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Zusammenfassung

Einer der vielversprechensten Wege, um neuartige magnetische Datenspeicher und
spintronische Geräte mit niedrigem Stromverbrauch zu entwickeln, ist die Manipula-
tion von Magnetismus durch angelegte Spannung ("Voltage Control of Magentism",
VCM). Eine Möglichkeit dies zu realisieren ist durch das Wachstum küntlicher multi-
ferroischer Heterostrukturen mittels Oxidmolekularstrahlepitaxie. Die Heterotruk-
tur in dieser Arbeit besteht aus einer ferromagnetischen La0.7Sr0.3MnO3 (LSMO)
Schicht und einem piezo-/ferroelektrischen Substrat Pb(Mg1/3Nb2/3)O3 - PbTiO3
(PMN-PT). Die LSMO Schicht wird epitaktisch auf dem Substrat gewachsen. Diese
Arbeit berichtet hauptsächlich darüber, wie die Art der magnetoelektrischen (ME)
Kopplung in LSMO/PMN-PT(001) durch Veränderung von Temperatur und Mag-
netisierungsrichtung kontrolliert werden kann. In allen Messungen wird die Span-
nung entlang der [001]-Richtung angelegt. Die ME Kopplung wird duch zwei Ef-
fekte bedingt: Verspannung der Schicht durch den piezoelektrischen Effekt und
Ladungskopplung durch die Änderung der ferroelektrischen Polarisierung des Sub-
trates. Der Einfluss beider Beiträge ist in allen Messungen sichtbar. Entlang der
magnetischen harten Achse [100] der LSMO Schicht ist die Verspannung der Schicht
hauptsächlich für die Kopplung verantwortlich, während entlang der magnetischen
weichen Achse [110] die Ladungskopplung dominiert. Das durch polarisierte Neutro-
nenreflektometrie (PNR) bestimmte magnetische Tiefenprofil mit angelegtem elek-
trischen Feld macht eine Zwischenschicht mit reduzierter nuklearer und magnetis-
cher Streulängendichte sichtbar. Durch Rastertransmissionselektronenmikroskopie
(STEM) und energiedispersive Röntgenspektroskopie (EDS) können ein Defizit von
La und ein Überschuss von Mn sichtbar gemacht werden. Der Mn Überschuss bildet
Ausscheidungen, mit einer im Schnittbild dreieckigen Strukturen, nahe des Substrat-
Film Übergangs. Magnetisierungsmessungen der Proben zeigen einen Sprung der
Magnetisierung nahe der Curie-Temperatur TC = 43 K von Mn3O4. Dies zeigt,
dass der Mn Überschuss als Ausscheidungen mit Mn3O4 Stöchiometrie wächst. Die
in STEM sichtbaren Verspannung der LSMO Schicht in der Nähe des Substrates
führt zu Defekten in der Kristallstruktur, welche das Wachstum der Mn3O4 Struk-
turen ermöglichen. Mit Hilfe von "off-axis" Elektronenholographie kann das Mag-
netfeld innerhalb der Proben in Abhängigkeit der Temperatur aufgelöst werden.
Das Magnetfeld innerhalb der LSMO Schicht ist homogen und, da der magnetische
Phasengradient mit zunehmender Temperatur abnimmt, nimmt auch das Magnet-
feld innerhalb der Schicht ab.

Eine zweite Heterostruktur, La0.7Sr0.3MnO3/ BaTiO3/ Nb:SrTiO3
(LSMO/BTO/Nb:STO (001)) wird durch eine Kombination von Molekularstrahlepi-
taxie und Hochdrucksputtern gewachsen. In diesem System ist LSMO weiterhin die
ferromagnetische Schicht, BTO die ferroelektrische Schicht, und Nb:STO ein elek-
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trisch leitendes Substrat. Die Wachstumsparameter für die BTO Schicht sind durch
eine Wachstumsstudie optimiert. Die Heterostruktur zeigt hohe Kristalinität und
gute magnetische und ferroelektrische Eigenschaften. In beiden Systemen ist die
Remanenz der LSMO Schicht negativ.
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Abstract

Voltage control of magnetism (VCM) shows a strong potential to impact the field
of magnetic data storage and spintronic devices with low power consumption. With
this as an aim, La0.7Sr0.3MnO3/Pb(Mg1/3Nb2/3)O3 - PbTiO3 (LSMO/PMN-PT (001))
heterostructure is deposited using oxide molecular beam epitaxy. LSMO is ferro-
magnetic at room temperature. Grown on a piezoelectric /ferroelectric substrate
PMN-PT(001), it forms an artificial multiferroic heterostructure. This system was
structurally characterized using different techniques revealing growth of epitaxial
LSMO layers. The main part of this thesis focuses on the investigation of mag-
netoelectric coupling in LSMO/PMN-PT(001). The measurements show change in
the nature of ME coupling, by varying different parameters like temperature and
direction of magnetization. In all experiments the voltage is applied along [001] di-
rection. The magnetoelectric coupling in LSMO/PMN-PT(001) arises due to strain
and charge coupling. Since the substrate PMN-PT is piezoelectric and ferroelectric,
both strain effect and switching of ferroelectric polarizations contribute to the ME
coupling. Impact of both mechanism is visible in the measurements. Strain coupling
is dominant along hard axis [100] of LSMO whereas charge coupling shows domi-
nance along easy axis [110] of LSMO. Using polarized neutron reflectometry (PNR),
the magnetic depth profile as a function of applied voltage reveals the presence of
an interlayer with reduced nuclear scattering length density and magnetic scatter-
ing length density. Examining this interlayer with scanning transmission electron
microscopy (STEM) and energy dispersive X-ray spectroscopy (EDS) shows La-
deficiency and excess of Mn near the interface with the dark regions to be particles
with a triangular cross-section. The stoichiometry of these particles is confirmed
with field cooled-cooling (FCC) curve which shows a jump in magnetization near the
Curie temperature TC = 43 K of Mn3O4. The formation of these particles is favored
when the LSMO films are strongly strained which leads to defects near the interface.
STEM images shows the presence of defects near the interface. Real-space magnetic
field mapping as a function of temperature is performed using off-axis electron holog-
raphy on LSMO/PMN-PT(001) which demonstrates uniform magnetic field in the
LSMO films. The magnetic phase gradient reduces with increasing temperature de-
picting reduction in the magnetic field in LSMO layer with temperature. Based on
similar approach, a second heterostructure, La0.7Sr0.3MnO3/ BaTiO3/ Nb:SrTiO3
(LSMO/BTO/Nb:STO (001)) is deposited using high oxygen pressure sputtering
system and oxide molecular beam epitaxy. Here, LSMO is a ferromagnetic compo-
nent, BTO layer is ferroelectric and Nb:STO is used a conductive substrate. The
growth of this structure is a two-step process. The BTO layer is grown in the
high oxygen pressure sputtering system using growth parameters optimized during
a growth study. The LSMO layer is grown in the oxide molecular beam epitaxy
system. This heterostructure shows good crystalline, magnetic, and ferroelectric
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properties. In both systems, negative remanence is observed in the LSMO layer.
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1 Introduction

The quest for high data storage density has pushed the semiconductor industry to
find a new route to create energy efficient data storage devices. With this focus,
the current spintronic devices have already delivered non-volatile magnetic random
access memory (MRAM) [1]. These spintronic devices rely on ferromagnetic (FM)
materials, where the magnetic moment is controlled by application of external mag-
netic field. The generation of the external magnetic field is costly in terms of power
consumption and dissipation. These problems can be avoided by using multiferroic
materials. Multiferroics are the material possessing coexistence of more than one
ferroic order. A multiferroic possessing FM and ferroelectric (FE) orders enable
the control the magnetization by an electric field, which is called magnetoelectic
(ME) effect [2, 3]. The FE part of the envisaged material would guarantee the pre-
vention of electric currents due its insulating nature, thereby decreasing the power
consumption.

ME coupling has been demonstrated in single phase oxide materials [4,5]. However,
the single phase materials like Cr2O3 or TbMnO3, are antiferromagnetic (AFM)
in nature and exhibit large effects only below room temperature, which cannot be
used for the device application. This makes the composite materials an interesting
alternative to single phase materials. In a composite material, it is possible to
combine FM and FE materials, creating an artificial multiferroic heterostucture,
exhibiting multiferroic properties at room temperature or even higher. In such
composite systems the ME coupling is strongly mediated via the interface between
the materials and different mechanisms can be responsible for the coupling [6]. Thus,
it becomes crucial to study the interface properties of such composite systems.

Transition metal oxides (TMO) are promising candidates as they display strong
couplings between lattice, charge, spin and orbital degrees of freedom. Also, oxide
thin films exhibit large screening length, thereby guaranteeing a strong electric field
effect for voltage control of magnetism (VCM) [7]. Complex oxides with AMO3
perovskite structure, where M is a 3d-transition metal, provide a fertile ground for
many novel applications due to the nature of their electronic states arising from M-
O-M hybridization and their bonding geometries [8]. Such complex magnetic oxides
exhibit good coherence with FE oxides like BaTiO3 (BTO), Pb(Mg1/3Nb2/3)O3 -
PbTiO3 (PMN-PT) and Pb(Zr0.2Ti0.8)O3 (PZT) with respect to crystal structure.
Thus, it becomes possible to produce epitaxial FM/FE heterostructures [9]. There
are different mechanisms involved in VCM based on the choice of magnetic and
dielectric materials. Common mechanisms include: Carrier Modulation where
the magnetic properties vary due to change in the carrier doping level as a function of
applied voltage. This is known as charge-mediated ME coupling. Strain coupling
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1 Introduction

arises from transfer of strain from the FE layer/substrate to the FM layer due to the
change in lattice or shape of FE component through an inverse piezoelectric effect,
resulting in significant modulation in magnetic properties. Exchange coupling
or exchange bias effect commonly observed in FM/AFM interfaces, reflected by
the shift of magnetization hysteresis curve away from origin. This coupling can
be manipulated via external voltage, thereby modulating magnetic performance.
Orbital reconstruction results from the charge transfer and orbital hybridization
occurring at the interface of FM/FE oxides. This can induce an interfacial covalent
bond leading to series of novel electronic states and phenomena.

The work of this thesis studies represents mediation of ME coupling via carrier
modulation and strain coupling. Two FM/FE composites have been studied :
La0.7Sr0.3MnO3 (LSMO)/PMN-PT(001) and LSMO/BTO/Nb:SrTiO3 (001). The
first heterostructure LSMO/PMN-PT(001) is grown using oxide molecular beam epi-
taxy (OMBE). Temperature dependent studies show dominance of strain-mediated
ME coupling at 300 K and 80 K. However, the strain coupling behavior changes
from butterfly loop at 300 K to linear at 80 K. On measuring the ME coupling in
remanent magnetic field and along hard [100] and easy [110] axis of LSMO, strain
coupling is found to be dominant along hard axis while charge coupling becomes
dominant along the easy axis of LSMO at 300 K. A polarization hysteresis like loop
is observed along easy axis. The magnetic depth profile is probed using polarized
neutron reflectometry (PNR) as a function of voltage at 80 K which revealed pres-
ence of interlayer. This interlayer is examined by scanning transmission electron
microscopy (STEM) and energy dispersive X-ray spectroscopy (EDS), which con-
firmed the excess of La-deficiency and Mn-excess near the interface. STEM results
shows presence of Mn3O4 particles, the stoichiometry of which is confirmed by field
cooled-cooling (FCC) curve which shows kink in magnetization near the TC = 43 K
of Mn3O4. Off-axis electron holography is performed on LSMO/PMN-PT(001) to
study its remanent magnetization as a function of temperature which reveals pres-
ence of homogeneous magnetic field through LSMO. The second heterostructure,
LSMO/BTO/Nb:STO(001) is deposited in two steps. First the growth parameters
are calibrated to deposit FE BTO thin films in high oxygen pressure sputtering
system (HOPSS). FE properties are probed using piezo force microscopy (PFM).
After growing BTO layer, the sample is transferred to OMBE chamber for the de-
position of LSMO. This heterostructure is checked for its structural, magnetic and
FE properties which shows successful results. An interesting phenomena of nega-
tive remanence (NRM) is observed in LSMO layer for both systems, which requires
a systematic study to understand its origin. These experiments and results give
a comprehensive picture of VCM in LSMO/PMN-PT(001). With the successful
growth of LSMO/BTO/Nb:STO(001), it is now possible to test this structure for
ME coupling.
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2 Theory

2.1 Strongly correlated electronic materials

Strongly correlated electronic (SCE) materials are the systems which show emergent
phenomenona [10] arising due to correlation among different degrees of freedoms.
The interactions between electronic spins, charges, orbitals and the lattice can pro-
duce novel functionalities, which are not characteristic of the individual elements but
of the whole system [3]. Some of the typical examples of interesting emergent phe-
nomena arising from SCE materials are high temperature superconductivity [11],
colossal magnetoresistance [12], magnetocaloric effect [13], multiferroic effect [14],
Metal-Insulator-Transitions (MIT) [15] and negative thermal expansion [16]. The
SCE materials are found in perovskite structure containing a transition-metal ion in-
side an oxygen octahedral cage. The strong correlation between electrons produce a
rich phase diagram which can be controlled by two fundamental parameters. Firstly,
the hopping amplitude ’t’ which is responsible for the electron-hopping between the
atoms and second is the density of charge carries [17]. These two parameters deter-
mine whether the system is ferromagnetic, antiferromagnetic, conducting or insulat-
ing. These parameters play an important role in complex oxides with the formula

Figure 2.1: Ideal perovskite structure with formula AMO3 inspired from [3] with
Vesta [18]

of (RE,AE)MO3 where RE is trivalent rare-earth ion, AE is divalent alkaline-earth
ion and M is the transition metal ion. Fig. 2.1 shows ideal perovskite with simple
cubic structure.

The A-site of the perovskite can be doped with electrons or holes in the form of solid
solution (RE1−xAExMO3) thereby governing the increase or decrease in the density
of charge carriers. Depending upon the amount of doping, the electron bandwidth
W and the electronic concentration varies resulting in different phases of the system.

3



2 Theory

Figure 2.2: Crystal field splitting of d-orbitals in octahedral environment

These phases show interesting properties when subjected to a magnetic field, electric
field or change of temperature. Since the transition-metal ion M is surrounded by
negative oxygen ions O2−, crystal field potential is created which lifts the degeneracy
of the d-electron levels.

As one can see from the Fig.2.2, the eg orbitals pointing towards O2− have higher
energy than t2g orbitals which are pointing between the ions [3]. The crystal field
effects arises due to the electrostatic repulsion from negatively charged electrons in
the oxygen orbitals [19]. A variety of complex spin-orbital ordering can be achieved
with the coupling of these degrees of freedom.

2.2 Ferroelectricity - BaTiO3

A ferroelectric system is a non-centrosymmetric crystal structure possessing two
or more switchable states of electric polarization in the absence of applied electric
field [20]. They are insulating and dielectric in nature [21]. The onset of ferro-
electricity in a material is due to the displacement of cations relative to the anions
which results in polarization and this depends on the balance between long-range
Coulomb forces which favors the ferroelectric state and short range repulsion caused
by the electron clouds of the neighboring ions [22]. Cochran [23] and Anderson [24]
could explain that the phase transitions and the lattice dynamical instability in fer-
roelectrics are based on soft mode theory. One can apply mechanical force or change
the temperature causing distortion in crystal lattice which changes the strength of
electric dipoles [25]. An electric dipole is made of two charges with opposite signs
separated by a distance d and hence, a dipole moment can be defined as

p⃗ ≡ qd⃗ (2.1)

A dipole vector always points parallel to distance from negative to positive charge
as shown in Fig. 2.3.
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2.2 Ferroelectricity - BaTiO3

+ _p

+

E

Figure 2.3: Electric dipole moment with separation of opposite charges and the
electric field arising from the charges inspired from [26]

The primary characteristic of a ferroelectric material is ferroelectric hysteresis. Fig. 2.4
shows hysteresis loop of polarization versus electric field. On applying an electric
field, the dipole moments start aligning themselves in the direction of applied field
and the average polarization of the crystal starts increasing. At some point, the
polarization reaches the saturation point due to the relative permittivity of the ma-
terial and the extrapolation of this line to the abscissa gives saturation spontaneous
polarization(PS). Once reaching PS, on reducing the electric field to zero, remanent
polarization(PR) is obtained, which is basically the polarization strength of the ma-
terial retained after removal of electric field. A negative electric field is required to
reduce the polarization to zero and this field is called Coercive field(EC) and further
increase in this negative field eventually reverses the saturation polarization to -PS.
When the field returns to zero, the polarization of the crystal is set to -PR. In this
way, one can again increase the electric field and switch the polarization to +PR.

Figure 2.4: Ferroelectric hysteresis loop

Any crystal with a polar space group can possess a non-zero spontaneous polariza-
tion but for it to be ferroelectric, it is of utmost importance to have switchable states
of electric polarization [20]. BaTiO3 was the first perovskite compound found to
be ferroelectric with tetragonal phase(P4mm) at 393 K. At 278 K the second ferro-
electric phase transition takes place with orthorhombic symmetry(Amm2), followed
by low temperature ferroelectric phase transition to rhombohedral(R3m) at 183 K.
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2 Theory

Above 393 K, BaTiO3 is in paraelectric cubic structure(Pm3m). Each transition is
accompanied by atomic displacement of Ti4+ ion relative to O2− octahedra along
the < 100 >(T), < 110 >(O) and < 111 >(R) directions [20]. As the displacement
of ions takes place, a double well structure is obtained in the energy which depends
on the ferroelectric distortion amplitude in the system. In BTO, the long range
dipole-dipole interaction causes the Ti4+ to deviate from its equilibrium position.
For this ferroelectric distortion, the empty 3d-orbitals of Ti4+ ion hybridize with
filled 2p-orbitals of O2− making strong covalent bond and the Ba2+-O2− make ionic
bond [27]. The hybridization between the two orbitals is strongly dependent on their
energy difference and with ferroelectricity taking place, the respective participating
orbitals are shifted.

Figure 2.5: Change in polarization in BaTiO3 on application of applied electric
field with double well potential model for ferroelectric polarization

BaTiO3 in cubic phase has lattice parameter of 4.01 Å with the measured polar-
izations of 33µC/cm2 for R-phase, 36µC/cm2 for O-phase and 27µC/cm2 for T-
phase [28]. It experiences displacive type phase transition due to softening of
phonons [23] and at low temperatures, near phase transition, the frequency of these
soft phonons tend to become zero. BaTiO3 in tetragonal phase can have two types
of ferroelectric domains: a-type(90°) and c-type(180°). The domains oriented along
a-axis(in-plane) of BTO are called a-type domains and domains oriented along c-
axis(out-of-plane) are known as c-type domains.
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2.3 Piezoelectricity and Relaxor Ferroelectrics
(RFE)-PMNPT

Another effect which is observed in ferroelectric systems is ’piezoelectricity’. All fer-
roelectrics are piezoelectrics(PE) but not all piezoelectrics are ferroelectrics. When
a crystal is subjected to some mechanical stress, an electric potential is developed
across the crystal with accumulation of charges at its surfaces, known as ’direct
piezoelectric effect’. On the otherhand, on applying voltage across a piezoelectric
crystal, the crystal undergoes some deformation which is called ’inverse piezoelec-
tric effect’. What is actually happening in a crystal is that, in an equilibrium state
the electrical charges are perfectly balanced in the crystal and on application of
mechanical stress or electrical pressure, some atoms are pushed together and some
are pushed apart which changes the balance of electrical charges creating electric
dipoles which do not cancel each other. As a result, positive and negative charges
appear on the surfaces of a crystal [29]. This brings us to another class of ferro-
electrics known as ’Relaxor Ferroelectrics (RFE)’. RFE are disordered ferroelectrics
and exhibit high electrostriction, a ferroelectric response under high electric fields
at low temperature and dielectric relaxation [30]. They are characterized by three
temperatures: Burns temperature TB at which polar nanoregions start appearing,
intermediate temperature Tim when polar nanoregions become stable and perma-
nent and TC which is cubic to tetragonal phase transition [31]. The temperature
dependence of permittivity of RFE follows a special quadratic law

1/ε ∝ (T − T0)2 (2.2)

Whereas the normal ferroelectrics follow Curie-Weiss law and T0 is Curie-Weiss
temperature,

1/ε ∝ (T − T0) (2.3)

A typical example of RFE is Pb(Mg1/3Nb2/3)O3 (PMN) [32] in which B-site is shared
by 2 cations: Mg2+ and Nb5+ making it A(B’B”)O3 structure. It exhibits excel-
lent piezoelectric properties and possesses perovskite structure with cubic symmetry
which is retained down to 5 K. On applying an electric field to such a crystal, the
B-ions can displace easily without causing any distortion to the oxygen framework
as described by ’rattling ion model’. Therefore, larger polarization can be expected
for such systems [30]. Also, RFE’s are known to have diffused phase transitions. At
higher temperatures they exhibit paraelectric behaviour. It features nanoscale order-
ing of Mg2+ and Nb5+ ions. The local electric dipoles in PMN emerge as a result of
offset arrangement of polarizable Pb and Nb cations from their centrosymmetric po-
sitions within the oxygen octahedra while Mg remains approximately central. But on
average, all the cations maintain cubic symmetry. The displacement correlations in
PMN are referred as polar nano-regions which are in nanometer size and are formed
below Burns temperature TB = 620 K. These polar nanoregions possess nonzero
spontaneous polarization [33]. The displacement of both Pb and Nb takes place
along ⟨111⟩ and the magnitude of Pb displacement enhances as the local Mg/Nb
ratio increases. These polar nanoregions are the reason behind the relaxor behavior
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of PMN.On reducing the temperature, the size of polar nanoregions increases and at
freezing temperature Tf = 230 K, they become frozen, which results in remarkable
ferroelectricity and high remanent polarization at low temperatures [34]. These local
polar nanoregions possess rhombohedral R3m symmetry. Pb2+ and Nb5+ cations
form short but strong covalent bonds with oxygen via hybridization of their 6s and
4d states with O 2p states whereas due to lower ionic charge of Mg2+, it is less
covalently bonded with oxygen which leads to underbonded oxygen atoms. In order
to satisfy the oxygen bonding requirements, larger Pb off-centering is needed [33].
Fig.2.6(a) shows the cation ordering in PMN with arrangement of alternating {111}
planes occupied by Nb5+ and a 2:1 mix of Mg2+/Nb5+. Eremenko et al., reported in

Figure 2.6: (a) chemical ordering in PMN, (b) cation-oxygen displacement
modes (inspired from [33])

their paper that based on PDF analysis, Pb has stronger off-centering from Mg than
from Nb and both Pb and Nb are displaced along ⟨111⟩ direction. Fig.2.6(b) demon-
strates the displacement of cations with respect to oxygen. The Pb displacement
is negative correlated with oxygen meaning: it moves opposite to oxygen which is
similar to Nb displacement whereas, for Mg the displacement is positively correlated
with oxygen. It was observed that on substitution of Ti4+ ions for Mg2+/Nb5+ at
B-site, the relaxor properties of PMN can be reduced in (1-x)PMN-(x)PT [35] and
the Curie temperature can be increased above room temperature. With the sub-
stitution of PbTiO3 (PT), a ferroelectric phase near morphotropic phase boundary
(MPB - transition between the tetragonal and rhombohedral ferroelectric phases
due to compositional variation) at x≈ 0.33 appears which separates the relaxor side
(pseudocubic) and ferroelectric side (tetragonal) of the solid solution. The substitu-
tion of PT deteriorates the stability of the local rhombohedral symmetry in PMN.
As a result, the system stays pseudocubic on average. The transition temperatures
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for PMN and PT are 258 K and 763 K. In this thesis, 0.7PMN-0.3PT is used where
PT substitution is near MPB. It was observed that at x = 0.3, with the increase in
temperature the spontaneous polarization decreases but does not vanish completely
which means that near the transition temperature the ferroelectric and paraelec-
tric phase co-exist in micro-regions. Such a behavior is very typical for RFEs [36].
The black line in fig.2.7 represents lattice parameters as a function of temperature

Figure 2.7: Phase diagram of PMN-0.3PT with lattice parameters as a function
of temperature with TC = 408 K inspired from [37] and crystal structure of PMN-
0.3PT with Vesta [18].

for PMN-0.3PT. At 300 K PMN-0.3PT is rhombohedral with pseudocubic structure
having α = β = γ =89.90°. It has lattice constant of a=4.02Å. PMN-0.3PT pos-
sesses 3 types of domain switching: 71°, 109° (ferroelastic) and 180° (ferroelectric)
with 8 polarization orientations in ⟨111⟩ direction.

