferromagnetic domain contrast. Elongation of the unit cell
induced uniaxial lattice strain and magnetoelastic anisotropy in Fe film [186] as seen
in the Figure 5.20 (b) by the zigzag shaped ferromagnetic domains.

Owing to the structural transitions occuring upon cooling a new ferroelectric domain
pattern was generated. We have observed that the a-type Herringbone ferroelectric
domain structure was promoted in BTO as reflected on the ferromagnetic domain con-
trast. We have sketched yellow and white lines on Figures 5. 20 (d) and (e) to visualize
ferroelectric domain walls. Yellow and white stripes symbolized 90° and 180° ferroelec-
tric domain walls, respectively.

We noted that during annealing the XMCD contrast did not vanish completely. This
suggested that the long range magnetic order existed in Fe film up to 600 K. Annealing
induced interdiffusion at the interface between BTO and Fe film, which caused inter-
mixing of Fe atoms with oxygen. Magnetic domain contrast decreased as the number
of electrons of Fe element that contributed to the magnetic domain contrast decreased
compared to the pure Fe. Thus, due to the oxidation of Fe film, we detected a reduced
XMCD contrast after annealing.
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Chapter 6
Summary and Outlook

One of the objectives in the field of spintronics is to combine ferromagnetic materi-
als, i.e. the source of the spin-polarized electrons with ferroelectric materials. This
combination is expected to establish a strong magnetoelectric coupling, which would
make electric-field control of magnetization possible. The utmost requirement for the
combination of ferroic orders is the control at the coupling interfaces.

The basic aim of this thesis was to gain fundamental understanding on the magneto-
electric coupling phenomena in BTO/LSMO/STO and in Fe/BTO model systems. At
first, we explored the correlation between the thin film preparation parameters in the
BTO/LSMO/STO system, such as substrate preparation, BTO and LSMO film thick-
nesses, growth temperatures and post-preparation techniques of individual layers, and
their combined impact on the magnetoelectric coupling. We found that LSMO films
grown on STO(001) substrates possessed an in-plane tensile strain with an in-plane
magnetic anisotropy. Successive studies on LSMO films showed that with increasing
deposition temperature the grains at the film surface coalesced, upon which the physical
properties of LSMO films such as surface roughness and magnetic ordering temperature
were recovered.

Later, we prepared BTO/LSMO heterojunctions. PFM measurements on very thin
BTO films did not respond to domain writing. Patterning avoidance was due to the
poor retention. In order to overcome the retention losses, which were mainly due to
leakage currents, we grew bulk-like BTO films. Our studies revealed that thicker BTO
films overcame the charge manipulation problem, i.e. ferroelectric domain writing by
PFM became possible. Local X-ray absorption data obtained by XPEEM measure-
ments revealed that our film had an electronic structure close to bulk BTO, however
Ti-spectra between differently-polarized regions were almost identical. High intensity
of X-rays might have caused re-polarization destroying the pattern polarization by
photon-generated carriers.

In the last part of Chapter 4 we presented an alternative way to manipulate the orbital
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ordering in embedded LSMO films [73]. The XAS data showed that it was possible to
influence the electronic and structural properties of LSMO films fabricated under same
conditions only by tuning the oxygen pressure during the growth of the overlayer ox-
ide BTO. Our data proved that with increasing oxygen pressure existing stoichiometry
variations in LSMO films between the bulk and near interface could be reduced [73].
Increasing the oxygen pressure in BTO growth led to a reduction in the non-uniform
strain in the LSMO and kept the film ferromagnetic at room temperature. XLD mea-
surements confirmed that the existing Mn®* ions favored an in-plane eg orbital ordering
[73]. Furthermore, our study established that an increase in the oxygen pressure in-
creased the non-uniform strain in BTO, which was visible both in XRD and in XLD
data. However, it did not modify drastically the chemical environment of the Ti-ions
[73].