P total = P T i
r xP T + P P MN

r xP MN , (2.4)
The equation 2.4 demostrates that the total polarization of PMN-PT is a sum of
polarization arising from both phases P P MN

r and P T i
r [34]. In PMN-PT, not only the

B-sites are shifted but also the A-site is off-centered. This is due to the formation of
strong covalent bond between Pb-O. Therefore, on application of electric field the
cations on B-site and the O anions are displaced in same direction opposite to the
electric field [38].

2.4 Ferromagnetism in La0.7Sr0.3MnO3

In section 1.1, interesting emergent phenomenas were discussed arising from strongly
correlated electronic (SCE) materials and one of them was colossal magnetoresis-
tance (CMR). This section will talk about the SCE material La0.7Sr0.3MnO3 (LSMO)
which exhibits CMR. LSMO is derived from its parent system LaMnO3 (LMO) which
is an insulating antiferromagnet [39] whereas LSMO is an semi-metallic ferromagnet.
The reason behind this change of magnetic ordering is the different kind of exchange
interactions taking place for both systems. These exchange interactions arise due
to overlapping of two or more electron wave functions resulting in anti-symmetric
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wave function. One can describe the exchange interaction by a Heisenberg-Spin-
Hamiltonian as

Ĥ = −
∑
ij

JijS⃗i · S⃗j, (2.5)

where S⃗i and S⃗j are quantum mechanical spin operators, Jij is the exchange con-
stant between the ith and jth spins [19]. If Jij<0, antiferromagnetic alignment and
for Jij>0, a ferromagnetic alignment is favoured.In LMO, the antiferromagnetic or-
dering is due to superexchange interaction between the Mn3+ ions.

2.4.1 Superexchange Interaction

It is an indirect exchange interaction mediated via non-magnetic ion placed between
magnetic ions. This type of kinetic exchange allows delocalization of electrons by
minimizing the kinetic energy of the system. The superexchange interaction is a
virtual hopping process derived from second-order perturbation theory. It is best
explained by Goodenough-Kanamori [40] rules which states that the occupation of
the metal orbitals and the angle between the metal atoms and the mediating oxygen
atom are very crucial for magnetic superexchange. A virtual transfer between two
half-filled metal orbitals with the metal atoms and oxygen atoms M-O-M having
an angle of 180° is restricted by Pauli exclusion principle and therefore antiferro-
magnetic ordering is obtained. However, if exchange takes place between filled and
empty metal orbitals with M-O-M of 180° and with M-O-M of 90° angle between
filled metal orbitals, a ferromagnetic ordering is obtained.

Figure 2.8: Superexchange interaction taking place in M-O-M which favours an-
tiferromagnetic ordering

2.4.2 Crystal Field Splitting and J-T distortion

On doping LMO with Sr (x = 0.3), the A-site becomes a mixture of divalent (Sr2+)
and trivalent (La3+) cations which leads to mixed valence of manganese ions: Mn3+

- [Ar]3d4 and Mn4+ - [Ar]3d3 [10]. There is a crucial parameter which is responsible
for the structure of manganites known as tolerance factor t,

t = (rA + rO)√
2(rB + rO)

, (2.6)
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The perovskite structures are stable for the range of 0.89<t<1.02, t =1 for an
ideal cubic structure [12]. Due to the misfit between the ionic radii of the A (rA)
and B (rB) ions, the corner shared oxygen octahedras are tilted leading to sizable
distortions. Hence, rhombohedral or orthorhombic structure is obtained [10]. For
manganites, the central Mn ion is surrounded by the oxygen octahedra which leads
to crystal field splitting.

The electrostatic repulsion from the negatively charged electrons in the oxygen or-
bitals give rise to the crystal field [19]. Atomic physics tells us that a homogeneous
electric field changes the energy levels of an atom, also known as the ’Stark effect’.
Therefore, one can consider the crystal field theory (CFT) as a generalization of
Stark effect for anisotropic charge distributions. The degeneracy of 2J+1 ground
state levels in the atoms with unpaired electrons is lifted due to an interaction with
anisotropic charge distribution. Thus, this crystal field splitting will result in an
anisotropy for the local spin orientation because of spin-orbit interaction [10]. The
electronegativity of oxygen atoms surrounding a metal ion pulls the charge away
from the metal atom towards the oxygen atoms making the metal-oxygen bond
partly covalent and partly ionic. In manganites, the octahedral surrounding of oxy-
gen atoms around Mn ions lead to crystal field splitting. The 3d-orbitals d3z2−r2 and
dx2−y2 point in the direction of negative point charges whereas the orbitals dzx, dyz

and dxy point in between the negative point charges. Thus, a 3d electron in orbitals
dxz, dyz and dxy experience a weaker Coulomb repulsion from the oxygen atoms.
Therefore, a former five fold degenerate energy level splits into t2g level with three
fold and eg level with two fold degeneracy. The lower t2g level comprises of dxz, dyz

and dxy orbitals and the upper level eg has d3z2−r2 and dx2−y2 orbitals as depicted
in fig. 2.9.
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Figure 2.9: Crystal field splitting in a 3d4 ion in an octahedral. The 3d states
split into lower t2g level and upper eg level. The Jahn-Teller effect lifts this orbital
degeneracy by distorting the crystal lattice.

In MnO6 octahedron, the lowest t2g level and the highest eg level have energy differ-
ence of ∆ ∼ 1.5 eV and with Hund’s first rule, the intra-atomic correlations favours
parallel alignment of the electron spins for Mn3+ and Mn4+ ions. The corresponding
exchange energy is about 2.5 eV and larger than the crystal field splitting yielding
a weak field case with electron occupancy in Mn3+: t3↑

2g e↑
g , S = 2 and Mn4+: t3↑

2g, S
= 3

2 [12].

Another effect which is observed in LSMO depends on its magnetic properties which
also influence the symmetry of local environment. This happens because sometimes
a spontaneous distortion of the octahedron is energetically favorable as it balances
the energy cost of increased elastic energy. This effect is known as Jahn-Teller(J-
T) distortion [19]. This effect is evident in Mn3+ ions lowering its energy whereas
Mn4+ does not show this effect. J-T distortion results in raising and lowering of
energy of certain orbitals as shown in fig. 2.9.

2.4.3 Double exchange interaction

As discussed earlier that Sr-doping in LMO leads to mixed valence of Mn ions with
different oxidation states: Mn3+[3d4] and Mn4+[3d3] and due to this the exchange
interaction among these Mn ions result in ferromagnetic ordering. This type of ex-
change interaction is known as double exchange interaction. In double exchange
(DE) interaction, a simultaneous electron hopping takes place: an eg electron from
Mn3+ hops into oxygen 2p orbital and at the same time a 2p electron of oxygen
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Figure 2.10: Double exchange interaction resulting in FM alignment in LSMO

hops onto Mn4+ site. This electron hopping is only possible if there is a vacancy of
the same spin, since spin-flip of hopping electron is not allowed and if the electrons
in t2g level have parallel alignment. The hopping of eg electron to a neighboring ion
with anti-parallel alignment of t2g spins is not energetically favorable. The ferro-
magnetic alignment arising from this electron hopping reduces the overall energy of
the system and is also responsible for the conductivity on the material. Hence, the
material becomes metallic [10, 19]. The Sr-doping at A-site generates holes on the

Figure 2.11: LSMO phase diagram with Sr-doping levels (Inspired by [41]). It
comprises of various magnetic phases: C-I (spin-canted insulator), FM-I (ferro-
magnetic insulator), FM-M (ferromagnetic metal), AFM-M (antiferromagnetic
metal), PM-I (paramagnetic insulator) and PM-M (paramagnetic metal). The yel-
low star indicates the Sr-doping used in this thesis work.

Mn-sites as seen above. This yields in a fraction of (1-x)Mn3+ ions and (x)Mn4+

ions. The t2g electrons in Mn3+ ions are tightly bound whereas the eg electron is
itinerant which results in DE interaction. Therefore, on application of magnetic
field, the core spins align thereby increasing the conductivity near TC = 370 K for
LSMO. Also, near TC , LSMO shows a large magnetoresistive effect known as colos-
sal magnetoresistance (CMR) which is an implication of metal-insulator transition
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(MIT). Above TC , the system is in paramagnetic state and the spin directions of t2g

electrons in the neighboring ions fluctuate, thereby suppressing the electron hopping
and making the system insulating [19].

LSMO properties strongly depend on the Sr-doping level x at the A-site as it also
leads to variation in Mn3+/Mn4+ ratio which is responsible for magnetic ordering
and the conduction of electrons. From Fig.2.11, one can infer the changes in the
phases of LSMO with increasing Sr-doping (x). In this work, we are using LSMO
with x=0.3 which is in FM-M state (marked with star).

2.5 Magnetoelectric effect

Magnetoelectric effect is defined as coupling between magnetization and electric
polarization i.e., controlling magnetization by switching electric polarization or vice-
versa. It is already known from Maxwell’s equation that magnetic interaction and
electric charge motion are intrinsically coupled. In 1960, Dzyaloshinskii [4] proposed
that the occurrence of magnetoelectric effect is strongly dependent on the magnetic
symmetry of the substance and predicted the magnetoelectric coupling in Cr2O3,
which was later experimentally proven by Astrov [42,43]. However, the experimental
proof of magnetoelectric(ME) effect in Cr2O3 showed presence of linear ME effect
which is intrinsically small. Magnetoelectric coupling can be thermodynamically
explained by expansion of free energy as a function of electric and magnetic fields [14]

F (E,H) = F0+εE2+µH2−EP−MH−αEH−βEH2−δE2H−γE2H2+... (2.7)

The two most studied magnetoelectric couplings are bilinear coupling ’αEH’, re-
sponsible for small ME coupling in Cr2O3, and biquadratic coupling ’γE2H2’ which
can lead to bigger ME effects. Now, differentiating equation 2.7 with respect to
electric field gives polarization

P (E,H) = αH + βH2 + 2δEH + 2γEH2 + .... (2.8)
and magnetization by differentiating with respect to magnetic field

M(E,H) = αE + 2βEH + δE2 + 2γE2H + .... (2.9)

Then came new and interesting set of materials known as multiferroics where two or
more ferroic orders are present. Multiferroics gave a whole new platform for studying
ME coupling. Consider a multiferroic possessing a bilinearly coupled polarization P
and magnetization M. In order, to achieve ME effect, the space inversion symmetry
(due to dielectric polarization) and time inversion symmetry (due to magnetization)
has to be broken simultaneously. This can be realized by Dzyaloshinskii-Moriya
effect [4, 44] which arises due to an energy contribution to the Hamiltonian of a
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crystal where the antiferromagnetically aligned spins can be canted and the amount
of this spin canting is directly proportional to the size of an electric dipole in ME
coupling. Mathematical description of Dzyaloshinskii-Moriya energy can expressed
as

EDM = D⃗ ·
[
S⃗1 × S⃗2

]
(2.10)

This is the origin of bilinear magnetoelectric coupling. This coupling gives possibility
for reversing the sign of magnetization as a function of voltage which is useful for
memory devices. However, the magnetization arising from the spin canting is quite
weak in single compound magnetoelectrics and therefore, one needs to find a way
to obtain strong magnetism. Since devices are thin films, an artificial mutliferroic
heterostructure can be integrated easily with industrial applications.

This boosted the research for composite systems by coupling a ferroelectric (FE)/
piezoelectric (PE) with ferromagnetic (FM) materials, thereby creating an artificial
mutliferroic heterostructure. There are different ways of achieving the magnetoelec-
tric coupling in artificial multiferroic structures like strain mediation, influence of
ferroelectric polarization state on the electronic structure of a ferromagnet at the
interface and the exchange interaction between a ferromagnet and a multiferroic. A
ferromagnet possesses an easy direction of magnetization also known as ’easy axis’
which is determined by the minimization of the total free magnetic energy F. F is
calculated as the sum of magnetocrystalline energy Fmc, the demagnetization en-
ergy Fdemag and the surface or interface magnetic energy Fsurface in the absence of
internal field. Therefore, when a FM comes in contact with a FE, the term related
to magnetoelastic energy has to be taken into account corresponding to the voltage
induced strain effects on the magnetic properties. With this, one needs to keep
in mind that the electronic effects at the interface cause Fsurface to depend on the
voltage. By application of voltage, it is possible to change the direction of magnetic
easy axis due to generation of large magnetoelastic energy [45].

2.5.1 Strain-mediated ME

The magnetoelectric coupling through strain-mediation can result in remarkable
modulation of magnetic properties. The basic idea behind this is coupling between
electrostriction and magnetostriction. Electrostriction refers to change in the
shape of the material under the application of electric field and magnetostriction
corresponds to expansion or contraction of a ferromagnetic material in response to
an applied magnetic field [3]. This can be achieved by the transfer of strain from
a ferroelectric layer placed in proximity to a ferromagnetic layer. On applying the
voltage across the system, the coupling between electrostriction and magnetostric-
tion results in strain-mediated ME. Therefore, when the voltage is applied across a
FE+FM heterostructure, the FE material deforms due to inverse piezoelectric effect
and generates strain which is transferred to the deposited FM layer. This strain
transfer can result in change of the coercive field (HC) and magnetic anisotropy [9].

The total strain in the system is a collective contribution from elastic deformation
and ferroelectric/ferroelastic switching. The elastic deformation shifts the entire
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Figure 2.12: (a) Schematic of strain coupling in a FE and FM heterostructure
(b) butterfly-shaped curve characteristic of in-plane piezoelectric strain vs electric
field taken from [46] with E||[001] along PMN-PT(001).

strain-electric field curve downwards and the switching contribution becomes signif-
icant at higher stress levels resulting in the increase of HC . This leads to switching
of 71° rhombohedral or 90° tetragonal polarizations in the material and they retain
their switched state until sufficient electric field is applied to overcome the applied
stress state and switch back the polarizations [47]. Fig.2.12 shows how the strain
coupling can result in tensile strain and compressive strain. The corresponding but-
terfly curve is characteristic for strain vs electric field and Fig.2.12b depicts the
measurement of LSMO/PMN-PT(001) system from [46]. The tensile strain is al-
ways positive and compressive strain is negative. The strain mediated ME coupling
is volatile effect and thus cannot be used for switching devices.

2.5.2 Charge-mediated ME

Charge-mediated coupling is an interface effect which is a result of modulation of
charge carrier density at the interface between FM and FE layer. The bound charges
at the ferroelectric interface vary the charge carrier density in the ferromagnetic
layer. This type of magnetoelectric coupling is limited by the Thomas-Fermi screen-
ing length in the ferromagnetic material and varies from few Angström to ≈ 1 nm.
One can observe radical changes if a complex ferromagnetic oxide like LSMO is
coupled with a ferroelectric as the ferroelectric field effect will lead to charge ac-
cumulation at the interface thereby altering the charge doping in LSMO [48]. The
charge-mediated magnetoelectric coupling gives rise to non-volatile effects due to
the presence of remanent polarization of ferroelectric layer yielding change in mag-
netization which remains stable even after removing the applied electric field. The
first charge-mediated ME was observed in PZT/LSMO heterostructure [49].

The charge-mediated voltage control of magnetism can lead to 3 types of effects,
first: modification of magnetic moments due to enhanced spin imbalance under
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Figure 2.13: Schematic of a charge-mediated coupling taking place in
LSMO/PMNPT(001).

applied electric field [50], second: alteration of the electronic phase of the magnetic
layer (ferromagnet to paramagnet or ferromagnet to antiferromagnet) [51, 52] and
third: change in magnetic anisotropy arising from different density of states near
the Fermi-level under different polarizations [53, 54]. Fig.2.13 depicts the charge-
mediated ME taking place in LSMO/PMN-PT(001) heterostructure showing the
accumulation of charges at he interface. This will be discussed in detail in the
further section of this thesis.
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The basic idea behind scattering theory is that to understand the properties of an
object of interest, you throw something at it and analyze whatever bounces back
from that object. Scattering can be best understood in terms of interference phe-
nomenon of the radiation waves. The techniques based on scattering provides a
non-destructive means to investigate the chemical, electronic and magnetic proper-
ties of a material. Different probes like X-rays, neutrons and electrons have been
used to study the systems under investigation in this work. This section will give
an introduction on the basic concept behind scattering and the characterization
methods based on it. This section follows [55], [56] and [57].

3.1 Elementary scattering theory

From de-Broglie and Einstein, it is known that electrons exhibit a wave-particle
duality and the wavelength (λ) of a particle wave is dependent on the momentum
of the particle by relation

λ = h

p
(3.1)

with Planck’s constant h and the absolute particle momentum p. Therefore, these
particles with different wavelengths can be employed for scattering experiments to
probe the system. A simple scattering process is depicted in fig.3.1

For the scattering experiment we take into account the Fraunhofer approximation
where the size of the sample is much smaller than the distance between the sample
and the source and the distance between the sample and the detector. In addition we
assume that the source emits monochromatic radiation with the plane wave having
wave vector k⃗ incident on the sample. The plane wave emitted from the sample and
incident on the detector is described with wave vector k⃗′. Now, considering the case
of elastic scattering:

k = |⃗k| = |k⃗′| = 2π
λ

(3.2)

where λ is the wavelength of the incident and the scattered beam. The scattering
vector Q⃗ can be defined as:
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Figure 3.1: Scattering process for a monochromatic radiation under the Fraun-
hofer approximation.

Q⃗ = k⃗′ − k⃗ (3.3)

According to de-Broglie, the particle corresponding to the incident wave possesses a
momentum of p⃗ = �k⃗ and after scattering the momentum transfer occurs which is
represented by �Q⃗ with scattering vector Q⃗. With wavelength λ and the scattering
angle 2θ, one can determine the magnitude of Q⃗ as follows:

Q = |Q⃗| =
√
k2 + k′2 − 2kk′cos2θ ⇒ Q = 4π

λ
sinθ (3.4)

During scattering experiment the intensity distribution is measured as a function of
the scattering vector I(Q⃗) which is proportional to the cross-section which is also
known as ’scattering cross section’. The scattering cross section is defined by Fig.3.2
which is based on the probability for an interaction between the incident particle
and the sample matter.

The scattered intensity measured by the detector covers the solid angle defined by
the active detector area dS and the distance between the scattering event and the
detector r, therefore solid angle is

dΩ = dS

r2 (3.5)

Now considering the number of particles measured by the detector to be dn from the
incoming flux J , scattered from the solid angle dΩ, then the differential cross-section
can be defined as

dσ

dΩ = dn

JdΩ (3.6)
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Therefore, to determine the total scattering cross section which would give us the
scattering probability independent of energy change and scattering angle, one needs
to integrate to

σ =
∫ 4π

0

dσ

dΩdΩ (3.7)

By now, we know that the measured scattered intensity is the differential cross
section which can be defined as the number of particles dn scattered into a solid
angle dΩ in the detector located at a distance r. For determining the differential
cross-section, it becomes important to look into the quantum mechanical description.
The quantum mechanics treats neutrons as particle wave fields using Schrödinger
equation:

Hψ =
(
ℏ2

2m∆ + V

)
ψ = iℏ

∂

∂t
ψ (3.8)

where ψ is the probability density amplitude and V is the interaction potential.
Now, considering the case of elastic scattering (E = E’), the time-dependent factor
can be described as e(−i E

h
t) which leads to a wave equation for the spatial part of

the probability density amplitude ψ as

∆ψ + k2(r⃗)ψ = 2m
ℏ2 V ψ (3.9)

with spatially varying wave vector

k2(r⃗) = 2m
ℏ2 (E − V (r⃗)) (3.10)

Figure 3.2: Definition of scattering cross section. Adapted from [57]
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In vacuum (V (r⃗) = 0), the solution of this wave equation is given by plane waves
ψ = ψ0e

[i(k⃗r⃗− E
ℏ t)] with energy E = ℏ2k2

2m
. For an inhomogeneous (V (r⃗) ̸= 0) solution,

when the wave packet reaches the region which is under the influence of the potential
V(r⃗), its wave function is then obtained from the superposition of the plane wave
eikr and a scattered wave. The structure of this scattered wave is dependent on
the potential V(r⃗). However, its asymptotic form is simple. The scattered wave in
a given direction (θ, ϕ) will have a radial dependence in the form of eikr

r
. It is an

outgoing wave which will have same energy as the incident wave and the factor 1
r

results from the fact that there are 3 spatial dimensions:

(∆ + k2)e
ikr

r
= 0 (3.11)

for r ≥ r0, where r0 is any positive distance. Since scattering is isotropic, the
amplitude of the outgoing wave will depend on the direction (θ, ϕ). Therefore,
the wave function ψ(scatt)(r⃗) associated with the stationary scattering state in its
asymptotic form is:

ψ(scatt)(r⃗) ∼
r→∞

eik⃗r⃗ + f(θ, ϕ)e
ik⃗r⃗

r
(3.12)

In this equation, the function f(θ, ϕ) is called scattering amplitude, which depends
on the potential V(r⃗). The differential cross-section is simply the square of the
modulus of the scattering amplitude:

dσ

dΩ = |f(θ, ϕ)|2 (3.13)

The scattering amplitude f(θ, ϕ) can be determined by introducing an integral scat-
tering equation, whose solutions are precisely these stationary scattering state wave
functions. Suppose, there exists a function G(r⃗) such that:

(∆ + k2)G(r⃗) = δ(r⃗) (3.14)

[G(r⃗) is the "Green’s function" of the operator ∆ + k2]. Then any function ψ(r⃗)
which satisfies:

ψ(r⃗) = ψ0(r⃗) +
∫
d3r′G(r⃗ − r⃗′)V (r⃗′)ψ(r⃗′) (3.15)

where ψ0(r⃗) is a solution of the homogeneous equation:

(∆ + k2)ψ0(r⃗) = 0 (3.16)

The equation 3.12 suggests the choice of incident plane wave eik⃗r⃗ for ψ0(r⃗) and with
Green’s function G(r⃗), the integral scattering equation can be written as:

ψ(scatt)(r⃗) = eik⃗r⃗ +
∫
d3r′G(r⃗ − r⃗′)V (r⃗′)ψ(scatt)(r⃗′) (3.17)
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3.2 Atomic form factors

whose solutions represent the asymptotic behaviour given by eq. 3.12. Now,

G(r⃗ − r⃗′) = − 1
4π

eik|r⃗−r⃗′|

|r⃗ − r⃗′|
∼

r→∞
− 1

4π
eikr

r
e−ik⃗′r⃗′ (3.18)

where k⃗′ is the scattered wave vector in the direction (θ, ϕ). Using eq. 3.18 in eq.
3.17, we get

ψ(scatt)(r⃗) ∼
r→∞

eik⃗r⃗ − 1
4π

eik⃗r⃗

r

∫
d3r′e−ik⃗′r⃗′

V (r⃗′)ψ(scatt)(r⃗′) (3.19)

Thus, scattering amplitude becomes:

f(θ, ϕ) = − 1
4π

∫
d3r′e−ik⃗′r⃗′

V (r⃗′)ψ(scatt)(r⃗′) (3.20)

Now, defining the incident wave vector k⃗ as the vector modulus of k such that, eikr =
eik⃗·r⃗ and the scattering wave vector Q⃗ = k⃗′ − k⃗ and substituting ψ(scatt)(r⃗′) = eik⃗r⃗′ in
eq. 3.20, we obtain Born expansion of scattering amplitude. Taking f(θ, ϕ) = f(Q⃗)
and limiting to the first order of First Born approximation, we get

f(Q⃗) = − 1
4π

∫
d3r′e−ik⃗′r⃗′

V (r⃗′)eik⃗r⃗′

= − 1
4π

∫
d3r′e−i(k⃗′−k⃗)·r⃗′

V (r⃗′)

= − 1
4π

∫
d3r′e−iQ⃗·r⃗′

V (r⃗′)

(3.21)

The Born approximation can be explained on the basis of an assumption that an
incoming wave scatters only once inside the target potential before forming a scat-
tered wave. The scattering cross-section in Born approximation is thus simplified to
its Fourier transform of potential. Therefore, from the relation between scattering
cross-section and scattering amplitude, it becomes

dσ

dΩ = m2

4π2ℏ4 |d3r⃗e−iQ⃗·r⃗′
V (r⃗′)|2 (3.22)

From the framework of Born approximation, one sees how studying the variation of
the differential cross-section in terms of scattering direction and incident energy can
give us information about the potential V(r⃗).

3.2 Atomic form factors

X-ray scattering length relies on the number of orbital electrons which is equal to
the number of protons in a neutral atom. The nature of form factor f(Q⃗) depends
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3 Scattering Theory

on the element and is defined as the normalized amplitude of scattering from within
one particle. It describes the form of the particle.

f(Q⃗) =
∫
ρ(r⃗)e(iQ⃗r⃗)d3r⃗ (3.23)

where ρ(r⃗) is the spatial density of the scatterer about its center of mass (r⃗ = 0)
and Q⃗ is the momentum transfer. Therefore, the broader the distribution of the
scatterer in the real space, the narrower will be the distribution of f(Q⃗) leading to
faster decay of the form factor. Since, X-rays interact only with electrons which
means higher the Z, the more will be the scattering and the decay will be faster
with increasing scattering angle θ. However, for neutrons the interaction takes place
between the neutrons and the atomic nucleus which is characterized by scattering
length b and it is independent of the scattering angle and thus there is no decay
with increasing scattering angle.

Figure 3.3: Atomic and magnetic form factors. Inspired from [58]

3.3 Magnetic form factor

With neutron possessing spin = 1/2 and a magnetic moment of µn = -1.913µN

gives rise to magnetic interactions between the spins of the neutrons as well as the
magnetic moments of the magnetic atoms. The magnetic moments of the magnetic
ions will cause the variation of the magnetic form factor similar to X-rays but the fall
of f(Q⃗) is even more pronounced due to the involvement of only outermost electron
orbitals as depicted in fig.3.3. The form factor reveals the distribution of the spin
and the orbital magnetization.
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3.4 Properties of neutron

3.4 Properties of neutron

In the sections above, we discussed about the scattering basics with respect to X-rays
and neutrons. This section will deal with properties of neutrons and what makes
them interesting and useful.

The neutron is an elementary particle with a diameter of about 1 fm = 10−15m.
It is not a stable particle due to weak interactions and a free neutron undergoes
a β-decay after an average lifetime of about 15 minutes, leaving ample time for
scattering experiments

n −→ p+ e− + v (3.24)

A neutron has a mass of about m ∼ 1.675 × 10−27 kg. Being a chargeless particle,
neutron results in large penetration depths. Since neutrons interact with the nuclei,
they are very sensitive to low Z elements like hydrogen. It also carries a nuclear
spin 1/2 which gives rise to a magnetic dipolar moment as mentioned in section 3.3.
Therefore, with this magnetic moment, the neutrons are able to interact with the
magnetic field of unpaired electrons resulting in magnetic scattering.

3.5 Reflectivity

Reflectivity is an important technique which enables us to get information on the
stacking, thickness and the roughness of the thin film. It probes the laterally av-
eraged structure of the surface and the interface. With neutrons as the probe one
can get information about the magnetic depth profile of the thin film which will
be discussed later. A simple set-up for specular reflectivity experiment has a beam
of X-rays or neutrons of wavelength λ that impinges the planar sample surface at
a grazing angle αi = θ and a fraction of it is reflected specularly from the surface
at an outgoing angle αf = θ while a part of it is refracted into the material. The
refracted beam is also scattered at the interface resulting in further reflected and
refracted part. These reflected beam from different surfaces in a sample interfere
constructively and destructively giving rise to reflectivity curve.

Reflectometry probes the scattering length density (SLD) in z-direction resulting
in lateral averaging of thickness or roughness. However, if the surface of the film
has some roughness or some features then it results in diffuse scattering (Fig.3.4b).
Also known as off-specular scattering and it takes place if αi ̸= αf . Off-specular
scattering arising from lateral structures with high correlation length will give rise
to sharp reflections.

In case of neutrons as a probe, for most materials the index of refraction is slightly
smaller than 1, leading to total external reflection for small angles of incidence θ < θc

and the absorption of neutrons is negligible. However, in case of X-rays, the index of
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3 Scattering Theory

refraction consists of a real part, called dispersion and imaginary part for absorption.
Hence, index of refraction is

n = 1 − δ + iβ (3.25)

For neutrons, the real part is given by

δ = λ2

2π
∑

j

bjρj (3.26)

and for X-rays
δ = λ2r0

2π
∑

j

ρj(Zj + f ′
j) (3.27)

and refractive index becomes

n = 1 − λ2r0

2π
∑

j

ρj(Zj + f ′
j + if”j) (3.28)

where bj is the coherent scattering length, ρj is the number density of the different
elements, r0 is the classical electron radius, Z is the number of electrons in the

Figure 3.4: a)Schematic of scattering geometry with specular reflectivity where
the surface is flat b) off-specular scattering or diffuse scattering due to surface
roughness or features.
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3.6 Polarized Neutron Reflectometry

atoms and f’ and f" are corrections for dispersion and absorption close to resonance
energies. Typically, they can be neglected and are only important at the absorption
edges. Reflectivity R is defined as the ratio of the intensities reflected and incoming
waves, and transmittance T is defined as the ratio of intensities of transmitted
and incoming waves. Now according to Fresnel’s formulas, the reflectivity and the
transmittance from a flat interface can be derived as

Reflectivity R =
∣∣∣∣∣θ − n1θ1

θ + n1θ1

∣∣∣∣∣
2

(3.29)

Transmittance T =
∣∣∣∣∣ 2θ
θ + n1θ1

∣∣∣∣∣
2

(3.30)

where θ = αi, angle of incidence and θ1 is angle of refraction

From Snell’s law for refraction
cos θ
cos θ1

= n1 (3.31)

For the angles of incidence θ below the critical angle θc, n = cos θc and θc ≈
√

2δ, total
reflection is observed. All the intensity will be reflected with no wave propagating in
z-direction. For incident angles θ > θc, the beam can partially penetrate the sample
and is only partly reflected..

Figure 3.5: Reflectivity and transmittance plotted as a function of the angle of
incidence.

3.6 Polarized Neutron Reflectometry

Now since we know that neutron is a spin 1
2 particle, it can interact with the magnetic

induction B⃗ of a sample and with neutron reflectometry as a tool, one can use it to
study the magnetic depth profile of a layered heterostructure. The potential for the
interaction of the neutron with a homogeneous magnetic material can be separated
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3 Scattering Theory

into two parts:
V̂1 = V N

1 1̂ + V̂1
M (3.32)

where V N
1 represents the nuclear interaction and 1̂ is the unity operator, which does

not affect the spin state, so that nuclear interaction can be described independently
of the neutron’s spin. The second term V̂1

M describes the magnetic dipole interac-
tion, which is a scalar product of the neutron magnetic moment operator µnσ̂ and
the magnetic induction B⃗1 inside the material: V̂1

M = −µnσ̂ · B⃗1.

The magnetic field H⃗, is typically applied in the plane of the sample. Choosing
in-plane direction to be along x-direction of the coordinate system H⃗ = He⃗x and
also as the quantization axis for the neutron spin. Under this assumption, the spin
operator σ̂ = (σx, σy, σz) has following components (Pauli matrices):

σx =
(

1 0
0 −1

)
σy =

(
0 1
1 0

)
σz =

(
0 −i
i 0

)
(3.33)

Therefore, the Schrödinger equation can be solved in coordinate and spin space,
where the eigenvectors |+⟩ and |−⟩ of the operator σ̂ · b⃗0 = σx with the eigenvalues
+1 and -1 , respectively, define the states of the neutron with "spin up ↑" and "spin
down ↓". The solution of the Schrödinger equation is the neutron wave function
|Ψ(r⃗)⟩, which is a linear combination of those two spin states.

Ψ(r⃗)⟩ = Ψ↑(r⃗)|+⟩ + Ψ↓(r⃗)|−⟩ =
(

Ψ↑(r⃗)
Ψ↓(r⃗)

)
(3.34)

After some calculations, one gets a set of two coupled 1D linear differential equations
for every layer as:

Ψ′′
↑(z) +

[
k2

z1 − 4π(ρN
1 + ρM

1 mx1)
]

Ψ↑(z) − 4πρM
1 my1Ψ↓(z) = 0 (3.35)

Ψ′′
↓(z) +

[
k2

z1 − 4π(ρN
1 − ρM

1 mx1)
]

Ψ↓(z) − 4πρM
1 my1Ψ↑(z) = 0 (3.36)

In these equation, ρN represents the nuclear scattering length density (NSLD) and its
magnetic analog ρM , magnetic scattering length density (MSLD), which is directly
proportional to the net magnetization M of the material. In case of a FM material,
the magnetization vector M⃗ is aligned in some direction, which is described by the
unit vector m⃗ = M⃗/M . From eq. 3.35, one can see that for non-spin flip (NSF)
interaction, for spin ↑, it is the sum of nuclear interaction and magnetic interaction
along the quantization direction whereas for spin ↓ (eq. 3.36), it is the difference
of nuclear and magnetic interaction. This means, in case of magnetically saturated
layer, the scattering length density (SLD) for spin ↑ neutron is enhanced and for spin
↓ neutrons is reduced compared to nonmagnetic case. Thus, it affects the refractive
index, total angle of reflections and the reflectivity and one will observe a splitting
between reflectivity of both polarization states of the neutron beam.
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3.6 Polarized Neutron Reflectometry

In case of unsaturated magnetic layer, the component along the field direction will
influence the SLD of NSF channel and the in-plane component perpendicular to
the field will induce a spin-slip (SF) interaction that is equally strong for both SF
channels +-(↑↓) and -+(↓↑).

Figure 3.6: Geometric sketch of neutron reflectometry set-up

Suppose, we have a magnetic thin film deposited on a substrate and we want to
get information about how the magnetic moments are arranged in the system. For
this first we need a set-up for neutron reflectometry. A basic neutron reflectometry
set-up requires a (i) radiation source,(ii) a monochromator - to have selected band
of wavelengths of neutron beam, (iii) a collimation system - to define the neutron
beam, (iv) a sample stage and (v) a detector as shown in fig. 3.6.

Figure 3.7: PNR depicting Non-spin flip (NSF) channels
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3 Scattering Theory

For investigating the magnetic structure, we need a ’polarizer’ which would select
the projection of the neutron spin on the quantization axis (which is the direction
of applied magnetic field) before the interaction with the sample and a ’polarization
analyzer’ to retrieve information about the norm and angle of magnetization in a
sample after interaction.

Figure 3.8: PNR depicting Non-spin flip (NSF) and Spin-flip (SF) channels

Fig.3.7 depicts a schematic of NSF channels. In PNR, one talks in terms of 4
channels namely : R++ (UU), R– (DD), R+- (UD) and R-+ (DU). UU (R++)
means polarizer and analyzer will allow only neutrons with spin ↑ to pass through
whereas, for R+- (UD) the polarizer will allow neutrons with spin ↑ and the analyzer
will allow neutrons with spin ↓ to pass. Consider a system that has a FM thin film
and the applied H⃗ is high enough to saturate the film, thus, all magnetic moments
will be aligned in the direction of the field as shown in Fig.3.7. Now, when a neutron
with spin ↑ will interact with the sample, it will result in NSF event as neutron spin
and magnetic moment in the film are parallel and one will get curves UU and DD.
The splitting between UU and DD arises due to the magnetization of the film, the
more magnetization, the higher is the splitting and with different physical models,
one can fit the reflectivity curve which yields the scattering length density profile
(SLD). The total scattering amplitude will have both nuclear and magnetic part.
The SLD profile depicts how the magnetization varies across the film and from
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3.7 Diffraction

nuclear part one can determine the stoichiometric fluctuations, film roughness and
substrate roughness.

In case of a non-saturated film, the magnetization can be canted away from the
polarization direction of the neutron spin. The component of the magnetization
perpendicular to the neutron polarization will cause SF scattering, while the parallel
component leads to NSF scattering as shown in Fig.3.8. For such cases, one has
to measure UD and DU channels as well along with UU and DD. Hence, when a
neutron with spin ↑ will interact with a magnetic component perpendicular to it, the
SF scattering will occur and this spin-flipped neutron ↓ will be able to pass through
analyzer, given analyzer spin selection is ↓ resulting in SF signal. In this way one
can determine the magnetic depth profile using Polarized Neutron Reflectometry.

3.7 Diffraction

The crystallinity of a film is determined by the diffraction technique where the
incident beam results in an interference pattern after encountering a structure. With
the resulting interference pattern one can obtain information about the internal
lattice of a crystalline structure, unit cell dimensions, site-ordering and depending
on the probe (neutrons) magnetic ordering as well. X-rays and neutrons have the
wavelength in an order of 10−10 m and therefore, can be used to probe the crystal
structures. In this thesis work, X-ray diffraction has been used to determine the
crystallinity of the thin films. A crystal lattice in three dimensions can be described
by three translational vectors a⃗1, a⃗2 and a⃗3. Using a linear combination, one can
address all the lattice points as

a⃗ = ua⃗1 + va⃗2 + wa⃗3 (3.37)

where u,v and w are arbitrary integers. The diffraction pattern depends on the
crystal structure and the wavelength of the probe. W.L. Bragg gave a simple ex-
planation of diffraction from crystal. When an incident wave strikes a crystal with
parallel planes of atoms, it is reflected specularly from each plane with αi = αf = θ.
These reflected beams interfere constructively yielding a diffraction pattern. As pre-
sented in the Fig.3.9, with parallel atomic planes distance ,d, apart then the path
difference is 2d sin θ between the reflected rays from adjacent atomic planes.The con-
structive interference will occur when the path difference is an integral number n of
the wavelength λ, yielding Bragg’s law

2d sin θ = nλ (3.38)
The periodicity of the lattice is the base for Bragg’s law. Now, with X-ray diffrac-
tion, the lattice parameters of the epitaxially grown thin film can be deduced and
for that one needs to model the scattered intensity for a single crystalline layer us-
ing the electron density ρe of the thin film. In this thesis work, the out-of-plane
lattice parameter of the film is parallel to one of the crystallographic axis. This
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3 Scattering Theory

Figure 3.9: Schematic of Bragg’s law 2d sin θ = nλ, where d is the space between
the parallel atomic planes and 2πn is the phase difference between the reflections
from successive planes. Inspired from [59]

means that the layer consisting of N,M and P unit cells along x, y and z direction,
the z will be the out-of-plane direction. The overall structure of a thin film can be
described mathematically as a convolution of periodic lattice and the unit cell struc-
ture. The Fourier transform of ρe can be written as a product of Fourier transform
of lattice functionρL times the Fourier transform of the unit cell function ρu.c. using
convolution theorem:

ρL ∝
N−1∑
n=0

M−1∑
m=0

P −1∑
p=0

δ(r⃗ − (na⃗+mb⃗+ pc⃗)) (3.39)

where a⃗, b⃗ and c⃗ are lattice parameters. The Fourier transform of eq.3.39 yields
Laue-function for point like scatterers

I(Q⃗) ∝
sin2

(
1
2NQ⃗a⃗

)
sin2

(
1
2Q⃗a⃗

) ·
sin2

(
1
2MQ⃗b⃗

)
sin2

(
1
2Q⃗b⃗

) ·
sin2

(
1
2PQ⃗c⃗

)
sin2

(
1
2Q⃗c⃗

) (3.40)

Figure 3.10: Plot of Laue function along the lattice direction c⃗ with 5 and 10
periods
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The Laue function along lattice direction c⃗ is plotted in Fig.3.10. The maxima
occur at the positions Q = n · 2π

c
and are also known as Bragg reflections obtained

for scattering from a crystal lattice . The intensity of Bragg reflections scale to
the square of the number of periods N2 and the width of 2π

N
. With the increasing

number of periods N, the intensity of Laue oscillations becomes negligible compared
to the intensity of the Bragg reflections. From the positions of Bragg peaks, it is
possible to determine the lattice constants and the unit cell angles.
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4 Scattering with Electrons

This chapter discusses the scattering processes that take place when electrons inter-
act with a solid matter and the techniques based on electron scattering used in this
thesis. The literature is based on the textbook written by D.B. Williams and C.B.
Carter: Transmission Electron Microscopy [60].

4.1 Interaction of electrons with matter

It is known that electron exhibits wave-particle duality based on de-Broglie’s ideas,
where the particle momentum, p, is related to its wavelength, λ, through Planck’s
constant, h: λ = h

p
. Now in TEM, the momentum is imparted to an electron by

accelerating it through a potential drop, V, giving it a kinetic energy of eV. This
potential energy must be equal to the kinetic energy, which yields in non-relativistic
approximation:

eV = m0ν
2

2 (4.1)

where m0 is the mass of an electron and ν is the velocity. Thus, using eq. 4.1, the
momentum can be equated as

p = m0ν = (2m0eV )1/2 (4.2)

Furthermore using eq. 4.2 in de-Broglie’s relation, one gets

λ = h

(2m0eV )1/2 (4.3)

From this equation, one can see that, by increasing the accelerating voltage, the
wavelength of electrons decreases. Until now, the relativistic effects have been ig-
nored, but for energies higher than 100 keV, the relativistic effects have to be taken
into account. This is because the velocity of the electrons (as particles) becomes
greater than half the speed of light. Therefore, eq. 4.3 can be modified as
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λ = h[
2m0eV

(
1 + eV

2m0c2

)]1/2 (4.4)

When electrons passes through a thin sample, different scattering processes take
place: elastic (no loss of energy) and inelastic (change in energy) scattering, coherent
and incoherent scattering as shown in Fig. 4.1. The coherently scattered electrons
stay in-phase while the incoherently scattered electrons lose the phase relationship
after the scattering event. Elastic scattering usually occurs at low angles in the
range from 1° - 10°. As the angle becomes larger than 10°, the elastic scattering
becomes more incoherent, whereas for inelastic scattering, it always incoherent and
occurs typically at angles lower than < 10°.

Figure 4.1: Different kind scattering events with electrons passing through a thin
sample. Inspired from [60].

Electrons can scatter more than once with increasing scattering angle and the more
the scattering events, the more difficult it gets to interpret the images and the spectra
obtained. Therefore, to avoid the multiple scattering events, one needs to thin down
the sample so that it becomes electron transparent, which is the basis of the TEM.
The specimen thickness for TEM is usually in the range from a monolayer (e.g.
graphene) to a few hundred nanometer depending from the material and acceleration
voltage of the TEM (typically 60 to 300 kV). With TEM, unless one has a thick
sample which will result in multiple scattering, the single-scattering assumption
is plausible for thin enough specimens. Therefore it is important to have very thin
samples for TEM experiments. The electrons that are scattered in forward direction,
parallel to the incident beam, form the direct beam, which is used for most of the
elastic scattering, diffraction, refraction and the inelastic scattering. The scattering
events depend on various factors such as thickness, density, crystallinity, atomic
number of the scattering atom and the angle of sample with respect to the incident
beam.
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4.2 Interaction cross-section

4.2 Interaction cross-section

Figure 4.2: Electron scattering by single isolated atom, where the electron is
scattered through an angle θ and the total solid angle of scattering is Ω. An incre-
mental increase in scattering angle dθ gives an incremental increase in a solid an-
gle dΩ, which is the basis for determining the differential scattering cross-section.
Inspired by [60].

In TEM, the electrons which pass through the sample are of utmost importance.
The probability of an electron undergoing any kind of interaction with an atom is
determined by an interaction cross-section. The cross-section does not represent
a physical area but, when divided by the actual area of an atom, it represents a
probability of the scattering event. The larger the cross-section, the higher the
chances of scattering event to occur.

Consider an isolated atom with an cross-sectional area of

σatom = πr2 (4.5)

where r is the effective radius of a single, isolated atom. The angular distribution
of scattering from an atom can be described by the differential cross-section ( dσ

dΩ).
Fig.4.2 depicts the electron scattering event where electrons are scattered at an angle
θ into a solid angle Ω and there exists a simple geometric relation between θ and Ω

Ω = 2π (1 − cos θ) (4.6)
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and
dΩ − 2π sin θdθ (4.7)

where dθ gives an incremental increase in solid angle dΩ due to incremental increase
in scattering angle. Therefore, the differential cross-section can be written as

dσ

dΩ = 1
2π sin θ

dσ

dθ
(4.8)

Now σatom can be calculated for scattering into all angles greater than θ by

σatom =
∫ π

θ
dσ = 2π

∫ π

θ

dσ

dΩ sin θdθ (4.9)

Now consider a sample with N number of atoms per unit volume, the total cross-
section for scattering from the sample can be defined as

σtotal = Nσatom (4.10)

where N = N0ρ
A

, N0 = Avogadro’s number, A = atomic weight of the scattering
atoms with density ρ. Thus,

σtotal = N0σatomρ

A
(4.11)

In eq. 4.11, one can define σtotal as the number of scattering events per unit distance
that the electron travels through the sample. If the sample has thickness t, the
probability of scattering is

σtotalt = N0σatom(ρt)
A

(4.12)

4.3 Specimen preparation for TEM

In this thesis, electron transparent specimens for TEM measurements were prepared
using focused ion beam (FIB) sputtering in a scanning electron microscope by Lidia
Kibkalo from ER-C-1. The dual beam scanning electron microscopy (SEM) and FIB
system allows to prepare location sensitive TEM specimens with required geometry
and thickness. The single ion gun produces a well controlled beam of Ga ions using
an acceleration voltages between typically 0.5 and 30 keV. Insulator materials tend to
charge under the electron beam illumination, therefore the specimen preparation was
started by depositing a thin few nm thick Au layer on the surface. As depicted in fig.
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Figure 4.3: FIB preparation of LSMO/PMN-PT (001) sample for TEM studies.
(a, b) Protective layer deposition on dark area, (c) cutting of trenches to take the
sample out, (d) making an undercut for transfer the lamella to a support grid, (e)
the thinned specimen is finally attached to the TEM support grid. The protective
layer is visible on the top of the sample. Images taken by Lidia Kibkalo (ER-C).

4.3: first a surface protecting layer of C or Pt/C was deposited to protect the sample
from the ion irradiation. Then trenches were sputtered on both sides of the specimen,
which was followed by an undercut. The piezo controlled micromanipulator system
was used to transfer the specimen to a standard Omniprobe style support grid made
of copper. The specimen at this step is a few micrometer thick. The final polishing
of the specimen was carried out using gradually decreasing ion beam voltages from
30 to 2-5 keV in order to prepare approximately 100 nm thick TEM specimen. In
this way one can obtain a cross-section lamella of thin film sample to study the
interface properties.

4.4 Instrument set-up

The electron optical system of TEM consist of an electron source, electromagnetic
lenses to control the electron beam, apertures, sample stage and different detectors.
The electrons are generated and controlled in high vacuum. The modern TEM
set-up uses field emission gun (FEG) as an electron source accelerated by 60 to
300 kV voltages, which provide high brightness and coherent electron beam. The
’illumination system’ comprises the electron gun to produce electrons and condenser
lens system to focus the electrons onto the sample. It can be operated in 2 modes:
parallel mode for imaging and electron diffraction and convergent mode for scanning
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Figure 4.4: TEM modes of operation for imaging and diffraction.

TEM (STEM) imaging and energy dispersive X-ray spectroscopy (EDS). The set-up
contains condenser apertures that control the convergent angle of the electron beam
as shown in fig 4.4.

The next main part of the set-up is the ’objective lens/stage’ which consist of the
objective lens, objective aperture and sample stage. The sample is inserted into the
pole-piece of the objective lens using a stage that controls the position of the sample
and can be also used to apply different external stimuli such as electrical bias, heat,
light, electromagnetic fields. The objective aperture is mainly used for bright field
and dark field imaging in TEM.

The ’imaging system’ is responsible for forming the information from the backfocal
plane of the objective lens either in the form of the electron diffraction or as bright
field or dark field image into the viewing screen, charged couple device (CCD) or
other detectors. It also contains the selected area apertures which can be used in
electron diffraction and in the same place electron biprism which is used in electron
holography (see section 4.5.4).

In addition, a modern TEM set up is equipped with additional electron optical
systems used to correct and control the optical aberrations of the electron beam
that leads to sub-Ångstrom image and spectroscopy resolutions. The aberration
corrector can be used before the sample to improve the electron beam aberrations
that is advantageous for STEM applications or after the sample to improve the
image aberrations that limits the spatial resolution provided by the objective lens.
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4.5 TEM modes

TEM is a versatile tool that enable to record various different scattering events,
X-rays, secondary electrons, etc and provide numerous different imaging and diffrac-
tion modes to study the materials structure, composition, electronic and magnetic
properties.

4.5.1 Electron diffraction

To understand electron diffraction patterns, kinematical theory of electron diffrac-
tion is used. This of course is not applicable to all electron scattering events as
it neglects multiple scattering events. However as diffraction arises from coherent
and elastic scattering, it considers only those electrons which experience a single
scattering event.