In the second part of this work, we used a combination of LEEM and XPEEM tech-
nique to explore with high spatial resolution the strain-induced interaction between
the BTO single crystals and the ferromagnetic Fe thin films. First, we investigated the
BTO(001) ferroelectric domain local electronic structure, which was considered a model
perovskite-type ferroelectric oxide with potential for technological applications. AES
and LEED showed that the surface was BaO-terminated with a (2x2) reconstruction.
We determined a shift in the MEM-LEEM transition between different ferroelectric do-
mains. The LEEM contrast was related to the electrostatic potential differences on the
surface. High reflectivity in LEEM was attributed to a small number of empty states
at the respective electron kinetic energy [188]. Equally important, in order to study the
charge anisotropy with spatial resolution, XAS measurements were performed. We were
able to image the ferroelectric domains with the help of performed and calculated XLD
spectrum. We found that ferroelectric domains appeared in stripe-form and extended
over some microns. The typical ferroelectric domain width was varying from 2 pym to
10 pm for the in-plane domains. The ferroelectric domains were either separated by
180° domain wall or by 90° domain walls depending on the domain variants, ¢t - ¢~ or
a - ¢ domains, respectively. The observed domain configuration was compatible with
the literature.

Second, the deposition temperature, and the effect of grazing incidence deposition de-
pendent changes in the electronic properties of the Fe/BTO were studied by XPEEM.
The characterization of the Fe growth on BTO was presented and epitaxial Fe thin film
magnetic properties were discussed. Surprisingly, we did not find an induced dichroism
in the ferromagnetic Fe films grown on different ferroelectric domains present in BTO,
when Fe was deposited in front of the PEEM objective lens. At the room temperature
a needle-like domain structure was obtained for grazing incidence growth. Magnetic
domains of Fe did not couple to the ferroelectric domain structure of the BTO sub-

strate. We observed that independent of the BTO single crystal orientation and the
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substrate preparation, the needle-like magnetic domain configuration developed for all
the oxide surfaces, as long as we deposited Fe films at room temperature and in front
of the objective lens of the microscope. Our further studies showed that an increase in
the substrate temperature during deposition suppressed the oblique columnar structure
and led to a granular magnetic domain contrast with a size of roughly 80 nm magnetic
domains in the plane of the substrate. While Lahtinen et al. [25] were only able to see
the FM domain-state via Kerr Microscopy, we were able to do a full characterization of
both the ferroelectric state (in-plane P or out-of-plane P+, P~) by LEEM and XLD
and the magnetization by XMCD and azimuthal sample rotation. Hereby we were able
to better understand the strain-induced magnetostrictive effects in the FM.

In the final part of this work, we presented the influence of oblique-angle deposition on
the ferromagnetic domain configuration of the Fe films. We grew Fe films on BTO in
the prep-chamber without breaking the vacuum. We succeeded to obtain ferroelectric
domain imprinting on the ferromagnetic film. Our finding suggested that we were able
to eliminate the potential side-effect such as the influence of the oblique growth which
might be the dominant factor affecting the diffusion of Fe atoms on the insulating oxide
surface by evaporating Fe in the prep-chamber with an « (inclination angle) smaller
than approx. 20°. Lastly, we prepared normal incidence ex — situ iron wedge films
on BTO. Magnetoelectric coupling was verified by the XMCD-PEEM measurements.
Furthermore we have demonstrated that different magnetic domain patterns occured
depending on the Fe film thickness.

Considering BTO/LSMO/STO heterosystems, defect-free epitaxially grown heterostruc-
tures are needed. Future research may focus on improving the growth conditions of the
BTO films to be able tackle the time- and space-resolved dynamic ferroelectric switch-
ing phenomena. Impedance spectroscopy on BTO films can be utilized to analyse the
quality of the ferroelectric films in terms of dielectric properties.

To determine the competing magnetic anisotropies in Fe films grown on BTO, Fer-
romagnetic resonance (FMR) measurements can be performed. Analysis of Fe/BTO
systems as a function of temperature would yield quantitative informations on the
phase-transition induced changes in the anisotropy constants.
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