Electron diffraction pattern is obtained when the Bragg’s condition: 2d sin θ = nλ
is fulfilled as shown in fig. 3.9. The diffraction intensity for each crystalline planes
is different as the distribution of atoms per unit area is not the same for individual
planes. Using the kinematical theory of electron diffraction, one can determine the
set of crystal planes for which the diffraction intensity is zero. The structure factor is
defined as a mathematical function stating the amplitude and phase of electron beam
diffracted from crystallographic planes. This structure factor takes into account the
location of atoms in the reflection plane and atomic specifications to describe the
diffraction process. Also, the structure factor is the sum of the scattered amplitudes
of single atoms fn and the sum of the phase differences, that is

Fhkl = Σnfnexp {2πi(hxn + kyn + lzn)} (4.13)

where xn, yn, zn are positions of the atom in the Cartesian coordinates. Then, the
intensity of the diffracted wave is

I ∝| F |2∝ f 2 [1 + cos(π(h+ k + l))]2 + f 2 [sin(2π(h+ k + l))]2 (4.14)

From the above relation, the intensity sometimes becomes zero as it belongs to any
diffraction not existing in these planes and is called a forbidden reflection. By using
the Bragg’s law and structure factor, it is possible to determine the diffracted planes
in a crystal. In a real crystal lattice, each of the planes is represented by a point in a
reciprocal lattice located at a distance 1/dhkl from the center O. A reciprocal lattice
is an array of points where each point corresponds to a special plane in a crystal
lattice. The distance of a point in the reciprocal lattice to the center is depicted
by the vector g(hkl) = 1/dhkl, known as diffraction vector. The relation between
diffraction pattern and reciprocal lattice is used for the interpretation of different
diffraction patterns.
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Figure 4.5: Geometrical representation of formation of a diffraction pattern. The
relations between incident, transmitted and diffracted beams, the Ewald sphere
and different diffraction patterns are illustrated. θ is the angle between transmit-
ted and diffracted beams, R is the distance between collision points of transmitted
and diffracted beams and L is the distance between the specimen and the screen.
Adapted from [61].

Fig. 4.5 depicts the formation of Ewald sphere in a reciprocal lattice and the diffrac-
tion pattern with a radius of 1/λ. When an incident beam of electrons interacts with
a thin sample, then a certain percentage of the incident beam gets transmitted, while
the rest gets diffracted [61]. Electron diffraction is used to retrieve the basic struc-
tural information of a material with which one can determine whether the material
is amorphous, single crystalline or polycrystalline. A polycrystalline system will
produce an ring pattern and a single crystalline material will result in spot pat-
tern or Kikuchi line pattern or a combination of both. Therefore, by using selected
area electron diffraction (SAED) in TEM, one can obtain diffraction patterns as a
location sensitive information about the materials.

4.5.2 Scanning Transmission Electron Microscopy -STEM

STEM uses the convergent electron beam to focus the electrons to a fine spot (even
to sub-Ångstrom), which then scans the region of interest over the sample in a raster
scan illumination system. A typical STEM is equipped with scanning coils which
are adjusted to scan the beam on the sample as shown in fig.4.6. The condensor
lens system forms the beam and the objective lens focuses the beam. The electron
detectors acts as the interface between the incoming electrons from the sample and
the image viewed on the display screen.
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Figure 4.6: HAADF detector set-up for Z-contrast imaging in STEM. Adapted
from [60].

STEM takes an advantage on the Rutherford scattering of electrons on atoms which
provides chemical sensitivity to the forming image depending from the collection
angle used. STEM uses different detectors depending from the collection angle
of the electrons as shown in Fig. 4.6. Bright-field detector is positioned at the
optical axis of the direct electron beam that detects transmitted electrons deflected
typically below angle < 10 mrads and dark-field detectors for electron deflected at
higher angles up to several tenths of mrad. The dark-field detectors possess usually
a ring shape that allows the direct beam to pass in the middle and provides an
angular sensitivity, therefore called annular dark field (ADF) detectors. High-angle
annular dark-field (HAADF) detector is used to collect the electrons transmitted
at higher angles > 50 mrads, which provides a chemical sensitive information in
the STEM image, where the contrast variation scales with the atomic number Z
(I ∼ Z2) beside of weak diffraction effects. STEM imaging is suitable for parallel
recording the deflected electrons for Z-contrast imaging, characteristic X-ray signals
induced by scattered electron and the energy-loss of the scattered electrons in order
to obtain spectral information as well.

4.5.3 Energy Dispersive X-ray Spectroscopy - EDS

When a high energy electron strikes an atom, it first penetrates through the outer
electron cloud and then interacts with the inner shell electrons. If the energy trans-
ferred to inner shell electrons is higher than the critical amount of energy, then an
electron is ejected leaving behind a hole in the inner shell. The atom is left in an
excited state, which returns to its ground state by filling the hole with an electron
from outer shell. This transition is accompanied by emission of an X-ray, which is
specific to elements present in the system. The energy of emitted X-rays is char-
acteristic of the difference in energy between the two electron shells involved. The
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Figure 4.7: Schematic of an ionization process where an inner (K) shell electron
is ejected from the atoms by a high energy electron leaving a hole behind. When
this hole in K-shell is filled by an electron from outer L-shell electron, it produces
characteristic (Kα) X-ray emission with an energy proportional to the energy dif-
ference between the 2 electrons shells.Taken from [60].

spectra obtained in this way contains different peaks, which represent the chemical
elements and composition in the sample. Simultaneous recording of the X-ray signal
with EDS and scattered electrons with bright-field(BF), HAADF STEM detectors
leads to spectrum imaging where each pixel in the STEM image is associated with
a EDS spectrum.

4.5.4 Off-axis electron holography

This section follows from [62,63]. The conventional TEM records the variation in the
intensity of electrons but the phase information is lost. Off-axis electron holography
is a technique that allows to recover the phase shift of the electrons that are passing
through an electron transparent specimen in the TEM. The analysis of the phase can
provide a high-spatial resolution information about local variations in electrostatic
potential and magnetic flux density within and around the specimen.

When an electron with charge q = -e enters a magnetic field B⃗ and an electric field
E⃗, it experiences the Lorentz force F⃗ , which depends on the velocity of electron v⃗.
F⃗ can be expressed as,

F⃗ = −e(E⃗ + v⃗ × B⃗) (4.15)

To first approximation, the presence of an in-plane magnetic field B in a TEM
sample of thickness t results in the small-angle deflection of an incident electron by
an angle

ϑ = eλ

h
B⊥t (4.16)
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Figure 4.8: (a) Simplified schematic ray diagram of off-axis electron holography
in TEM using single biprism. S1,2 are the virtual sources of the electron hologram.
Taken from [62]. (b) Electron hologram of the specimen and (c) its Fourier trans-
form showing the side bands.

where λ is the (relativistic) wavelength of the electrons and h is the Planck’s con-
stant. For electrons that have been accelerated by 300 kV and pass through a
specimen of thickness 100 nm that supports an in-plane magnetic induction of 1 T,
the deflection angle is 47.6 µrad. For comparison, typical crystallographic Bragg
angles in electron diffraction in the TEM are in the range of a few mrads. For co-
herent TEM imaging, the electron wave function in the image plane can be written
as

ψi(r⃗) = Ai(r⃗)exp[iϕi(r⃗)] (4.17)

where A and ϕ refers to amplitude and phase and subscript i refers to the image
plane. The recorded intensity distribution is then given by expression

Ii(r⃗) = |Ai(r⃗)|2 (4.18)

The phase contrast technique uses this deflection of the electrons by the magnetiza-
tion of the sample. The off-axis electron holography records the phase of the electron
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wave directly, based on the interference of the primary wave of interest with a ref-
erence wave (Fig. 4.8). It uses an electrostatic biprism to interfere an electron wave
that passes through the sample (object wave) with another part of same electron
wave that passes only through the vacuum (reference wave). A positive voltage is
applied to a biprism to generate this interference pattern. The intensity distribution
of the off-axis electron hologram can be written as

Ihol(r⃗) = |ψi(r⃗) + exp [2πiq⃗c.r⃗] |2 = 1 + A2
i (r⃗) + 2Ai(r⃗) cos [2πq⃗c.r⃗ + ϕi(r⃗)] (4.19)

where ψi(r⃗) is the electron wave function in image plane i with amplitude Ai and
phase ϕi, r⃗ is a two-dimensional vector in the plane of the sample and the tilt of
the reference wave is specified by a two-dimensional reciprocal space vector q⃗ =
q⃗c. Eq.4.19 represents the three separate contributions to the intensity of an off-
axis electron hologram: image intensity A2

i (r⃗) and an additional set of cosinusoidal
fringes, whose local phase shifts and amplitudes are exactly equivalent to the phase
and amplitude of the electron wave function in the image plane, respectively.

The complex Fourier transform of a hologram gives the amplitude and the phase
information and can be written as

FT [Ihol(r⃗)] = δ(q⃗) + FT [A2
i (r⃗)] centerband

+δ ((q⃗) + (q⃗c)) ⊗ FT [Ai(r⃗)exp[iϕi(r⃗)]] −1 sideband
+δ ((q⃗) − (q⃗c)) ⊗ FT [Ai(r⃗)exp[−iϕi(r⃗)]] +1 sideband

(4.20)

It depicts 3 bands (fig. 4.8 c): the center band represents the conventional image and
contains both elastically and inelastically scattered electrons but does not contain
the image phase; the ±1 side bands are of our interest as they contain the Fourier
spectrum of the complete image wave and convoluted around q⃗ = ±q⃗c, respectively.
The two side bands contain only elastically scattered electrons and the amplitude
and phase are linearly related to the object properties [64].

From the quantum mechanical description, the incident electron wave experiences a
phase shift upon traveling though an electromagnetic potential that can be expressed
(in 1D) as

ϕ(x) = ϕE + ϕM = CE

∫
V (x, z)dz − 2πe

h

∫
Az(x, z)dz (4.21)

where the incident electron beam direction z is perpendicular to x, CE is an inter-
action constant with a value of 6.53 × 106 radV−1m−1 at an accelerating voltage of
300 kV, V is the electrostatic potential and Az is the component of magnetic vector
potential along z. The magnetic vector potential A⃗ is related to the magnetic flux
density by B⃗ = ∇ × A⃗. In the absence of long range charge redistribution and elec-
trostatic fringing fields around the specimen, V mainly comprises of the mean inner
potential (MIP) of the material V0, which is dependent on its composition, density
and ionicity. Taking MIP constant in the electron beam direction in the specimen
with thickness t, the electrostatic contribution to the phase can be simplified to
ϕE = CEV0t. the magnetic contribution to the phase can be written as
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ϕM = −2πe
h

∮
Adl (4.22)

where the integral is performed around a rectangular loop that is formed by two
parallel electron trajectories crossing the sample and joined at infinity by segments
perpendicular to their trajectories. different approaches can be employed to separate
the magnetic and MIP contributions to the phase. In this work, the approach
involves reversing the magnetization direction in the sample in-situ in the electron
microscope and subsequently selecting the pairs of holograms that differ only in
the opposite directions of the magnetization in the specimen. Thus, the magnetic
contribution to the phase can be obtained by taking half of the difference between the
two phase images. The in-situ magnetization reversal can be achieved by exciting the
microscope objective lens and tilting the specimen to apply a precalibrated magnetic
field [65].
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5.1 Thin Film Growth

This section describes the different growth techniques employed to deposit La0.7Sr0.3MnO3
(LSMO) and BaTiO3 thin films on Pb(Mg1/3Nb2/3)0.7Ti0.3O3 (PMN-PT-(001)) and
Nb doped SrTiO3 (Nb:STO(001)) substrates, respectively. Different techniques used
to characterize the thin film heterostructures structurally and magnetically are dis-
cussed here.

5.1.1 Oxide Molecular Beam Epitaxy - OMBE

Figure 5.1: (a) Top view of the OMBE system showing load lock, buffer line and
the main chamber (b) Cross-sectional view of the main chamber. Adapted from
[66].

Oxide molecular beam epitaxy (OMBE) is a technique which gives a precise control
on growth of stoichiometric thin films as well as facilitates the understanding of
the nature of epitaxially grown oxide thin film at the atomic level [67]. OMBE
uses ultra-high vacuum (UHV) environment to minimize the contamination of the
growing layer. The beams of atoms or molecules impinge on the substrate that is
kept at growth temperature (high temperature) to provide sufficient thermal energy
for the incoming atoms to migrate over the surface to the lattice sites. Due to UHV,
the atoms and molecules can travel in nearly collision-free paths until they arrive at
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Figure 5.2: Inside view of Oxide Molecular Beam Epitaxy (OMBE) at JCNS-2,
Forschungszentrum Jülich GmbH.

the substrate [68].

The OMBE system used is manufactured by DCA Instruments. It consists of three
main parts: load lock, buffer line and main chamber as shown in fig. 5.1a. The
substrate is first inserted in the load lock which is pumped with a combination of
turbo pump and a scroll pump. There is a gate valve separating the load lock and
buffer line which is open to transfer the substrate to buffer line. The buffer line
and the connected auger electron spectroscopy (AES) are pumped by a turbo pump
and an ion getter pump. There is another gate valve separating the main chamber
and buffer line which is open to transfer the substrate to the main chamber using
transfer rod. The heater shown in the fig. 5.1a is called ’main manipulator’ which
holds the substrate and regulates the temperature at the substrate position. A turbo
pump with a scroll pump is used to maintain the vacuum in the main chamber. The
base pressure of OMBE chamber is typically 1 · 10−10 mbar. The main chamber is
equipped with six effusion cells and two electron guns (e-gun). Each e-gun comprises
of four crucibles. Since the effusion cells are heated to very high temperatures during
deposition, the OMBE chamber is equipped with a cryo-shielding filled with liquid
nitrogen to protect the chamber from the heat radiation of effusion cells and to
reduce the contamination. Furthermore, the cryo-shield captures the atoms that do
not hit the substrate and prevents uncontrolled backscattering.

For the growth of oxide thin films, an atomic oxygen source is installed and with
the help of oxygen plasma directed towards the sample, the growing films are oxi-
dized. The flux of the oxygen is controlled by a mass flow controller. Each effusion
cell and e-gun is equipped with a shutter which is opened and closed according to
the deposition requirement of the filled element. For the deposition of the film,
rates are calibrated for each required element using quartz microbalance (QMB)
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and adjusted by a proportional-integral-derivative (PID) controller to maintain sta-
ble fluxes. When some mass is deposited on this piezoelectric quartz crystal, the
resonant frequency changes, which is used to determine the rate calibration. The
rates are first calibrated roughly in the vacuum and then the oxygen plasma is turned
on for final calibration of the rates. As the oxygen plasma is turned on the pressure
rises to 5.3 ·10−6 mbar. OMBE is also equipped with in-situ sample characterization
techniques: RHEED and LEED which are discussed section 5.3.1 and 5.3.2.

5.1.2 High Oxygen Pressure Sputtering System - HOPSS

Figure 5.3: Schematic of high oxygen pressure sputtering system (HOPSS).
Adapted from [66].

High oxygen pressure sputtering system (HOPSS) in another physical vapour de-
position (PVD) technique used to grow oxide thin films. This technique uses RF
power of frequency 13.56 MHz which is coupled to the target material. To start the
sputtering process a base pressure of 10−6 mbar is required which can be reached by
the turbo pump and a backing pump. Pure oxygen is used as a process gas to avoid
oxygen deficiencies in the layer and the flow of oxygen is controlled by a mass flow
controller. The target material used is commercially available from Kurt J.Lesker
and the stoichiometry is pre-defined. A substrate is placed on the substrate heater
which can be heated upto 1300 K. A movable target arm is installed to start and
stop the sputtering by moving the target to substrate position. When the RF power
is applied, the electrons start oscillating between the electrodes: cathode - target
material and anode - substrate and ignites the oxygen plasma. These electrodes
are connected with blocking capacitor which is a part of an impedance-matching
network that facilitates the power transfer from the RF source to the plasma dis-
charge. The ionized atoms from oxygen bombard the target, thereby ejecting the
target atoms which are neutral but with the help of applied rf electric field, these
ejected atoms are able to move and get deposited on the substrate. The HOPSS has
a plasma generator with automatic tuning for igniting the oxygen plasma.
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5.2 Comparison between OMBE and HOPSS

MBE and HOPSS, both are PVD techniques. MBE uses UHV conditions whereas
HOPSS uses high vacuum (HV) conditions for deposition. This will affect the
amount of impurity atoms during depositon. One can control the deposition rates
with atomic precision in MBE and with RHEED system installed, it becomes pos-
sible for in-situ monitoring of the crystal growth process, while for HOPSS, no such
system is present. MBE facilitates epitaxial deposition of thin films on crystalline
substrates where one can play with the stoichiometry of the films easily as it uses
effusion cells as a vapor source. Therefore, by controlling the growth rates, different
stoichiometric thin films can be produced, which is not the case in HOPSS. Sput-
tering uses stoichiometric targets which are commercially prepared, thus it is not
possible to play with the stoichiometry. The main drawback of MBE is the low de-
position rates which leads to longer growth time compared to HOPSS for the same
thickness of the film.

5.3 Structural characterization techniques

5.3.1 Reflection High Energy Electron Diffraction - RHEED

Figure 5.4: Schematic of RHEED scattering geometry.

RHEED is an important and very useful technique to determine the crystallinity,
surface quality and the thickness of thin films during their growth and after the
growth as well. The electron source emits the electrons of kinetic energy of 15 keV
which impinge the sample surface under the grazing angles smaller than 2 °. Thus,
the information obtained from the sample is highly surface sensitive. The electron
beam striking the sample surface produces rod like pattern on the RHEED screen
which originate from the 2D reciprocal lattice rods of the sample surface. RHEED
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uses Ewald’s sphere to analyze the crystallographic properties of a sample and the
Ewald’s sphere is centered on the sample with a radius equal to the magnitude of
wave vector of incident electrons

ki = 2π
λ

(5.1)

with λ being the de-Broglie wavelength. When the rods of reciprocal lattice intersect
the Ewald’s sphere, the diffraction conditions are satisfied. However many reciprocal
rods intersect the Ewald’s sphere but due the geometry of RHEED system only the
rods which are within the angular range of detector are projected onto the screen.
Therefore, only low orders of diffraction are visible. In addition to this, one can
also monitor the growth quality of the thin film during deposition by recording the
RHEED intensity. This is only useful in the cases where the film grows layer-by-
layer.

5.3.2 Low Energy Electron Diffraction - LEED

Figure 5.5: Schematic of LEED scattering geometry.

LEED is an another in-situ structural characterization technique used for surface
structure analysis. It uses low energy electrons of energy range 20-500 eV which are
bombarded onto the sample surface with normal incidence. The de-Broglie wave-
length λ of low energy electrons is in the range of 0.05-0.3 nm and can be calculated
by λ[Å] =

√
150.4/E[eV ]. Since the mean free path of low energy electrons is of the

order of a few atomic layers, the diffraction occurs from the very top layers only.
LEED also uses Ewald’s sphere construction for determining the crystallogrpahic
properties. The diffracted beam produces the spots where the reciprocal rods in-
tersect the Ewald’s sphere. These LEED spots are the 2-dimensional projection of
surface reciprocal lattices which are deduced from the atomic arrangement of the
surface [69]. The LEED geometric set-up is shown in fig.5.5. The electron gun
produces electrons by thermionic emission from a hot filament. This electron beam
passes through a Wehnelt cylinder followed by an electrostatic lens which acceler-
ates and collimates the beam normal to the sample surface. After the backscattering
from the sample occurs, the electrons pass through a retarding grid, which acts as
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an energy filter removing inelastically scattered electrons from the spectrum.

5.3.3 X-ray Reflectometer -XRR and X-ray Diffraction -XRD

Figure 5.6: Schematic of Bruker D8 Advanced X-ray reflectometer. Taken from
[70].

The Bruker D8 Advanced X-ray reflectometer has been used in reflectometry and
diffraction mode to characterize the thin films structurally. The system has Cu
X-ray source, where the Cu Kα1 radiation of wavelength of 1.54 Å is selected and
collimated with a Göbel mirror, a slit system and a channel cut monochromator.
With this geometry only out-of-plane components of crystalline films are accessible.
In the reflectometer mode, one can measure the film thickness and the laterally
averaged roughness of the film and in diffractometer mode, the crystallinity and the
out-of-plane lattice lattice parameters can be measured.

5.3.4 Grazing Incidence Small Angle X-ray Scattering - GISAXS

Figure 5.7: GALAXI diffractometer for GISAXS and XRR measurements. Taken
from [71].

Gallium anode low-angle x-ray instrument (GALAXI) uses the METALJET source
built by Bruker AXS and this X-ray source utilizes a liquid metal jet of a GaInSn
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alloy as anode. When an electron beam of 20µm height × 80µm width at 70 keV
energy with 200 W power hits the liquid metal jet, the X-rays are produced. It
utilizes parabolic Montel-type optics to parallelize and monochromatize the beam.
The collimation and the size of the beam at the sample position is defined by the two
4-segment slits separated by a distance of 4 m and the flux of 1 · 109 photon/mm2.s
is obtained at exit point of the source. At sample stage, the sample can be adjusted
by two rotational and two translational degrees of freedom. There is a second
sample holder that contains reference sample for calibration purposes. The detector
distance can be adjusted between 835 mm and 3535 mm in 5 steps. The flight path is
fully evacuated between the X-rays and the detector and a Pilatus 1M 2D position
sensitive detector with 169 × 179 mm2 active area is used for detecting the X-
rays [71]. GISAXS was performed on the LSMO/PMN-PT samples before and
after the voltage in order to investigate the presence of any lateral correlations as
a function of voltage. The diffractometer was used to perform the reflectivity from
the heterostructures and since one can measure larger Q-range, the layer thickness
and interfacial profile was determined.

5.3.5 Atomic Force Microscopy - AFM

Figure 5.8: (a) Schematic of AFM technique. Taken from [66]. (b) Lennard-
Jones potential qualitatively depicts the interaction between the tip of the can-
tilever and the surface atoms in AFM. σ0 refers to the characteristic length and
ULJ is the potential in arbitrary units. Adapted from [72].

AFM is a scanning probe microscopy which gathers information based on ’feeling’
or ’touching’ the sample surface, depending on the mode in use. It measures short
range chemical forces and long range Van der Waals and electrostatic forces with
the help of a cantilever. This cantilever has a tip and both cantilever and tip are
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sensitive to these forces and measures the forces existing between the tip and the
sample based on a tip-sample spring constant. Here we use a non-contact mode in
which the sample is scanned in x-y directions with the cantilever placed close enough
to the sample surface that it is able to measure the tip-sample force Fts directly. Fts

is the derivative of electrostatic potential between the tip and the sample Fts = ∂Vts

∂z

resulting in the deflection and oscillation of the cantilever. There is a feedback loop
system which maintains the constant oscillation amplitude by adjusting the tip to
sample distance ∆z. The scanning software records the relative displacement ∆z
and constructs a topographic image of the sample surface [73]. The Lennard-Jones
potential is a good approximation for a qualitative description of the tip-sample
interaction in AFM. In this work for topographic analysis an Agilent Technologies
5400 Atomic Force Microscope (JCNS-2) and Asylum Research Cypher SPM (PGI-
6) has been used. Fig.5.8 depicts how the amplitude is measured from a deflection
of a laser beam. The change in amplitude occurs due to interaction between the
surface atoms and the tip atoms. One can get the height profile and the sample
roughness.

5.3.6 Piezoresponse Force Microscopy -PFM

Figure 5.9: Sign dependence of the sample strain in PFM with the application of
bias. Taken from [74].

PFM is another type of scanning probe microscopy which records the mechanical
response of a sample on application of electrical voltage via conductive tip. It is a
contact mode AFM. It is an useful technique for the characterization of ferroelectric
materials. On applying the voltage, the conductive tip deflects based on the direc-
tion of the polarization below the tip. The polarization parallel and aligned with the
electric field (P ↑ E ↑) will results in positive piezo effect causing local expansion
of the sample and if the polarization is anti-parallel with the applied electric field
(P ↓ E ↑) will produce local contraction of the sample with negative piezo effect.
This sign dependent behavior can be deduced from the phase image where the phase
of cantilever gives access to the polarization orientation, phase φ = 0° (in-phase)
and φ = 180° (out-of-phase). There are different modes in PFM as described. Ver-
tical mode: gives information about out-of-plane polarization. Lateral mode:
in-plane component of polarization can me measured as lateral motion of the can-
tilever caused by the bias-induced surface shearing. Lithography mode: one can
modify the ferroelectric polarization of the sample and can induce ferroelectric po-
larization reversal on achieving the local coercive field and make patterns without
changing the surface topography [74].PFM measurements were performed using the
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PFM mode in Asylum Research Cypher SPM from PGI-6.

5.4 Magnetometry measurements - MPMS

Figure 5.10: Schematic of MPMS set-up. Taken from [66].

Figure 5.11: DC conductive rod mounted with the sample having top and bot-
tom contacts. The bias is applied to the top of the sample.

The magnetometry measurements are performed using a Quantum Design Magnetic
Property Measurement System (MPMS). MPMS uses a superconducting magnet to
generate large magnetic fields and can go upto 7 T. There is a superconducting
pick-up coil which is inductively coupled to the sample and to a rf SQUID. When
performing a measurement in MPMS, the sample moves through these supercon-
ducting pick-up coils and the magnetic moment of the sample generates an electric
current in the pick-up coils. The pick-up coils, connecting wires and the SQUID
form a closed superconducting loop. Thus, when the magnetic flux changes in pick-
up coils, it produces a change in the persistent current in the detection circuit which
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is proportional to the change in magnetic flux. Since SQUID is extremely sensitive
to the fluctuations in magnetic fields, the sensors have to be shielded from both, the
fluctuations in ambient magnetic field of the laboratory and from the large mag-
netic fields produced by the superconducting magnetic [75]. Due to this, the whole
set-up is installed in dewar and is constantly kept under liquid Helium to maintain
the superconducting behaviour of the superconducting coils. The sample temper-
ature can be chosen between 1.9 K to 400 K. The MPMS achieves a sensitivity of
approximately 10−12 Am2.

The sample is mounted in a drinking straw which is longer than the extension of pick-
up coils and also, it does not induce any signal for pick-up coils. The Reciprocating
Sample Option (RSO) is used as the sample transport mode. It is quite sensitive to
even a small magnetic moments and offers good noise rejection.

For performing magnetoelectric measurements, DC option is used with a modi-
fied design based on Borisov ’s set-up [76] implemented by Dr.Oleg Petracic and
Dr.Liming.M. Wang. With this DC rod one can apply electric fields to the sample
using conductive wires from a power supply. According to initial design a Vespel
rod was used for sample mounting but due to strong background signal, Vespel rod
is replaced by a drinking straw. Top and bottom contacts are made on the sample
using Ag paste and then copper wires are attached to each contact. The sample
is inserted carefully in the straw which is then connected to the conductive sample
rod. The DC option uses a stepper motor to move the sample gradually through the
pick-up coils. The maximum voltage that can be applied with this set-up is ±200 V.

5.5 Rutherford Backscattering Spectrometry - RBS

Figure 5.12: Schematic of RBS experiment.

Rutherford backscattering spectrometry (RBS) is an ion scattering technique used
to determine the stoichiometry of the thin films. It is a representation of the elec-
trostatic repulsion between high energy incident ions and the target nuclei. An RBS
set-up has 3 essential components: an ion source, a linear particle accelerator for
accelerating the incident ions to high energies and a detector for recording the en-
ergies of backscattered ions. An ion source produces light Helium ions which are
then accelerated by the particle accelerator and are bombarded towards the sam-
ple. During this event of collision, transfer of energy occurs between the incident
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5.5 Rutherford Backscattering Spectrometry - RBS

particle and the target atoms and the change in energy of backscattered Helium
ions under scattering angle θ depends on the masses of the involved particles in the
sample. The resulting energies of backscattered particles are element specific and
thus can be used to deduce the stoichiometry of the thin films. The energy E1 of
the backscattered ions after the scattering process can be written as:

E1 = K2E0 (5.2)
where E0 is the initial energy and the K kinematic factor can be written as

K = M2
1

(M1 +M2)2

{
cos θ ±

[(
M2

M1

)
− sin2 θ

]1/2}2

(5.3)

where M1 is the mass of Helium ion and M2 is the mass of target atoms, θ is
the scattering angle. For M1 < M2 plus sign applies and for M1 > M2 minus sign
applies [77].It is a non-destructive technique. The data is analyzed using RUMP [78]
software package by Dr. Jürgen Schubert from PGI-9. The error of the measurement
lies within a few percent and depends on the element of the scattering atoms.
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5.6 Scanning transmission electron microscopy
(STEM)

Figure 5.13: FEI Titan G2 80-200 ChemiSTEM used to perform structural and
chemical analysis. Taken from [79].

STEM is a method to probe structural and chemical properties of the sample. The
measurements were performed at ER-C-1 with Dr. Qianqian Lan and Dr. Lei Jin
at FEI Titan G2 80-200 ChemiSTEM [79]. It is equipped with a Schottky type
high-brightness electron gun, a Cs probe corrector, an in-column Super-X energy
dispersive X-ray spectroscopy (EDS) and a post-column energy filter system with
dual electron energy loss spectroscopy option. HAADF STEM was performed on
LSMO/PMN-PT(001) heterostructures to investigate the structural properties and
elemental mapping was recorded using EDS. These measurement helped in resolving
the interface between LSMO and PMN-PT(001). With EDS, different regions of
interest were chosen to compare the element concentrations. HAADF-STEM is
highly sensitive to the atomic number |Z| of atoms in the sample and thus, one
obtains Z-contrast images.
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5.7 Polarized Beam Reflectometer -PBR

Figure 5.14: Schematic of PBR experimental set-up. Taken from [80]

Figure 5.15: Sample holder used at PBR for applying voltage. Thin platinum
wires and silver paste was used to make the contacts.

Polarized Neutron Reflectometry measurements were performed at NCNR, NIST,
USA with PBR instrument. The instrument set-up is depicted in fig.5.14. The
wavelength used for measurements was 4.75Å with ∆λ

λ
= 0.03. PBR uses a py-

rolytic graphite as a focusing monochromator, a beryllium filter to suppress the λ/2
contamination, a supermirror to polarize the beam and a spin-flipper to flip the
neutron spin. For collimation of beam, slit systems are used. There is a special
sample holder for applying voltage to the sample and the sample environment is
equipped with a closed cycle cryostat which can measure in the range of 10 K to
330 K and the magnetic fields parallel to the sample surface upto 0.75 T. There is
a second flipper and a supermirror for performing polarization analysis. PBR uses
3He pencil detector for detecting the scattered neutrons.
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5.8 Combination of neutron scattering and electron
microscopy techniques

This thesis focuses on investigation of magnetic and structural properties of oxide
heterostructures by using a combination of advanced neutron scattering and elec-
tron microscopy methods. With neutrons as a probe, it is possible to study light
elements like hydrogen and oxygen, which is difficult to probe with electrons. How-
ever, electron microscopy gives access to the localized real space atomic information,
whereas, with neutron scattering, the information is averaged over complete sample.
By using both techniques in complementarity, one can obtain a detailed information
of the probed system. In this thesis PNR experiments helped to obtain magnetic
depth profile of LSMO/PMN-PT(001) heterostructures which revealed the presence
of an interlayer with reduced nuclear scattering length density (NSLD) and magnetic
scattering length density (MSLD). To examine this interlayer, it becomes crucial to
get information at microscopic level. STEM and EDS experiments were performed
to understand the structure as well as stoichiometric fluctuations in this interlayer,
which in turn explained the reduced magnetization and NSLD in PNR. In addi-
tion, with off-axis electron holography, it was possible to directly measure the phase
shift of the incoming electron wave and to facilitate a direct comparison between
magnetization profile and the real-space structure. A combination of all these ad-
vanced techniques provides a comprehensive picture of the magnetization profile of
LSMO/PMN-PT(001) heterostructures.
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La0.7Sr0.3MnO3 on PMN-PT (001)

This chapter discusses about the magnetoelectric (ME) effect in LSMO/PMN-PT(001)
heterostructures. The samples were produced using OMBE and were further charac-
terized structurally and magnetically using different techniques. The results reveal
that different mechanisms play a role in the ME coupling in this heterostructure.
Major parts of this chapter are included in an article published in New Journal of
Physics [81]. All measurements included in the article were performed and analyzed
by the author of this thesis apart from TEM images (analysis of TEM measurements
were performed by the author). The manuscript was written by the author.

6.1 Sample growth and structural analysis

Figure 6.1: In-situ structural characterizations (a) LEED and (b) RHEED pat-
tern of La0.7Sr0.3MnO3 film on PMN-PT (001) substrate.

The LSMO layers are deposited on PMN-PT(001) substrate using OMBE. The
PMN-PT single crystal substrates (Crystal GmbH) are pre-treated with ethanol
and acetone and then annealed at 730° C for 5400 s in oxygen atmosphere. The
growth rates of individual elements La, Sr and Mn are first calibrated in the vac-
uum and then again in oxygen atmosphere. Co-deposition method is used for the
growth of LSMO layers and the deposition takes place at 730° C under a pressure
of 5.8×10−6 mbar with an oxygen flow of 0.15 sccm for 6450 s. The sample is post-
annealed at 200° C for 1800 s and then cooled to room temperature. The frequency
change for each element is tabulated in table.S3. The La0.7Sr0.3MnO3 growth param-
eters are taken from Markus Waschk’s thesis work [66]. Fig.6.1 shows the LEED
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6 Experimental results I: La0.7Sr0.3MnO3 on PMN-PT (001)

and RHEED pattern recorded after the deposition of LSMO layer, depicting the
good crystalline quality of the sample with no surface reconstruction as seen from
the LEED image. The presence of Laue spots with sharp RHEED spots indicate a
smooth surface of the film.

Element Temperature [°C] Frequency change [Hz/s]
La 1501 -0.11
Sr 484 -0.038
Mn 791.2 -0.091

Table 6.1: Growth rates used for LSMO deposition on PMN-PT(001).

Figure 6.2: PFM images of bare PMN-PT (001) substrate (a) Topography, (b)
amplitude and (c) phase shows the presence of FE domains. (d) Topographic im-
age after deposition of LSMO layer showing excess of Mn crystallized on the top
the film.

The bare PMN-PT(001) substrate is first probed using PFM shown in fig.6.2, which
depicts the topographic, amplitude and phase scans of the substrate. The ampli-
tude and phase image provides the information on the strength of the signal and
the direction of polarization in PMN-PT(001), respectively. The root mean square
(RMS) roughness, σRMS from the topography signal is calculated using
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6.1 Sample growth and structural analysis

σRMS =
√

ΣN
n=0

(zi − z0)2

N
(6.1)

where zi and z0 are the local height and the mean height at position i, respectively.
For the estimation of roughness error, the standard deviations of four quadrants are
calculated from the measurement. The topographic signal gives σRMS = 11.3±0.9Å
for bare PMN-PT(001).

Figure 6.3: Line cut profile from fig. 6.2(b) and (c) demonstrating the change in
amplitude with respect to domain structure.

A line cut is performed across the amplitude and phase image to understand the
domain structure. In PFM, the cantilever is in contact mode and based on the piezo-
response of the material, the signal gets recorded. The expansion and contraction of
FE domains in PMN-PT result in the positive and negative piezo-reponse. The po-
larization switching in PMN-PT (001) can occur along [111] direction and here, one
measures piezo-response along [001] .Therefore, what one observes from the line cut
plot is the out-of-plane component of polarization vector pointing upwards, caus-
ing increase in amplitude and the polarization vector pointing downwards resulting
in decrease of amplitude. The amplitude goes down at the domain boundaries.
Fig.6.2(d) shows the topography after deposition of LSMO film on PMN-PT(001).
The FE domains are still visible, however there is presence of small particles which
is probably indicating a slight excess of Mn crystallized on the surface of LSMO.
Such effect was observed by Alexandra Steffens also in her thesis work [82]. The
topographic signal gives σRMS = 12.9 ± 0.7Å for LSMO film.
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The crystalline nature of as-grown LSMO film is probed by X-ray diffraction which
demonstrates single crystalline growth of the film along [001] direction. LSMO
(a = 3.876Å)and PMN-PT (a = 4.02Å) has in-plane lattice mismatch of +3.5%, thus
LSMO experiences in-plane tensile strain. This results in reduction of out-of-plane
lattice parameter c of LSMO. The experimental value is found to be cLSMO = 3.82Å
which is 1.3% lower than the bulk value. However, this reflects to the fact that
LSMO is partially relaxed. Since, the bulk of the film has cLSMO = 3.82Å, one can
calculate the in-plane lattice parameter from the volume of LSMO, a = 3.904Å.
Therefore, the bulk of the film retains an in-plane tensile strain of 0.7%. Fig.6.5
shows that with increase of film thickness above ∼ 30-40 Å, the film starts relaxing
by forming defects (yellow structure). The formation of dislocation is evident from
the insertion of an extra half atomic plane. The LSMO thickness deduced from
x-ray reflectometry measurements is 295+4.4

−3.6Å. A top layer with reduced scattering
length density (SLD) and thickness of 27.9+2.6

−2.7Å had to be taken into account to get
the best fitting model.

To determine the stoichiometry, the LSMO film is deposited on MgO substrate. MgO
is chosen because Mg and O are lighter than La, Sr and Mn, i.e. their contribution
to RBS spectrum is at lower energy than the film peaks. The stoichiometry of the
as-deposited LSMO film is confirmed with RBS measurement shown in fig.6.6. The
composition can be determined as La0.7Sr0.3Mn1O3−δ. As one can see from the data,
the Mn peak is a bit broad and the fit only matches the data if one substitutes half
the Mn signal with Fe, which is not possible as Fe was not used for the deposition.
Therefore, this peak broadening is taken as an artifact from the measurement. The
ratio between La:Sr fits well with the expected ratio. Thus, the stoichiometry is
confirmed within the measurement error of 5%.

Figure 6.6: RBS data and simulation for LSMO film deposited on MgO.
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6.1 Sample growth and structural analysis

Figure 6.4: The crystallinity of the as-grown LSMO/PMN-PT(001) heterostruc-
ture is determined by (a) X-ray diffraction , (b) HAADF-STEM image shows
the epitaxial growth of LSMO on PMN-PT viewed along [001], (c) the thickness
and roughness of the film is determined by XRR measurement and (d) Scattering
length density (SLD) profile of the sample. The XRR fitting parameters are men-
tioned in supplementary material in table. S4.
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Figure 6.5: Formation of a dislocation in LSMO away from the interface.
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6.2 Macroscopic magnetization measurements

Figure 6.7: (a) Magnetization vs temperature curves for 300Å LSMO film on
PMN-PT(001) and (b) magnetization hysteresis measurements as a function of
temperature.

The macroscopic magnetic properties of LSMO/PMN-PT(001) are probed with RSO
option of MPMS. The magnetization of LSMO is recorded as a function of temper-
ature with an applied field of µ0H = 50 mT. The magnetic field is applied along
[100] direction, parallel to the sample. The cooling and warming cycles are per-
formed at the temperature rate of 2 K/min. One observes a kink in magnetization
in field cooled-cooling (FCC) and zero field-cooling (ZFC) curves around ∼ 50 K
which indicates the appearance of new magnetic phase. Since PMN-PT and LSMO
do not have any structural or magnetic phase transition in this temperature regime,
therefore their contribution to this kink can be ruled out. This is discussed later in
detail. The Curie temperature obtained for LSMO is Tc = 328 K and the magne-
tization above Tc becomes negative due to the diamagnetic contribution from the
substrate. The magnetization as a function of applied magnetic field at different
temperatures is depicted in fig.6.7b showing a stable ferromagnetic state of LSMO.
Even with large lattice mismatch between the film and the substrate, good quality
LSMO thin film were achieved successfully.

6.2.1 Magnetoelectric measurements

After confirming the magnetic and structural properties, the influence of electric
field on magnetism of LSMO is probed. For these measurements, a special set-up
with DC rod having electrical contacts is used to measure the magnetoelectric (ME)
properties by MPMS-SQUID. This set-up is explained section 5.4. For an uniform
application of voltage, a Au layer is deposited to serve as a bottom electrode and
LSMO works as top electrode. The final structure is depicted in fig.6.8.

69
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Figure 6.8: Schematic of final LSMO/PMN-PT(001) heterostructure.

6.2.2 Temperature dependent ME coupling

LSMO is an heteroepitaxially grown thin film and since LSMO and PMN-PT have
misfit strain of +3.5%, the film is biaxially strained. This misfit strain does not
affect the Mn-O bond length but results in the alteration of Mn-O-Mn bond angle
responsible for double exchange interaction in LSMO [83]. The change of Mn-O-Mn
bond angle affects the electron hopping probability as, according to Hubbard model
the hopping probability t depends on the bond angle θ via t = t0 cos(π − θ)2, where
t0 is the value of hopping for an undistorted 180° Mn-O-Mn straight bond [84].
Therefore, when LSMO is deposited on PMN-PT, it experiences in-plane tensile
strain which leads to distortion and reduction in the bond angles between Mn-O-
Mn, which further modifies the exchange interaction thereby altering the electronic
and magnetic properties: destabilizes the ferromagnetism. However, on applying
voltage, PMN-PT experiences in-plane compressive strain which when transferred
to LSMO, results in increasing of Mn-O-Mn bond angle, going towards 180° and
thus stabilizes the ferromagnetism. The asymmetry in butterfly loop occurs due to
influence of FE polarization switching effect which becomes much more visible when
the measurements are made in remanent magnetic field. One has to note that the
results observed in fig.6.9 depict the effect on magnetization as a function of both
magnetic field and electric field. This means the magnetic moments in LSMO follow
both electric and magnetic field.
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Figure 6.9: Schematic of strain-mediated magnetoelectric coupling in
LSMO/PMN-PT(001).

Fig. 6.10 shows the ME coupling observed at 300 K and 80 K. The magnetic field
of 10 mT and 50 mT is applied along [100] direction and the electric field is applied
along [001] direction. The electric field is applied in the following loop: 0 kV/cm →
+4 kV/cm → 0 kV/cm → -4 kV/cm → 0 kV/cm and the magnetization is recorded
for 6 loops. An asymmetric butterfly loop is observed at 300 K. A butterfly loop
is characteristic of strain-mediated ME coupling [46]. However, the asymmetry
of this loop indicates the presence of another effect also. There is a difference
∼ 2% between the magnetization values obtained for ±V and the cross-over point
is shifted to +1kV/cm. At low temperature, 80 K one observes a linear behavior
of ME coupling: magnetization increases for -4 kV/cm and decreases for +4 kV/cm.
The magnetization is normalized to µB/u.c. by measuring the deposited area and the
thickness of the film, leading to a systematic error of about 4% for the absolute value
of the magnetization. The statistical error is several orders of magnitude smaller
than the magnetization value.
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Figure 6.10: (a) Magnetization vs electric field (b) magnetization and electric
field as a function of time at T=300 K with µ0H = 10 mT, (c) magnetization
vs electric field and (d) magnetization and electric field as a function of time at
T=80 K with µ0H = 50 mT.

The piezoelectric strains are significantly reduced at low temperatures resulting in
hardening of polarization rotation [85]. Also, the electric coercive field ’Ec’ is very
high and the FE polarization cannot be switched with this small amount of electric
field. Although the polarization in PMN-PT cannot rotate but is still produces
strain in the system under applied electric field. For these measurements at 80 K,
the sample is already poled with negatively bias voltage from the last voltage cycle at
300 K resulting in polarization pointing upwards as shown in fig. 6.11. The sample
is then cooled to 80 K with applied magnetic field of 50 mT. Therefore, on applying
-4 kV/cm voltage, the polarization tends to align along the electric field leading to
compressive strain in the system, thereby enhancing the magnetization. However,
on applying +4 kV/cm, the polarization is not able to rotate to follow the electric
field due to the hardening of polarization rotation, thus resulting in tensile strain
and causing reduction in magnetization. Therefore, the ME coupling at 80 K is a
strain-mediated coupling effect.
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Figure 6.11: Schematic of strain-mediated ME coupling in LSMO/PMN-PT(001)
at 80 K.
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6.2.3 Directional dependence of ME coupling

Figure 6.12: (a) Magnetization vs electric field curve in remanence at 300 K
along hard axis of LSMO [100], (b) ME coupling at 80 K along [100], (c) ME
coupling along easy axis of LSMO [110] at 300 K and (d) ME vs time plot of ME
coupling along [110] at 300 K showing switching behavior of magnetization, (e)
80 K.

The pure influence of electric field on magnetization of LSMO is measured in rema-
nence. LSMO, on experiencing in-plane tensile strain tends to favor in-plane orbital
occupancy resulting in an in-plane magnetic easy axis along the face diagonals [110]
and [110] and the hard axis is along [100] [9]. Therefore, measurements in fig.6.12
represents nature of ME coupling along the hard axis [100] and along easy axis [110]
at 300 K and 80 K, under the pure influence of electric field in remanence. In this
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case magnetic moments in LSMO possess more degrees of freedom as they are no
longer pinned by the magnetic field. The measurements performed at 80 K along
both the axes display no significant change in the behavior compared to earlier mea-
surements with applied magnetic field. The ME coupling still follows a linear strain
behavior. However for 300 K along [100], one still observes asymmetric butterfly loop
but along the easy axis [110] a hysteresis like loop is observed indicating switching
of ferroelectric polarizations in PMN-PT(001). Fig.6.12(e) depicts the ME vs time
along [110] where the switching of magnetization is evident near the electric coer-
cive field (Ec) PMN-PT around ±1.5 kV/cm. This demonstrates that polarization
switching results in charge-mediated ME coupling which is prominent along easy
axis [110] and is also the reason behind the asymmetric butterfly loop along hard
axis [100].

Figure 6.13: Schematic of charge-mediated coupling based on switching of ferro-
electric polarization in PMN-PT(001).

PMN-PT(001) exhibits eight possible polarization directions which lie along ⟨111⟩
and on applying positive voltage, (fig. 6.13 (a)), the polarization rotates toward [001̄]
direction and with an application of negative voltage,(fig. 6.13 (b)), the polarization
rotates towards [001], [86]. This switching of polarization results in accumulation of
charges close to the interface in LSMO which affects the Mn3+/Mn4+ ratio respon-
sible for the double exchange interaction. With positive applied voltage, positive
charges get accumulated and for negative voltage, negative charges are accumu-
lated. The accumulation of negative charges in LSMO causes reduction of Mn4+

ions, strengthening the double exchange interaction whereas, the accumulation of
positive charges increases the presence of Mn4+ ions, thereby weakening the double
exchange interaction, hence ferromagnetism in LSMO [87]. This leads to hysteresis
loop like behaviour as observed in fig.6.12(c).

Figure 6.14: Unpoled and poled state of polarizations in PMN-PT(001).
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As discussed in the theory chapter, the PMN-PT(001) single crystal possesses spon-
taneous polarizations along ⟨111⟩ and therefore the lattice parameter is slightly
elongated along the polarization directions making the PMN-PT unit cell a ’pseudo-
cubic’. under such rhombohedral distortions in PMN-PT(001), the projections of the
⟨111⟩ polarization vectors on the (001) plane lie along the pseudo-cubic ⟨110⟩ direc-
tions. In an unpoled state, the virgin states of polarizations as well as FE domains
are oriented along the eight possible ⟨111⟩ direction in a stochastic manner, as shown
in fig.6.14, leading to random orientation of the in-plane rhombohedral distortions.
When the electric field is applied to a PMN-PT(001) single crystals along [001], the
dipoles are aligned along any four equivalent ⟨111⟩ direction at ∼ 54.7° from the
[001]. With increasing electric field these dipoles tend to rotate towards the [001]
direction resulting in enhanced strain [88].

6.2.4 Theoretical model

Figure 6.15: Superposition of experimental magnetization data obtained due to
strain and charge-mediated ME coupling in LSMO/PMN-PT(001) heterostructure
resulting in an asymmetric butterfly loop. Based on this approach, a theoretical
model is proposed to de-couple strain and charge mediated effects in ME coupling.

In this section a theoretical model is proposed to de-couple the influence of strain
and charge mediated effect in ME coupling. The ratio of strain and charge me-
diated coupling in a system is sample specific. As in most samples both effects
are present simultaneously, the individual contributions superimpose. However, two
measurements could be recorded that show pure strain coupling along [100] with
applied magnetic field and charge coupling along [110] in remanence as shown in fig.
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Figure 6.16: Simulation of a mathematical model for qualitative estimation of
strain and charge contribution to ME coupling.

Figure 6.17: Top: The plot depicts the simulation for coupling of 72% strain
and 28% charge resulting in an asymmetric butterfly loop. Bottom: The simula-
tion is modeled for the experimental data obtained at 300 K with applied mag-
netic field of 10mT (as shown in fig. 6.10a) showing a qualitative estimation of
strain and charge-mediated contributions.

6.15. Combining the two data sets produces an asymmetric butterfly loop similar
to results shown in fig. 6.12a. This is not a quantitative model but a qualitative
assumption to reproduce the shape of the ME loops in order to motivate the two cou-
pling effects. Thus, one can conclusively say that the asymmetry in strain-mediated
butterfly ME loop arises due to the contribution from the charge-mediated FE po-
larization switching effect. Similarly to the model constructed for Fe3O4/PMN-PT
in the thesis of Patrick Schöffmann [72], a simple mathematical model is constructed
to have a qualitative estimation of strain and charge-mediated contributions in the
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ME coupling. This mathematical model consists of a strain and polarization curve
created using literature data [89] and normalized to 1 as shown in fig. 6.16. The
electric coercive field Ec is taken to be ± 1.5 kV/cm as in literature.

For quantitative modeling, one needs to measure the strain vs electric field curve
and polarization vs electric field curve separately for the PMN-PT(001) substrate.
However, this mathematical model is a good starting assumption to determine the
qualitative influence of both strain and charge-mediated ME coupling. There are
three parts contributing to this mathematical model: strain, polarization and tilt.
The third part tilt is an intrinsic part of polarization hysteresis like loop arising
due to the presence of multi-domain FE states in PMN-PT (001). This theoretical
model is used to fit the ME curve shown in fig.6.10(a) and by playing around with
the ratio of three parts mentioned above, a reasonable fit is obtained by taking 72%
contribution of strain and 28% charge contribution (fig. 6.17). The top plot, fig.
6.17 depicts how the strain and charge-mediated magnetization loops evolve with
the change in the strain and charge ratios.

6.2.5 Before and after voltage measurements

Figure 6.18: Magnetization hysteresis curve measured at different temperatures,
(a) 10 K, (b) 80 K, (c) 200 K and (d) 300 K, before and after removing the ap-
plied voltage. Note the change in scale.

The magnetization vs applied magnetic field curves were recorded before and after
removal of the applied voltage, depicted in fig. 6.18 at different temperatures. The
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results show a change in coercive field, Hc after removing the voltage. Table 6.2
presents the percentage obtained in Hc.

T(K) HC-BV (mT) HC-AV (mT) Change(%)
10K 12.1 15.1 +25%
80K 7.8 10.7 +37%
200K 2.1 3.3 +62%
300K -0.9 -0.9 within error

Table 6.2: HC before application of voltage (BV), after removal of voltage (AV),
and percentage change. Uncertainty in HC is ±0.1 mT.

Hc is the magnitude of magnetic field required to reduce the magnetization of a fer-
romagnetic material to zero after the sample has been driven to saturation. Fig.6.18
represents the set of measurements recorded along the hard axis [100] of LSMO
and after the sample has seen voltage, a significant increase in Hc is obtained at
low temperatures. However, no change can be observed within the error in Hc at
300 K. The coercivity is directly related to the magnetocrystalline anisotropy energy
(MAE) and it tends to increase along the hard axis under in-plane tensile strain [90].
In our system, when the voltage applied to LSMO/PMN-PT(001) is switched-off,
the FE polarizations retain their state and thus continue to strain the system. Since,
now the system is under tensile strain, it results in increase of MAE, thereby in-
creasing the coercivity along the hard axis [100] of LSMO. The MAE is dominant
at low temperatures and that is the reason, why one observes significant changes at
low temperatures [91,92]. At 300 K the anisotropy field is mostly dependent on the
shape anisotropy, thus, the change is not significant.

6.2.6 Negative remanence

Figure 6.19: (a) First half (from +2.5 T to -2.5 T) of the M-H loops presented
in fig. 6.18 showing the presence of negative remanence at 300 K along the hard
axis[100] of LSMO and (b) half M-H loops along the easy axis of LSMO [110].

While measuring the magnetization hysteresis loops, one observes an interesting be-
haviour of LSMO/PMN-PT(001). For 300 K M-H curve, a negative remanence is
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observed for both hard [100] and easy axis [110] of LSMO. However, at other tem-
peratures (10 K, 80 K and 200 K), the magnetization follows the normal hysteresis
loop as shown in fig. 6.19. One should note that this effect is not related to the
applied voltage as the negative remanence is observed in the both scenarios: before
and after application of voltage.

Figure 6.20: (a) M-H loops recorded along [100] at different temperatures.
Loops in (b) shows the switching temperature 270 K at which behavior changes
from normal hysteresis loop to inverted hysteresis loop.

M-H curves are recorded at different temperatures along [100] as shown in fig. 6.20(a)
to determine the cross-over temperature at which the behavior of magnetization
changes from normal hysteresis loop to inverted hysteresis loop. Fig. 6.20(b) shows
that at 270 K the M-H curve becomes very slim and switches to inverted hysteresis
loop with negative remanence. After 270 K, the M-H curves start getting broader
and the magnetization follows inverted hysteresis loop (IHL) with negative rema-
nence. In a typical ferromagnetic system, if the applied magnetic field is in positive
direction, the remanent magnetization Mr is positive. But here one observes that
with the applied magnetic field in positive direction leads to negative Mr and in-
verted hysteresis loop from 270 K onwards. The arrows in fig. 6.20(b) depicts how
the magnetization behavior evolves with the applied magnetic field. The negative
remanence effect appears when the direction of magnetization is opposite to the
direction of applied magnetic field [93]. This means that there is probably some
other magnetic ordering present in the system which is able to switch the mag-
netization of LSMO at this temperature. The initial speculation is based on the
results reported by Mottaghi et al. [94] and Kumari et al. [93] where negative rema-
nence was observed due to the presence of magnetically inhomogeneous spin cluster
regions. In our system, one can observe Mn3O4 particles at the interface which
are ferrimagnetic with Tc=43 K [95], but are paramagnetic at 270 K where one ob-
served negative remanence effect, therefore they cannot influence the magnetization
of LSMO at higher temperatures. However, one also observes reduced magnetization
at the interlayer from the PNR measurements which is due to presence of Mn3O4
particles, defects near the interface as shown in fig.6.5, as well as the strong in-plane
tensile strain imparted on LSMO deposited on PMN-PT. The magnetic behavior of
LSMO is governed by the double exchange interaction between Mn3+ - O2− - Mn4+

bond. Now, if there is presence of defects or/oxygen vacancies in the film, it can
break this exchange interaction resulting in higher spin disorder [93]. In addition,
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6.3 Depth resolved magnetization

it is well known that tensile strain can suppress the ferromagnetism in LSMO due
to strain-induced distortions of MnO6 octahedra. From the above results one can
see that there are structural inhomogeneities consisting of spin clusters localized
at the interface [96–98]. At higher temperature, the spin disorder is high due to
thermal energy and with the presence of magnetically inhomogeneous spin cluster
regions, it may become plausible to switch the magnetization direction in LSMO.
This is just an speculation for this observed behavior. A clear and systematic study
is needed to understand the origin of negative remanence and inverted hysteresis
loop in LSMO/PMN-PT(001) heterostructure.

LSMO grows under the influence of in-plane tensile strain imparted from PMN-
PT(001) with a lattice mismatch of +3.5%, which results in formation of defects
near the interface as seen from fig. 6.5. The magnetic behavior of LSMO is governed
by the double exchange interaction between Mn3+ - O2− - Mn4+ bond. Now , if there
is presence of defects or/oxygen vacancies in the film, it can break this exchange
interaction resulting in higher spin disorder. In our system, one clearly observes
presence of defects and Mn3O4 particles near the interface which will definitely affect
the magnetic properties of LSMO. Therefore, the presence of negative remanence can
plausibly be attributed to coexistence of the magnetically inhomogeneous regions
consisting of Mn3O4 particles and lower ferromagnetic ordering in the LSMO thin
film [93].

6.3 Depth resolved magnetization

The magnetic depth profile of LSMO/PMN-PT(001) is probed as a function of volt-
age via polarized neutron reflectometry (PNR). The experiments were performed at
NIST Center for Neutron Research (NCNR), NIST using the ’Polarized Beam Re-
flectometer (PBR)’. The experiments are performed at two temperatures: 300 K and
80 K with two magnetic fields: 10 mT and 50 mT, respectively. The same magnetic
fields are used in the ME measurements performed at MPMS. The magnetic fields
used at each temperature are near saturation (sample is nearly saturated but not
completely), which means that there is a possibility to observe spin-flip signal from
the sample. Due to this reason, all four channels were recorded: R++ (UU), R–
(DD), R+- (UD) and R-+ (DU). With PNR, one can probe how the magnetization
of the system varies along the depth of your film. It quantifies the laterally averaged
scattering length density (SLD) perpendicular to the sample surface. The SLD pro-
file obtained from the fitting model has two components: NSLD which gets affected
by parameters like film thickness, roughness, density and chemical structure of the
unit cell, then there is MSLD which depends on the magnetization per unit cell and
the magnetic roughness. Based on these parameters, a fitting model is prepared
and these parameters can be strongly correlated, the effect of which one observes
during the fitting refinement. Fig. 6.21 shows the sample orientation with respect
to the neutron beam and the applied magnetic field. The electrical connections are
made using Ag paste and thin platinum wires. The voltage is applied along [001]
direction.
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6 Experimental results I: La0.7Sr0.3MnO3 on PMN-PT (001)

Figure 6.21: Image of voltage sample holder at PBR with neutron beam direc-
tion and the applied magnetic field direction with respect to the sample.

For the electric field of 0 kV/cm, the first curve was measured at 80 K and then the
temperature was ramped up to 300 K. Before every measurement the rocking curve
was recorded for each electric field as the voltage was ramped in small steps at both
the temperatures. Once reaching at 300 K, one started to ramp up the voltage and
the rocking curve for different electric fields at 300 K is shown in fig. 6.22(a). One can
see that as the magnitude of applied electric field increases, the rocking curve gets
broader and broader with a significant drop in peak intensity. The rocking curve is
the broadest at 300 K for -4 kV/cm. Once the voltage loop was completed for 300 K,
the sample was cooled to 80 K with the applied magnetic field of 50 mT and repeated
the voltage loop. Fig.6.22(b) depicts the rocking curve at different steps of electric
field. The rocking curve continues to broaden up further on application of voltage
at 80 K. Fig.6.23 demonstrates the slit settings used during these measurements.
After application of voltage, the reflected beam broadened as one can see from the
rocking curve measurements and since the slits were not open enough to capture
all the intensity from the broad rocking curve, some intensity was lost. Broadening
of rocking curve means that the application of voltage introduced some surface
corrugation which smeared out the PNR signal resulting in the significant drop in
the intensity. This surface corrugation led to major pre-critical egde artifacts in the
data, thus making the data fitting complicated. The spin-flip signal in the plots is
shown until 0.02 Å−1 as the intensity becomes zero within the error bars.

Even with the deteriorated signal and broad rocking curve, the SLD profile reveals
interesting results. Fig. 6.24 depicts the measurements performed at 80 K with
different applied electric fields. The data reduction and fitting is performed using
Refl1D and Reductus programs [99]. A simplest model is used to fit this data which
includes an LSMO film, an interlayer and the substrate. After first fitting, LSMO
NSLD, PMN-PT NSLD, interlayer NSLD and the interlayer thickness were kept
constant while other parameters were allowed to vary to get the best fit within the
simple physical model. Although there is a drop in peak intensity after application
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6.3 Depth resolved magnetization

Figure 6.22: Rocking curves measured at different steps of applied electric field
(a) at 300 K ,(b) and at 80 K.

of electric field, this will not effect the NSLD profile as it is material dependent and
not intensity dependent.

The reduced NSLD and MSLD indicates some stoichiometric fluctuation at the
interface which is further studied using TEM. Table.6.3 represents the change in
magnetization with the application of bipolar voltage. The slight variation in LSMO
thickness is also observed which can be understood considering the system strained
on application of voltage. The roughness increases with voltage which is evident from
the rocking curves and the drop in the intensity of the signal. One can see that the
MSLD of LSMO stays constant and starts to drop as the nuclear roughness increases.
Magnetic roughness and nuclear roughness are strongly correlated parameters. Due
to the time between the growth, measurement and transport, the top interface of
the film is not very smooth due to some aging effect. The interesting thing to note
is that one observes an interlayer with reduced NSLD and MSLD and with the
thickness of 53+1

−1, Å. The deduced LSMO layer thickness is 268+1
−1 Å. All three SLD

profiles are plotted together in fig.6.25 (a).

Figure 6.23: Schematic of slit settings used during the measurements and due
to the broadening of the rocking curve, some of the intensity was lost due to the
narrow slit opening which resulted in artifacts in the PNR data.
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6 Experimental results I: La0.7Sr0.3MnO3 on PMN-PT (001)

Figure 6.24: PNR curves measured at 80 K with the applied magnetic field of
50 mT at (a) 0 kV/cm (b) +4 kV/cm and (c) -4 kV/cm with deduced SLD pro-
files. Note the change in scale.
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6.3 Depth resolved magnetization

Figure 6.25: SLD profiles of PNR curves measured at 0 kV/cm, +4 kV/cm and
-4 kV/cm.

Parameter 0kV/cm +4kV/cm -4kV/cm
LSMO d [Å] 268.30+1

−1 268.40+1
−1 263.50+3

−1

LSMO σ [Å] 28.30+2
−1 32.90+1

−3 31.10+2
−2

LSMO M [µB/u.c.] 2.67+0.10
−0.10 2.34+0.08

−0.03 2.43+0.06
−0.05

Interlayer M [µB/u.c.] 0.24+0.06
−0.07 - -

Table 6.3: Parameters (d : thickness, σ: roughness and M : magnetization per
unit cell) used for the fitting model with different voltage steps. These parame-
ters were allowed to vary.

The observed magnetization of LSMO is highest for 0 kV/cm and drops for the
other electric fields. This is due to the change in the sample quality which is evident
from the broadening of the reflected beam. One has to mention that the starting
state of magnetization for the samples used for PNR and SQUID is different. In
SQUID measurements, the sample first cycles through 6 voltage loops at 300 K and
then it is cooled to 80 K for another set of voltage loops. It has been observed
in the ME measurements, that for the first cycle of applied voltage at 300 K, the
magnetization drops initially and then follows the butterfly loop as can be seen
from fig.6.26. This behavior is observed for other SQUID measurements as well.
Therefore, when 0 kV/cm is measured at 80 K in SQUID, the magnetization has been
already reduced, whereas for PNR measurements, the magnetization was recorded
for both the temperatures in the virgin state of the sample for 0 kV/cm. That is
why the magnetization value obtained from PNR for 0 kV/cm at 80 K is higher than
gated values.
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Figure 6.26: Drop in magnetization in the first cycle of voltage loop measured at
300 K with applied field of 10 mT.

Figure 6.27: Comparison between the magnetization obtained from SQUID-
MPMS and PNR for ±4 kV/cm at 80 K. The error bars for SQUID are smaller
than the data point. The magnetization obtained for 0 kV/cm from PNR is higher
than the gated values as it was measured in the virgin state of the sample. This
has been observed in SQUID that magnetization drops initially before it starts
following a butterfly loop as shown in fig. 6.26. The change in magnetization in
PNR for ±4 kV/cm follows similar pattern as in SQUID-MPMS.

However, the magnetization obtained for -4 kV/cm is higher than for +4 kV/cm,
which is in good agreement with the SQUID measurements as shown in fig. 6.27.
The spin-flip signal arises due to the magnetization angle of ∼ 18°±2° from the
quantization axis of the polarized neutron beam and the angle of magnetization
remains constant throughout the depth of the film. Due to the problem of surface
corrugation which resulted in smearing out of the PNR signal, one may have lost
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6.3 Depth resolved magnetization

some of the precise information. From the overall measurement and analysis, one
was able to observe the strain-mediated ME coupling in LSMO/PMN-PT(001) with
a presence of interlayer. Taking into account the 18° rotation of magnetization and
for comparison with SQUID data which will only see the longitudinal moment rather
than vector, one can calculate magnetization from the relation: ML = Mcos θ, where
θ is 18°, ML is longitudinal component of magnetization and M is the vector mag-
netization. The ML obtained for -4 kV/cm and +4 kV/cm will be 2.31±0.06µB/u.c.
and 2.22±0.08µB/u.c. respectively. From SQUID its 2.13µB/u.c. for -4 kV/cm and
2.11µB/u.c. for +4 kV/cm.

The 300 K measurements are shown in supplementary material. Due to low magnetic
signal and artifacts in data after application of voltage, it was difficult to fit the data.
Some measurements were performed by mail-in experiment at ILL with reflectometer
SUPERADAM. Two samples were sent, one in the virgin state and other after
applying the voltage. The aim of the experiment was to investigate presence of any
off-specular magnetic scattering as a function of voltage but due to time constraint,
it was not possible to perform full polarization analysis over the complete detector
area. The 2D detector maps obtained from the experiment shows some off-specular
scattering but one cannot be sure if it is due to any magnetic feature as off-specular
scattering can arise from roughness of the sample as well, thus can be just nuclear
contribution.No other new information was obtained from this measurement. The
2D maps are shown in supplementary material.

X-ray reflectivity was performed on a similar LSMO/PMN-PT(001) sample using
our in-house GALAXI [71] to determine the thickness. GALAXI provides longer
Q-range for measuring as the sample to detector distance can be adjusted as per
requirements.

Fig.6.28 represents the fit for obtained XRR curve with two models: LSMO-interlayer-
substrate and LSMO-substrate. The experimental data shows dampening of the
oscillation between Qz = 0.2 to 0.3 Å−1 which indicates presence of another layer.
The index of refraction is defined as n = 1 − δ + iβ. The best fit is obtained with
a model having interlayer. The interlayer is an intrinsic formation in the system
and its thickness can vary from sample to sample. The thickness deduced from
XRR fitting is LSMO : 270 ± 1 Å and interlayer: 11 ± 3 Å. The XRR (fig.6.4c)
measured with Bruker D8 diffractometer does not show any oscillation dampening
due to lower Q-range compared to GALAXI. The fitting was performed by Randolf
Beerwerth using Born-again software [100].
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6 Experimental results I: La0.7Sr0.3MnO3 on PMN-PT (001)

Figure 6.28: Top: XRR curve representing presence of an interlayer in the pro-
file of index of refraction in LSMO/PMN-PT(001) heterostructure. Bottom:
Model presentation if only LSMO layer is taken into consideration. Fitting per-
formed by Randolf Beerwerth.
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6.4 STEM studies of the interlayer

Figure 6.29: (a) HAADF-STEM image of epitaxial growth of LSMO on PMN-
PT(001). (b) AMO perovskite structure represented with colored spheres indi-
cated A-site (green) and M-site (red).

HAADF-STEM measurements were performed on LSMO/PMN-PT(001) heterostruc-
tures to study the structural properties of the interlayer and the film. These mea-
surements are from the samples which have not been exposed to the voltage. The
measurement depicted in fig. 6.29 shows a pseudo-cubic structure and A-site and
M-site of the perovskite is depicted in the magnified section in fig. 6.29(b). Due
to the large lattice mismatch between LSMO and PMN-PT, there is formation of
defects which has been shown in fig. 6.5. In order to probe the information about
stoichiometric fluctuations as in the interlayer, chemical imaging is performed.

The fig. 6.30(a) displays the cross-sectional overview of the heterostructure where
one can already observe the presence of dark regions near the interface and fig.
6.30(b) shows a close-up, revealing the dark regions to be particles with a triangu-
lar cross-section. HAADF-STEM images are formed by using incoherent elastically
scattering electrons which are collected at higher angles (69 mrad). It is more sen-
sitive to heavier elements as they have larger scattering cross-section whereas for
lighter elements with smaller scattering cross-section, HAADF or Z-contrast is sen-
sitive to the compositional changes. The fig. 6.30(b) represents darker regions
at the interface which means there is stoichiometric fluctuation and the elemental
composition has lower Z elements compared to the bulk of the film.
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Figure 6.30: (a) Overview of the cross-section along [001] of LSMO/PMN-
PT(001) heterostructure. Au layer is deposited on the top. One can see the pres-
ence of triangular shaped particles as dark regions. (b) the HAADF-STEM image
shows presence of triangular shaped dark regions at the interface of LSMO and
PMN-PT.

EDS in STEM is used to collect the chemical information across the interface as
shown in fig.6.31 depicting La-deficiency in the darker regions.Since the contrast is
not very high, the EDS maps of La and Mn with HAADF were superimposed where
one observes the La-deficient areas have Mn-excess as depicted in fig.6.32. For
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Figure 6.31: Spectrum imaging with STEM/EDS (a) HAADF-STEM image,
(b) La-EDS map showing La-deficiency in the dark triangular shaped regions, (c)
Sr-EDS map and (d) Mn-EDS map.

further clarification, EDS spectra is extracted from different characteristic regions
of interest as shown in fig. 6.33.

From the atomic fractions obtained from EDS measurements, one can calculate the
stoichiometry of of the probed region. Area 1 shows less than 5% of Mn3O4 and the
darker region shows more than 30% of Mn3O4. There is a slight inter-diffusion of Pb
and Nb near the interface. One observes a kink in magnetization in FCC and ZFC
curve shown in fig.6.7(a) which is around 43 K. The Curie temperature of Mn3O4 is
43 K, [95] thereby confirming the particle stoichiometry to be Mn3O4.

Parameter La:Sr ratio
Area 1 0.77+0.05

−0.07 : 0.23+0.07
−0.05

Area 2 0.76+0.06
−0.06 : 0.24+0.06

−0.06

Table 6.4: La:Sr ratio in LSMO obtained from the EDS spectrum recorded for
the area 1 and area 2.

The stoichiometry obtained from these measurements (table. 6.4) are very local-
ized as STEM provides the information only of the probed region of interest. The
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6 Experimental results I: La0.7Sr0.3MnO3 on PMN-PT (001)

Figure 6.32: EDS maps of Mn and La overlapped with HAADF image showing
the excess Mn in dark region.

Figure 6.33: EDX spectrum of area 1 and 2. * EDX itself does not prove the
Mn-excess to be in Mn3O4 stoichiometry but measurements shown in fig. 6.7
shows jump in magnetization at at 43 K which is a Curie temperature ,TC , of
Mn3O4.

stoichiometry of the complete film is determined by RBS shown in fig. 6.6.

The presence of these Mn3O4 particles explains the drop of NSLD in the PNR data
as Mn has negative scattering length. It has to be noted that the particle size of
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Mn3O4 can vary from sample to sample as it is intrinsic formation during growth. For
the sample measured in TEM, the particle height is 80-90Å composing of interlayer
whereas the sample used for PNR has interlayer width of 53Å. The formation of
Mn3O4 particles at the interlayer is not surprising due to its chemical compatibility
with the whole manganite perovskite family [101]. Mn3O4 crystallizes in a distorted
spinel structure with tetrahedral A-sites occupied by Mn2+ ion and the octahedral
B-sites are occupied by Mn3+ ions [102, 103] with cell parameters of a = 5.76 Å and
c = 9.47 Å. The manganese segregation in such a compound usually occurs due to
La-deficiency which is visible in fig. 6.31 and the appearance of manganese oxide
at the interface appears in a stochastic manner as seen from STEM images. The
biaxial in-plane compressive strain from PMN-PT(001) and high oxygen partial
pressure during growth allows Mn3O4 to grow epitaxially in cubic phase [104–106].
When growing on PMN-PT(001), Mn3O4 experiences in-plane compressive strain
of -1.2% which is smaller compared to +3.5% in-plane tensile stain experienced by
LSMO, thus making it energetically favorable for Mn3O4 to nucleate on top of the
substrate. TEM images show the possible presence of triangular shaped- Mn3O4
particles at the interlayer.
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Figure 6.34: (a) SAED-TEM image of the cross-section of LSMO/PMN-
PT(001). (b) Electron diffraction pattern of the substrate PMN-PT(001), (c)
Electron diffraction pattern of the film LSMO and (d) Electron diffraction pat-
tern of the film + substrate. This splitting of spots indicate the strain relaxation
in the film.

The electron diffraction pattern is recorded for the substrate, film and the film +
substrate together as shown in fig. 6.34. From the diffraction pattern obtained
from the substrate and film, a clear cubic lattice is visible. However, the diffraction
pattern of film + substrate displays splitting of reflections arising due to the differ-
ence in the structures in the film caused by strain relaxation. The strain usually
relaxes in 2-3 monolayer right after the growth. The presence of strain relaxation in
LSMO is not surprising owing to the fact that LSMO and PMN-PT has large lattice
mismatch of +3.5%. The precipitates visible on the top of the LSMO film in in fig.
6.34(a) are the excess of Mn which crystallized on the top of the film. It is visible
in the AFM image in fig.6.2(d).

94



6.5 Conclusions

6.5 Conclusions

LSMO films were successfully grown on PMN-PT(001) substrate. RHEED, LEED,
XRR and XRD confirm the single crystalline thin films of LSMO. The STEM mea-
surements show epitaxial growth of LSMO. A stable ferromagnetic state is observed
from macroscopic magnetization measurements. The LSMO/PMN-PT(001) het-
erostructures demonstrate magnetoelectric coupling which has contribution from
both strain and charge-mediated ME coupling. Different parameters influence the
presence of these ME couplings. The strain-mediated ME coupling is found to be
prominent along the hard axis [100] of the LSMO whereas charge-mediated ME
coupling becomes prominent along the easy axis [110] of LSMO at 300 K. A change
in the behavior of strain-mediated ME coupling is observed as function of tem-
perature which changes from butterfly loop at 300 K to linear at 80 K. Change
in HC is observed after removing the voltage. The increased HC after voltage is
attributed to the magnetocrystalline anistropy energy which increases with tensile
strain. An interesting effect of negative remanence is observed at higher temperature
in LSMO/PMN-PT(001) heterostructures which probably arises due to the presence
of inhomogeneous magnetic layer near the interface of LSMO/PMN-PT(001). A sys-
tematic study is required to fully understand the appearance of negative remanence
effect in this system. The study of magnetic depth profile using PNR reveals pres-
ence of interlayer with reduced NSLD and MSLD. The reduced magnetization in
interlayer is not surprising owing to the fact that high tensile strain can suppress
the ferromagnetism in LSMO. Also, one observes presence of defects near the inter-
face which also plays role in breaking the exchange interaction between Mn-O-Mn
bond, thus reducing the ferromagnetism. The interlayer is probed by TEM which
shows the presence of Mn3O4 particles in LSMO layer. The presence of these par-
ticles was confirmed by ZFC and FCC measurements also which show kink in the
magnetization near 43 K, Curie temperature TC of Mn3O4. Due to good chemical
compatibility, it becomes easier for Mn3O4 to nucleate in an LSMO matrix.
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7 Experimental results II: ultra-thin
LSMO/PMN-PT(001)

This chapter discusses the results obtained for ultra-thin LSMO deposited on PMN-
PT(001) substrate using OMBE. The previous chapter details out the results which
were influenced by both the bulk and the interface properties of LSMO/PMN-
PT(001). By growing a thin layer of LSMO, the influence of interface effects are
more visible.

7.1 Structural characterization

Figure 7.1: In-situ structural characterizations (a) LEED and (b) RHEED pat-
tern of about 100 Å La0.7Sr0.3MnO3 film deposited on PMN-PT (001) substrate.

An ultra-thin LSMO film was deposited on PMN-PT(001) substrate using OMBE.
It was structurally characterized in-situ with LEED and RHEED as shown in fig.
7.1. The RHEED pattern displays presence of Laue spots as well as sharp RHEED
spots confirming the good crystallinity of the sample. However, the LEED spots are
not so sharp as one can see from the fig. 7.1 (a) suggesting that the surface of the
LSMO film is not very smooth. The film is further studied using X-ray diffraction
which depicts single crystalline growth of LSMO as shown in fig. 7.2 (a). The LSMO
film has out-of-plane lattice parameter of c = 3.82 ± 0.003Å which matches the c
obtained for 300Å thick LSMO in the previous results. This means that the film is
partially relaxed. The thickness of the LSMO layer determined by XRR (fig. 7.2)
is 110.6 ± 0.6 Å with a roughness of 3.4 Å.

97



7 Experimental results II: ultra-thin LSMO/PMN-PT(001)

Figure 7.2: (a) XRD and (b) XRR of La0.7Sr0.3MnO3 film deposited on PMN-
PT (001) substrate. (c) The XRR fit assumes the ratio of 8:2 for LSMO : Mn3O4
particles. The XRR fitting parameters are mentioned in supplementary material
in table. S5

The initial model used for the fitting of the XRR curve consists of LSMO layer and
substrate, with a reduced SLD value of the LSMO layer compared to the theory. This
reduced SLD could result from the defects or holes in the film. Based on the previous
measurements and results, a new model was created with a ’ratio’ parameter which
controlled the ratio between Mn3O4 particles (as seen from previous results) and
LSMO in the film. Both models produced similar results with reduction of SLD
in the LSMO layer, with a ratio parameter of 80% LSMO and 20% Mn3O4 in the
LSMO layer. Considering the results obtained earlier, the ratio model is the better
explanation for the reduced SLD. The fitting is not perfect as one can see from the
XRR fit that the pre-critical edge does not matches so well due to some artifacts in
the measurement. Also, the dip of the oscillation at Qz = 0.1 Å−1 does not fit well.
Based on the different parameters taken into account, this is the best fit obtained
for 110 Å LSMO film.
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7.2 Macroscopic magnetization measurements

Figure 7.3: Magnetization vs temperature curves measured with applied field of
50 mT for 110 Å LSMO/PMN-PT(001).

Magnetization as a function of temperature was recorded with an applied magnetic
field of 50 mT. Fig. 7.3 shows the ZFC and FCC curves for the ultra-thin LSMO
film. The TC has significantly reduced from 328 K for 300 Å thick LSMO to 283 K
for 110 Å LSMO film. It is known that the tensile strain suppresses ferromagnetism
and reduces TC due to strain induced MnO6 octahedra distortion [96]. There is a
decrease in the magnetization in ZFC curve in the low temperature regime which
indicates some pinning of magnetic moments in LSMO. From the results obtained
for 320 Å thick LSMO film, one observes presence of defects and inhomogeneously
magnetic film near the interface. Therefore, with the thickness of 110 Å, the effect of
defects and strain imparted by the PMN-PT substrate become much more visible.
The presence of defects/oxygen vacancies can easily break the Mn-O-Mn bond which
would result in clusters of disordered spins near the interface, the effect of which is
visible in ZFC curve.

Figure 7.4: (a) M-H curves recorded at 80 K and 200 K and (b) zoom-in on
200 K M-H curve. Note the change in the scale of applied field.

Magnetization as a function of applied magnetic field was recorded at two temper-
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atures: 80 K and 200 K as shown in fig. 7.4. There is a significant drop in the
magnetization compared to magnetization obtained for 300 Å LSMO film. It was
expected due to lower thickness and more defects present in the film. LSMO film
with 110 Å shows a stable ferromagnetic state. Previously, the presence of a nega-
tive remanence was observed at higher temperatures of about 270 K for 300 Å LSMO
layer in LSMO/PMN-PT(001) heterostructures (see chapter 6). Based on this, the
M-H curves for this thickness was also measured and the negative remanence was
observed for the 200 K M-H curve as depicted in fig. 7.5.

Figure 7.5: Appearance of negative remanence in M-H curve measured at 200 K.

It is interesting to note that the negative remanence effect appears close to the TC

of the film. Until now the only explanation for the presence of this effect is based on
the inhomogeneous magnetism near the interface. In this case the thickness of the
film is lower and has more defects as can be seen from the ZFC curve and probably
due to this the negative remanence is visible for a low temperature like 200 K.
These speculation are supported by the results obtained in the work of Kumari et
al. [93] and Mottaghi et al. [94]. More thorough and systematic study is needed to
understand the presence of negative remanence effect.

7.3 Magnetoelectric measurements

Magnetization as a function of voltage was recorded for 110 Å thick LSMO/PMN-
PT(001) sample. The magnetoelectric measurements were performed at two tem-
peratures: 80 K and 200 K as shown in fig. 7.6. No major changes were observed in
the magnetization from the measurements apart from gradual increase in the mag-
netization. At 80 K, the magnetization increases but does not vary much compared
to the results obtained for 300 Å LSMO film in fig. 6.10 in chapter 6. Also, at 200 K,
one can see a little variation (marked with green circles) in the magnetization signal
but not strong enough to confirmly say that there is presence of ME coupling. For
such a thin film, the change in magnetization is not clearly visible. There is no pres-
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ence of butterfly loop, which is expected as measurements performed are already in
low temperature regime of PMN-PT(001). It becomes a bit difficult to study the
influence of voltage on such a thin film of LSMO as it consists of defects as well as
magnetically inhomogeneous regions. There is a plausibility of some magnetization
relaxation as a function of time.

Figure 7.6: Magnetization vs electric field curves of 110Å LSMO thin film (a) at
80 K and (b) at 200 K. Green circles are showing small variation in magnetization
as a function of electric field at 200 K.

7.4 Conclusion

The growth of 110 Å LSMO layer was successful with good crystalline quality. Re-
duction in TC was observed compared to 300 Å LSMO layer. With decreasing thick-
ness and presence of defects, leads to reduction of magnetization in the LSMO layer.
ZFC curve demonstrates the pinning of magnetic moments which further confirms
the presence of defects in the film. However, the negative remanence effect is still
visible at 200 K. This indicates the existence of magnetically inhomogeneous regions
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7 Experimental results II: ultra-thin LSMO/PMN-PT(001)

in the LSMO film. The magnetoelectric measurements demonstrate increase in the
magnetization, although the variation of magnetization as a function of an applied
voltage is not clearly visible, probably due to higher concentration of the defects in
the film which suppresses the magnetic signal. Ultra-thin films having low magnetic
signal, makes the study of magnetoelectric properties difficult.
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8 Experimental Results III: Magnetic
field mapping of
LSMO/PMN-PT(001) by off-axis
electron holography

In the previous two chapters the magnetic properties of LSMO were investigated
using macroscopic measurements and scattering studies. In macroscopic measure-
ments, magnetic properties are averaged over the whole sample volume, whereas
in scattering, the magnetic depth profile is accessible by model fitting of the mea-
sured signal. In order to directly visualize and measure the magnetic field in LSMO,
off-axis electron holography (EH) in TEM was carried out using cross-sectional spec-
imens of the LSMO deposited on PMN-PT. The main advantage of using off-axis EH
is that the magnetic information can be recorded alongside the microscopic struc-
ture and composition information enabling a direct comparison between magneti-
zation profile and real-space structure. Off-axis EH in conjunction with polarized
neutron reflectometry gives a holistic information on the magnetization profile of
LSMO/PMN-PT(001) heterostructures.

This chapter discusses the results of off-axis EH measurements performed on LSMO/
PMN-PT(001) heterostructure as a function of temperature. The off-axis EH exper-
iments were performed with the help of Dr. Qianqian Lan from ER-C-1. A relatively
thick LSMO layer of about 500 Å was deposited, so that the magnetic signal from
LSMO layer is strong enough to be recorded. The FIB specimen for the experiment
was prepared by Lidia Kibkalo from ER-C-1.

8.1 Structural and magnetic characterizations

Figure 8.1 shows the LEED and RHEED patterns recorded after growth in OMBE.
One observes sharp LEED spots and absence of any surface reconstruction. The
presence of Laue ring with sharp RHEED spots indicates smooth surface and good
crystalline quality of the LSMO layer. The heterostructure was then characterized
using XRD (fig. 8.2) confirming a single phase growth of LSMO oriented along [001]
direction. The zoom-in on (001) peak shows present of Laue oscillations indicating
good crystalline quality of the as-grown LSMO layer. The crystalline thickness cal-
culated from the Laue oscillations shows that 92% of the film is single crystalline.
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Figure 8.1: In-situ structural characterizations (a) LEED and (b) RHEED pat-
tern of 500 Å LSMO layer on PMN-PT(001) substrate.

It was not possible to perform XRR scan on this sample as the substrate had some
surface corrugation due to broad rocking curve that hinder any reflectivity mea-
surement. Although the reflectivity measurements were not successful, the surface
corrugation of the substrate didn’t affect the growth and magnetic properties of the
LSMO film. The quality of the as-grown LSMO is good that was further confirmed
by STEM measurements on this sample.

The magnetic properties of this sample were probed by recording the magnetization
as a function of temperature, as shown in fig. 8.3 (a). The M-T curve gives a
Curie temperature of TC = 358 K. One still observes jump in magnetization due
to Mn3O4 particles near 43 K, however, this effect is not as sharp as observed for
300 Å samples. This probably indicates that the ratio of Mn3O4 particles is reduced
compared to 300 Å samples. This can arise due to stoichiometric fluctuation from
sample to sample. Also, Mn3O4 has a good chemical compatibility with the whole
perovskite manganite family, and therefore, it can nucleate in the LSMO matrix.
Fig.8.3 (b) shows the magnetization hysteresis measured at different temperatures.
The M-H curve shows enhanced magnetization at 300 K from 0.92 µB/u.c. for 300 Å
to 1.55µB/u.c. for 500 Å LSMO layer.

Interestingly, in an inspection of the half-cycle in M-H loops where the applied mag-
netic field varies from +2.5 T to -2.5 T, the presence of negative remanence (NRM)
effect at 300 K was observed (fig. 8.4). The presence of NRM effect in LSMO film
at room temperature has been consistent in this work. This effect was found in the
LSMO/BTO/Nb:STO (001) heterostructure as well. Until now the only speculation
for this behaviour has been attributed the presence of defects/oxygen vacancies in
the system [93,94]. A systematic set of experiments are required to understand the
presence of this NRM effect. Nevertheless the bulk magnetic measurements confirm
the stable ferromagnetic properties of the LSMO film that can be locally mapped
and measured with off-axis EH in TEM.
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8.2 Specimen preparation for TEM studies

Figure 8.2: (a) XRD scan of 500 Å thick LSMO layer deposited on PMN-
PT(001) and (b) zoom -in on the (001) peak where one can see the Laue oscil-
lations as well.

8.2 Specimen preparation for TEM studies

Cross-sectional preparation of the LSMO samples for off-axis EH measurements
were carried out using FIB sputtering in a dual-beam SEM system. The initial
plan was to perform off-axis EH on two samples: one which has seen voltage and
an other sample in the virgin state to study the before and after voltage effect on
the magnetization of LSMO . The sample which has seen voltage was exposed to
a voltage loop from 0 V → +200 V → 0 V → -200 V. Fig. 8.5 shows the secondary
electron (SE) scanning electron microscopy (SEM) images of the FIB specimens.
One can clearly see the major difference in the PMN-PT structures. The sample
that has been exposed to voltage cycle has a lot of defects and pores compared to
the virgin sample. Therefore, it became difficult to further reduce the thickness of
the voltage sample for the experiment, as it was breaking apart. The off-axis EH
was performed only on the virgin sample. During FIB lamella preparation, Au layer
of 550 Å was deposited on 500 Å thick LSMO using sputtering to reduce the electron
beam induced charging, which would hinder the imaging and sputtering processes.
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Figure 8.3: (a) ZFC and FCC measurements of the LSMO using an applied field
of 50 mT. Inset is a zoom-in on the jump in magnetization due to Mn3O4 parti-
cles, (b) M-H hysteresis curves measured at 80, 200 and 300 K, respectively.

Figure 8.4: Presence of negative remanence (NRM) effect at 300 K.

In addition, a carbon layer was deposited in the FIB/SEM system as protective
layer as shown in Fig. 8.6.

8.3 STEM measurement

The cross-sectional specimen was first studied using aberration-corrected HAADF-
STEM imaging at 200 kV. HAADF images were recorded using a 69 mrad annular
dark-field detector semi-angle that ensures the good chemical element sensitivity of
the image contrast. The images in fig. 8.7 show the 500 Å LSMO layer deposited on
PMN-PT(001). The specimen was aligned to the closest crystallographic zone axis
using a double-tilt TEM holder. The high-resolution HAADF STEM image of the
interface region (fig. 8.7(b) and (c)) reveals the epitaxial growth of LSMO on PMN-
PT(001) and presence of dislocations at the interface, which formed due to the lattice
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STEM measurement

Figure 8.5: Secondary electron SEM images of FIB lamella show the cross-
sections of the (a) sample which has seen voltage and (b) sample in its virgin
state. The defective structure of the sample that has seen voltage prevented the
specimen preparation.

mismatch between the two structures. In HAADF STEM images, the presence of
Mn3O4 particles was not observed as in 300 Å LSMO/PMN-PT(001) samples (see
chapter 6). As one still observes a small jump in magnetization in FCC curve (fig.
8.3), this indicates that there are still a few Mn3O4 particles present although the
amount is drastically reduced or the size is very small. Since the formation of the
Mn3O4 particles is an intrinsic property of Mn-excess LSMO films, therefore, the
amount can vary from sample to sample.
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Figure 8.6: Bright field SEM image shows the continuous 500 Å thick LSMO
layer deposited on PMN-PT substrate and coated with 550 Å Au layer.

Figure 8.8: STEM-EDX maps of La (green), Sr(orange) and Mn(pink) in
LSMO/PMN-PT(001) heterostructure.
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STEM measurement

Figure 8.7: (a) HAADF STEM image shows the overview of the LSMO/PMN-
PT(001) heterostructure. (b) High-resolution HAADF STEM image of the inter-
face region showing the lattice match between the LSMO and PMN-PT. The dark
contrast regions at the interface indicate the presence of dislocations that formed
due to lattice mismatch between the LSMO and PMN-PT. Note the Mn3O4 par-
ticles are not visible in the 500 Å thick LSMO layer. (c) Composite image of two
FFTs taken from LSMO and PMN-PT showing the epitaxial interface.
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The EDS maps (fig. 8.8) recorded together with STEM image reveal homogeneous
LSMO film. In La and Sr map one observes some signal in PMN-PT region also.
This is because the peak for La and Ti are very close.Thus, on selecting La in EDS
map, the signal from Ti is also induced and one sees intensity in PMN-PT. For
Sr-map, it is a processing artifact.

8.4 Off-axis electron holography

The magnetic field of the LSMO layer was quantitatively measured by off-axis EH.
The measurements were carried out using magnetic field free mode of the transmis-
sion electron microscope operated in 300 kV using an image-CS-corrected FEI Titan
80-300 TEM [107]. The LSMO specimen and its temperature was controlled us-
ing a double-tilt liquid nitrogen cooled TEM holder (Gatan model 636) from room
temperature down to 94 K. Electron holograms are created and recorded using a
single electron biprism and a direct electron counting detector (Gatan K2 IS). The
specimen was aligned in a way that the biprism was perpendicular to the LSMO
layer, thus the reference region was taken from the vacuum region adjacent to the
specimen edge. Beside the specimen hologram, a reference hologram was recorded
from the empty vacuum region, in order to remove the imaging distortions [62].The
specimen was slightly tilted away from the main zone axis to avoid strong diffracting
conditions [64, 108]. Electron holograms were recorded in magnetic field free condi-
tions using a direct electron counting camera. The data processing was performed
by Dr.Qianqian Lan from ER-C-1. Fig. 8.9 (a, b) show the specimen and the ref-
erence holograms of the LSMO specimen recorded at 200 K with fringe spacing of
0.86 nm. The Fourier transform (fig. 8.9 (c)) recorded from the specimen hologram
shows the center and two conjugate side bands.

One of the two sidebands is then digitally selected and its inverse Fourier transform
is calculated which provides a real-space complex wave image that contains both
amplitude and phase information [109]. The phase, ϕ of the electron wave function
can then be directly calculated by evaluating the arctangent of the ratio of the
imaginary and real parts of the resulting real space complex wave function. The
obtained phase shift was evaluated modulo 2π, which means that 2π discontinuities
unrelated to specimen features appear at the positions where the phase shift exceeds
this amount. The phase image(fig. 8.11) was unwrapped using suitable algorithms
to remove wrapping errors. Considering that neither the electrostatic potential ,V,
nor magnetic induction component perpendicular to the optical axis, B⊥, varies
along the electron beam direction with a sample of thickness, t and length of the
sample, x (fig. 8.10), the equation 4.21 can be written as

ϕ(x) = CEV (x)t(x) − e

ℏ

∫
AB

∫
CD

B⊥ · dA (8.1)

where, CE is an interaction constant and ABCD is the surface defined by the paths
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Figure 8.9: Off-axis EH measurement of the cross-sectional 500 Å LSMO layer.
(a) Specimen and (b) reference hologram recorded at 200 K. (c) Fourier trans-
form of the specimen hologram. Dashed circle mark the size of the virtual aper-
ture used to process the phase information.

of the object and reference beams as shown in Fig. 8.10. Further simplifying it

ϕ(x) = CEV (x)t(x) − eB⊥x
t

ℏ
(8.2)

Taking the specimen thickness t and composition to be constant, the derivative of
phase can be written as

dϕ(x)
dx

= eB⊥
t

ℏ
(8.3)

Equation 8.3 shows that the slope of the phase is proportional to the perpendicular
component of the magnetic field within the specimen i.e., regions of constant slope
correspond to uniform magnetic field in the specimen [108].

111



Magnetic field mapping of LSMO/PMN-PT(001) by off-axis electron holography

Figure 8.10: Schematic of path integral in off-axis electron holography used to
recover the phase information. Inspired from [108].

Figure 8.11: A pair of reconstructed phase images of LSMO/PMN-PT(001) het-
erostructure recorded at 200 K. They were obtained by sequentially magnetizing
the lamella parallel and antiparallel to the interface by tilting the specimen away
from main zone axis Left: -65° (parallel) and Right: +65° (antiparallel) and ap-
plying a 1.4 T field. Blue arrow depicts the direction of saturating field.

The obtained phase shift contains both the electrostatic and magnetic contribu-
tions. Since one is interested in characterizing the magnetic fields in the specimen,
it becomes crucial to remove the contribution of mean inner potential from the
measured phase shift to interpret the magnetic contribution. To do this, pairs of
electron holograms were recorded that differ only in the (opposite) directions of the
magnetization in the specimen as shown in fig. 8.11. The magnetic and mean inner
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potential contributions to the phase can then be calculated by taking half the dif-
ference and half the sum of the reconstructed total phase images. As the magnetic
phase shift is directly proportional to the in-plane magnetic induction, it can be
visualized by applying a cosine multiple of the magnetic phase as shown in fig. 8.12
(c). The phase shift in Au layer appears to be higher than LSMO in fig. 8.12 (b),
which is an artifact of the processing. Au diffracts heavily and due to large atomic
number the electron wave doesn’t really go through it. The information from the
Au layer is mostly a noise. Since it is not magnetic, therefore, its phase shift cannot
be higher than LSMO and in principle should be zero as no magnetic phase shift
exists there.

Figure 8.12: (a) Mean inner potential (MIP) and (b) magnetic phase shift maps
of the LSMO layer recorded at 200 K. (c) Magnetic induction map obtained by
applying a cosine function on the phase shift. The contour spacing is 1.57 radian.

In general, as the electron wave propagates through a magnetic field in LSMO, it
experiences a Lorentz force, thereby inducing a phase shift which is given by the
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enclosed magnetic flux integrated along the beam direction. This magnetic field in
LSMO introduces a phase shift perpendicular to the field direction. The phase shift
is a slope function. Based on the assumption that the magnetic field does not vary
along the beam direction, the magnetic flux lines and density can be visualized by
contour lines by applying a cosine function on the slope which is shown by magnetic
induction map in fig. 8.12c.

The off-axis EH experiments were carried-out at three different temperatures, namely
at 94 K, 200 K and 295 K, respectively (fig. 8.13). The FCC curve was recorded with
applied field of 50 mT, but for EH experiments, the sample was first saturated with
applied magnetic field of 1.4 T and then the remanent magnetization of LSMO was
recorded in the magnetic field free conditions.

Figure 8.13: FCC curve of LSMO/PMN-PT (001) heterostructure with applied
field of 50 mT. Red stars mark the temperatures at which off-axis EH experiments
were carried out in magnetic field free conditions. The value of magnetization
shown in this plot are obtained from SQUID-MPMS measurements.

The magnetic phase shift measurements obtained at different temperatures are
shown in fig. 8.14 with their corresponding induction maps are presented side-by-
side. The magnetic induction lines arranged parallel with the LSMO layer and
were created by displaying the cosine of a multiple of the magnetic phase im-
age. These induction maps were 4 times amplified that gives a contour spacing
of 2π/4 = 1.57 radians for all three temperatures. However the density of the in-
duction line decreases as the temperature increases confirming a similar behavior of
the magnetic properties in the cross-sectional LSMO specimen as observed in the
magnetometry measurements of the bulk sample (fig. 8.13). The experimental mag-
netic phase shift was further analyzed by taking a line profiles across the maps (red
arrows in fig. 8.14) recorded at different temperatures as shown in depicted in fig.
8.15. The analyses shows that the calculated magnetic phase change at 94 K, 200 K
and 295 K are 3 radians, 2.5 radians and 1.4 radians through 500 Å LSMO layer,
respectively. As discussed above, the constant shape of the slope in line profiles
suggest a uniform magnetic field in the whole layer along the growth direction (fig.
8.15). The magnetic phase gradient at 295 K is very low compared to other two tem-
peratures revealing a reduction of magnetization. The magnetic phase gradient is
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linearly proportional to the magnetization of the LSMO, thus one observes reduction
of magnetic phase gradient as the temperature approaches the room temperature.
This result is in good agreement with the macroscopic magnetization measurements
see chapter 6 fig. 6.7. The phase shift profile at 295 K shows a ramp for Au, which
is an artefact. Since Au is not magnetic, it cannot have a magnetic phase shift. In
contrast to PNR measurements, one does not observe presence of any interlayer in
this experiment. However, one has to mention that due to the limitation of spatial
resolution at these experimental conditions, it is difficult to resolve features with
less than 100Å thickness. From previous results (chapter 6, 7), one knows that the
thickness of interlayer is less than 100Å, thus not visible in EH experiments. To
probe the presence of interlayer, further experiments are required.
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Figure 8.14: Magnetic phase shift maps of the heterostructure and the corre-
sponding magnetic induction maps depicting the uniform magnetic field in LSMO
parallel to the substrate at 94 K, 200 K and 295 K. The contour spacing is 1.57
radians for all temperatures. The red arrow indicate the location of the analysis
presented in fig. 8.15.

116



8.5 Conclusion

Figure 8.15: Line profile of magnetic phase shifts taken along the red arrow in
Fig. 8.14 depicting the presence of a uniform magnetic field in LSMO through
the whole layer (perpendicular to the substrate) at (a) 94 K with magnetic phase
change of 3 radians (b) 200 K with magnetic phase change of 2.5 radians and (c)
295 K with magnetic phase change of 1.4 radians.

8.5 Conclusion

500 Å thick LSMO layer was successfully grown on PMN-PT(001) substrate with
good crystalline and ferromagnetic properties. The STEM measurements show sin-
gle crystalline and epitaxial LSMO film with dislocations at the interface that formed
due to lattice mismatch between the film and the substrate. The FCC measurements
of the bulk sample show reduction in the amount of Mn3O4 particles. Also, in STEM
measurements the Mn3O4 particles are not clearly visible which agrees well with the
FCC results as formation of these particles is intrinsic property of Mn-excess LSMO
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films which can vary from sample to sample. One still observes presence of NRM
effect at 300 K M-H curve. The temperature dependent study of remanent magne-
tization in LSMO with off-axis EH shows homogeneously magnetized LSMO layer.
Due to the structural damage of the voltage exposed sample, it was not possible
to prepare FIB specimen for off-axis EH experiment. Therefore, only on the virgin
LSMO/PMN-PT(001) heterostructure was studied. The presence of homogeneous
remanent magnetic field in LSMO layer is consistent with the PNR measurements.
Due to the limitation of spatial resolution, one is unable to probe the presence of
interlayer as it is only about few angstroms thick. The remanent magnetic field in
LSMO layer reduces as a function of temperature which is in good agreement with
the macroscopic magnetic measurements.
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9 Experimental Results IV: Growth
of BaTiO3 thin film

This chapter discusses the calibration of growth parameters for BaTiO3 (BTO)
thin film using HOPSS. The BTO thin films were then integrated with LSMO film
with the aim to study ME coupling with this artificial multiferroic heterostructure.
The LSMO/BTO heterostructure was studied structurally and magnetically. Also,
ferroelectric properties of BTO were studied.

9.1 Motivation

BaTiO3 (BTO) is a typical ferroelectric material which is non-volatile in nature
compared to Pb-based or Bi-based ferroelectrics and thus, can be used for semicon-
ductor fabrication facilities without having any environmental issues. The idea of
LSMO/BTO was first predicted by Burton et al. [110] who demonstrated using first
principle calculations, that by choosing the x-doping level near the magnetic phase
transition in La1−xSrxMnO3 (x ≈ 0.5), one can change the magnetic order at the
interface from FM to AFM by switching the ferroelectric polarization of BTO. Based
on this idea, Dr.Markus Schmitz [70,111] used BTO as a ferroelectric substrate and
deposited LSMO film on BTO to study ME coupling in LSMO/BTO. He was able
to demonstrate manipulation of magnetism in LSMO as function of temperature
and electric fields. BTO substrate showed structural phase transitions leading to
structural distortions. The only problem with using BTO as a substrate is the struc-
tural phase transitions which result in different magnetic and electronic properties
for every structural distortion. With structural distortion, the FE domain state
also changes making the understanding of ME coupling complex and asymmetric.
Therefore, it becomes crucial to find a way where one can prevent structural distor-
tions along and obtain single domain properties. These problems can be solved by
growing a thin film of BTO. Choi et al. [112], reported stable tetragonal phase of
BTO thin film of thickness 500 Å in the temperature range of 298 K - 973 K.

9.2 BaTiO3 on SrTiO3 (001)

For initial deposition of BTO layers, the parameters were taken from Prof. Michael
Faley and his student Sheng Cheng from PGI-5. They helped for the initial process
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9 Experimental Results IV: Growth of BaTiO3 thin film

of growth as they use the same HOPSS system for their thin film growth.

Figure 9.1: (a) Topographic image obtained from AFM, (b) X-ray diffraction
scan of BTO layer deposited on STO(001) substrate, (c) XRR measurement
showing at least 1000 Å thick BTO layer and (d) SLD profile deduced from the
XRR measurement.

For the calibration of growth parameters for BTO layer, SrTiO3, STO(001) with
dimensions of 10×10×0.5 mm substrate was used. The STO substrate was first
washed with acetone and ethanol with ultrasonication for three times. It was
then annealed for 7200 s at 1000 °C in the sputter chamber with oxygen pressure
of 1.2 mbar . The BTO target was pre-sputtered with RF power of 100 W for 7200 s.
Pre-sputtering helps to get rid of any contaminant present on the surface of the tar-
get. For newly bought targets, one should pre-sputter the target overnight to get rid
of any organic contaminants sticking on the target surface. For the growth of BTO,
the temperature was reduced to 750 °C and the target was then positioned over the
substrate to start the deposition. The deposition time for this sample was 9000 s
and after the deposition, sample was annealed in oxygen atmosphere at 450 °C for
1800 s. The sample was cooled at the rate of 5 K/min and then it was taken out of
the sputter chamber.

Fig. 9.1 shows the structural characterizations performed on this sample. The
AFM topography (fig. 9.1 (a)) shows the presence of some islands and holes with
the surface roughness of 23 Å. The lattice mismatch between BTO (a = 4.01 Å)
and STO (a = 3.905 Å) is about -2.6% which means BTO experiences in-plane
compressive strain imparted from STO. From the XRD scan (fig. 9.1 (b)), the
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9.2 BaTiO3 on SrTiO3 (001)

deduced out-of-plane lattice parameter is c= 4.11 ± 0.003 Å. Assuming a constant
volume of BTO unit cell , one can calculate the in-plane lattice parameter which
comes out to be 3.96 ± 0.002 Å, thus film is partially relaxed while retaining -1.4%
strain which causes this increase in out-of-plane parameter. One should perform
Reciprocal Space Mapping (RSM) to confirm. The XRD scan depicts that BTO is
in single phase which is tetragonal. The tetragonal phase can possess both c- and
a-domain. If there was presence of both domains one would have observed another
Bragg reflection near (002) peak at slightly higher angle and since this is not the case
one can say BTO is in single phase with c-domains and is epitaxially oriented along
[001] direction. To determine the thickness of as-deposited BTO layer, XRR (fig. 9.1
(c)) measurement was performed where one observed no oscillations. Based on the
expected model, the fitting was performed using GenX which gave the SLD profile
(fig. 9.1 (d)) with BTO layer thickness of atleast 1000 Å, a toplayer of thickness 19 Å
and roughness of 15 Å. Since the thickness of BTO layer is too high to be resolved
by the X-ray reflectometer, that’s the reason of observing no oscillations. Therefore
based on fitting the thickness of BTO layer is atleast 1000 Å or possibly higher.
Based on these results, some changes in parameters were made as follows: deposition
time was reduced to 4500 s to reduce the thickness and the growth temperature was
raised to 850 °C and the post-annealing temperature was raised to 700 °C. The rest
of the parameters were kept same. The structural characterization of this sample is
shown in fig. 9.2.

Topographic scan from AFM (fig. 9.2 (a)) depicts the surface of the film consisting of
holes. The RMS roughness of σrms = 7.37 ± 0.08 Å is obtained from the AFM scan.
The XRD scan (fig. 9.2 (b)) depicts epitaxial growth of BTO along [001] direction
and the calculated out-of-plane lattice parameter is c = 4.20 ± 0.004 Å. Using this
value of c, the in-plane lattice parameter comes out to be a = 3.908 ± 0.002 Å which
is very close to the in-plane lattice parameter of the substrate STO, a = 3.905 Å.
This indicates that the film is nearly epitaxial along in-plane direction also. It is
known that with increase in the film thickness, the strain starts relaxing whereas
for lower thicknesses [112], it is possible to achieve coherently strained and epitaxial
films. The thickness deduced from XRR measurement(fig. 9.2 (c)) is 95+4.2

−2.4 Å with
the roughness of 7.4 ± 0.2 Å which matches well with the AFM roughness. However,
one observes reduced SLD of 3.97 × 10−5Å−2 (fig. 9.2 (d)) for BTO layer compared
to the theoretical value of 4.44 × 10−5Å−2 . This is probably due to the presence
of holes as one can see from the AFM scan and also the presence of defects/oxygen
vacancies is plausible which will affect the SLD of BTO layer. After the deposition
of these sample, there was a problem with the plasma in the sputter chamber due to
which plasma was unstable. The sputter system was opened up and Frank Gossen
repaired some electrical connections and checked for any leak. Once the system
was repaired, the sample preparation was resumed but one observed change in the
deposition rate of the BTO layer. It changed from 1Å/45s to 1Å/12s after fixing
the plasma problem. Since, there was some problem with the electrical connection,
its possible that the deposition from the BTO target was not uniform due to which
the increase in deposition rate is observed.

This sample was deposited at 850 °C with 1.2 mbar of oxygen pressure for 3600 s.

121



9 Experimental Results IV: Growth of BaTiO3 thin film

Figure 9.2: (a) Topographic image obtained from AFM, (b) X-ray diffraction
scan of BTO layer deposited on STO(001) substrate, (c) XRR measurement
showing 95 Å thick BTO layer and (d) SLD profile deduced from the XRR mea-
surement. The XRR fitting parameters are mentioned in supplementary material
in table. S6.
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9.2 BaTiO3 on SrTiO3 (001)

Figure 9.3: (a) Topographic image obtained from AFM, (b) X-ray diffraction
scan of BTO layer deposited on STO(001) substrate, (c) XRR measurement
showing 300 Å thick BTO layer and (d) SLD profile deduced from the XRR mea-
surement. The XRR fitting parameters are mentioned in supplementary material
in table. S7.

The sample was then post-annealed like previous samples. From the topographic
AFM scan in fig. 9.3 (a), one observes presence of a few holes and islands on the
surface of the film giving RMS roughness of σrms = 2.89 ± 0.17 Å. The XRD scan
(fig. 9.3 (b)) gives c = 4.05 ± 0.003 Å for single crystalline BTO layer. XRR
measurement (fig. 9.3 (c)) gives thickness of 286+6.2

−0.7 Å for BTO layer and 17.3+0.4
−3.3 Å

thickness of top layer with reduced SLD (fig. 9.3 (d)) and roughness of 4.71+0.3
−3.1 Å.

With such low roughness, one can say the film is smooth and flat.
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Figure 9.4: Reciprocal space map (RSM) of BTO/STO sample to determine the
strain status, performed by Dr. Gregor Mussler and Dr. Alexander Shkurmanov
from PGI-9.

Reciprocal space maps (RSM) can provide information about the strain in het-
erostructures by measure the in-plane lattice constant of the film and the substrate.
If the film is fully strained, then the peak of in-plane lattice parameter of substrate
will be in-line with the film peak. However, in our case the film is partially relaxed
as one can see from the broadening of BTO peak. The RSM was performed along
(103) reflection which gives in-plane lattice parameter a = 3.982 ± 0.002 Å and out-
of-plane parameter c = 4.046 ± 0.002 Å for BTO film. The value of c agrees well
with the XRD measurement.

9.2.1 Ferroelectric properties of BaTiO3 thin film

Ferroelectric properties of BTO were probed using PFM from PGI-6. The PFM
image is recorded after applying bias to study the ferroelectric nature of BTO de-
posited on STO(001) as shown in fig. 9.5. The bias was applied from -5 V to 5 V
on different areas on the scan as depicted in fig. 9.5 (b). This means that the
FE polarization will align along the applied voltage i.e., FE polarization will point
downwards for -5 V and upwards for +5 V as can be seen from fig. 9.5 (c). One can
observe the 180 ° phase reversal of the FE polarization based on the applied volt-
age. The amplitude image (fig. 9.5 (d))shows maximum at the domain boundary
between the poled regions in BTO film.

The amplitude for both types of domains stays constant as can be seen from the
amplitude image. This is a proof of a homogeneous poling process of the BTO film.
There is prominence of domain boundaries in the amplitude image due to change in
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9.2 BaTiO3 on SrTiO3 (001)

Figure 9.5: PFM imaging with applied bias depicting (a) topography, (b) bias
applied over the scan area, (c), corresponding phase image and the (d) amplitude
image of BTO.

the polarization direction [113]. The FE polarization switching in PFM image is not
a sufficient proof for the intrinsic ferroelectricity. However, the retention of switched
polarization in a system can distinguish between a FE and a non-FE system [114].
Therefore, another measurement was performed after removing the applied bias to
check the status of FE polarizations in BTO thin film.

Figure 9.6: PFM imaging after removing the bias depicting (a) phase and (b)
amplitude.
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9 Experimental Results IV: Growth of BaTiO3 thin film

From the fig. 9.6, one can see that after removing the bias, one observes a partial re-
tention of FE polarizations. A fraction of domains were able to retain their switched
state. This indicates that the BTO is FE in nature. One has to mention that PFM
is a microscopic technique localized to the probed region of interest. Therefore, one
should also measure the polarization hysteresis of the BTO film and also check the
leakage current in the film. BTO as thin film is strongly prone to leakage currents
caused by the presence of oxygen vacancies.

9.3 LSMO/BTO/Nb:STO(001)

Figure 9.7: (a) XRD scan of LSMO/BTO/Nb:STO(001) heterostructure and
(b, c) XRR scan with SLD profile. The XRR fitting parameters are mentioned in
supplementary material in table. S8.

In the next, LSMO layer was deposited on single crystalline BTO thin film. As
the main goal was to grow a FM/FE heterostructure where one could apply voltage
to the sample to study magnetoelectric coupling effects, Nb doped STO ( Nb:STO
(001)) is chosen as the substrate to serve as bottom electrode. The Nb:STO sub-
strate was annealed at 1000 °C, same as earlier and the growth temperature used
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9.3 LSMO/BTO/Nb:STO(001)

was 900 °C. The BTO film was deposited for 2700 s with the oxygen pressure of
1.17 mbar. After the growth, the sample was post-annealed. For depositing LSMO
over BTO layer, the sample was transferred from the sputter chamber to OMBE
chamber. Since the substrate size used for this sample was 5×5 mm compared to
usual 10×10 mm, so a different sample holder had to be used for OMBE. This sample
holder contains 2 slots: one for 5×5 mm and other for 10×10 mm sample.

Fig. 9.7 shows the recorded XRD and XRR scan for this sample. The calculated
value of out-of-plane lattice parameters for LSMO and BTO are cLSMO = 3.83 ±
0.002Å and cBT O = 4.03 ± 0.003Å. From the XRD scan, one can see that both
the layers are in single phase and are epitaxially oriented along [001] direction.
From the XRR scan, the model used contains BTO layer, LSMO layer and the
top layer. The thicknesses and roughness deduced from the measurement are BTO
thickness: 220+8.2

−0.1 Å with a roughness of 21+11.1
−0.7 Å, LSMO thickness: 284+12.2

−9.2 Å with
a roughness of 12+4.6

−0.7 Å and top layer thickness:18 Å with reduced SLD. From the
roughness parameters one can see that the interface of LSMO and BTO is not very
smooth.

Figure 9.8: PFM scan showing (a) topography, (b) applied bias , (c) phase
and (d) amplitude of the LSMO/BTO/Nb:STO(001) heterostructure. The area
marked in green square shows the region where bias was applied.

The PFM scan shown in fig. 9.8 depicts presence of holes and islands on the film
surface. A bias of ±2V was applied to the sample and after removing the bias,
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9 Experimental Results IV: Growth of BaTiO3 thin film

one was able to observe switching of ferroelectric polarizations as can be seen in
the phase and amplitude image marked with green square. For fig.9.8 c and d,
the mapped area is larger than the region where bias was applied. The larger
area was mapped to observe the switched FE domains. One can apply higher bias
than ±2 V to observe stronger switching behaviour of FE domains and for better
visibility. The retention of switched ferroelectric domains represents the intrinsic
ferroelectricity of BTO layer. With these measurements, one can say that, it is
possible to grown LSMO/BTO heterostructure with BTO possessing ferroelectric
properties. However, one still needs to check for the presence of leakage currents.
Since the sample growth was performed using two different deposition methods
(Sputtering and OMBE), it is possible that during the transfer of the sample from
sputter chamber to OMBE chamber, the surface of BTO became rough, hence the
interface roughness. In future, one can try to grown both LSMO and BTO layers
in sputtering and check the structural properties.

9.4 Magnetometry measurements

Figure 9.9: (a) M-T curve measured at 50 mT (b)M-H curve measured at dif-
ferent temperatures (c) zoom-in on 300 K curve for LSMO/BTO/Nb:STO (001)
heterostructure.

Magnetization as a function of temperature (fig. 9.9 (a)) was recorded for LSMO/BTO
/Nb:STO (001) heterostructure which shows no structural phase transition of BTO.
The calculated Curie temperature is TC = 308 ± 2 K. One observe a reduction in
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9.5 Conclusion

magnetization at low temperature regime of ZFC curve, which indicates pinning
of some magnetic moments in LSMO. Since XRR results show a high roughness
at LSMO/BTO interface which could produce defects in the LSMO layer, thereby
causing reduction in magnetization of LSMO. The magnetization hysteresis curves
(fig. 9.9 (b) and (c)) depict stable ferromagnetic state of LSMO. The sample was
checked for presence of exchange bias but no exchange bias was observed.

Figure 9.10: (a) Half-cycle of M-H curve plotted where magnetic field goes from
+2.5 T to -2.5 T (b)Presence of negative remanence observed for 300 K measure-
ment.

Owing to the results obtained in previous LSMO/PMN-PT(001) samples, this sam-
ple was also checked for presence of any negative remanence effect. The results
are shown in fig.9.10. One observes NRM for 300 K curve and not for the rest
low temperature curves. This behavior is consistent with the results obtained for
LSMO/PMN-PT(001) samples. The presence of NRM can arise due to the presence
of defects/oxygen vacancies as mentioned in the previous LSMO/PMN-PT(001)
samples. However, after observing the presence of NRM in LSMO/BTO/Nb:STO
(001) sample, a question arises if this NRM effect is some kind of intrinsic property
of LSMO film. To confirm this, one must grow LSMO film on different substrates
and check the nature of hysteresis loop at different temperatures.

9.5 Conclusion

Using HOPSS system it was possible to calibrate the growth parameters for BTO
film and was able to achieve good quality BTO thin film. Ferroelectric properties of
BTO films were examined using PFM, where one could observe the retention nature
of the ferroelectric domains in BTO. To ensure the ferroelectric properties of whole
BTO layer, a polarization hysteresis (P-E) and leakage current measurements are
required. One was able to grow LSMO/BTO/Nb:STO (001) heterostructure using
HOPSS and OMBE. It is possible to grow both layers in HOPSS. The magnetic
properties of this heterostructure confirmed stable structure of BTO with no struc-
tural phase transitions and LSMO showed stable ferromagnetic state. The interface
roughness between LSMO/BTO is probably due to transfer of sample from one sys-
tem to another. This interface roughness results in the pinning of some magnetic
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9 Experimental Results IV: Growth of BaTiO3 thin film

moments in LSMO which can be seen from ZFC curve. This heterostructure also
shows presence of NRM effect for 300 K M-H curve. This behaviour is similar to the
results obtained for LSMO/PMN-PT(001) heterostructure.
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10 Summary and Conclusion

LSMO layers were successfully grown on PMN-PT(001) substrate. Structural prop-
erties reveal single crystalline and epitaxial growth of LSMO layers with a thickness
of 110 Å, 300 Å and 500 Å. The ME measurements demonstrate presence of strain
and charge-mediated coupling. The impact of strain-mediated coupling is found
to be dominant along the hard axis [100] of LSMO whereas charge-mediated cou-
pling becomes prominent along the easy axis [110] of LSMO at 300 K. The voltage is
applied along [001] direction for all the ME measurements. The strain-mediated cou-
pling results in butterfly pattern, though the presence of asymmetry of this butterfly
loop indicated contribution from another effect. Since PMN-PT is piezoelectric as
well as FE system, both strain and switching of FE polarization comes into play. On
measuring along easy axis of LSMO in remanence at 300 K, polarization hysteresis
like loop was observed demonstrating the dominance of charge-coupling. To decou-
ple the effect from both mechanism, a simple mathematical model was constructed
using literature data to qualitatively estimate the strain and charge contributions.
This model was then used to fit the ME curve and a reasonable fit was obtained with
72% strain and 28% charge contribution for a 300 K measurement with applied mag-
netic field of 10 mT. The temperature dependent ME measurements showed change
in strain-mediated behavior from butterfly loop at 300 K to linear at 80 K measure-
ments. This change is attributed to the polarization hardening at low temperature,
thus, polarization cannot follow the electric field, leading to linear strain-coupling.
The magnetic depth profile was probed as a function of voltage by PNR, which re-
vealed presence of interlayer with reduced NSLD and MSLD. Also, the rocking curve
broadened up due to surface corrugation which made the PNR fitting a bit difficult.
This interlayer was examined by STEM and EDS which showed Mn-excess in the
form of particles with triangular cross-sections. The stoichiometry of these particles
was confirmed by FCC measurement, where a jump in magnetization was observed
near the Curie temperature, TC = 43 K, of Mn3O4. The nucleation of Mn3O4 be-
comes easier in LSMO matrix, due its good chemical compatibility when the LSMO
grows under large strain. The off-axis electron holography was performed on 500 Å
thick LSMO/PMN-PT(001) as a function of temperature which revealed uniform
remanent magnetic field in LSMO layer. The magnetic phase gradient reduced as
a function of temperature depicting the reduction in magnetization with increasing
temperature which is consistent with macroscopic magnetization measurements.

The second system LSMO/BTO/Nb:STO (001) was studied where BTO layer acts
as a FE component and Nb:STO is a conductive substrate. The growth of BTO
was calibrated using HOPSS and its structural and FE properties were studied
using X-rays and PFM, respectively. As-grown BTO films were single crystalline
and epitaxial and the PFM measurements confirmed the FE properties of BTO
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10 Summary and Conclusion

layer. It was possible to switch the FE polarization in BTO layer with the applica-
tion of ±5 V in PFM. Then the sample was transferred to OMBE chamber where
LSMO layer was deposited on BTO/Nb:STO(001). The complete heterostructure
LSMO/BTO/Nb:STO (001), showed good crystalline and magnetic properties. For
future, it would be possible to test this structure for ME coupling.

These measurements showcase that it is possible to achieve non-volatile ME coupling
in LSMO/PMN-PT(001) heterostructure which is an important aspect for magnetic
storage devices. The obtained asymmetric butterfly loops at 300 K with applied
magnetic field as well as in remanence shows that the magnetization does not returns
to its initial state after the removal of the bias. Thus it is possible to have 2
distinct states with slightly higher or lower magnetization and change between them.
However, it is not possible to apply a voltage pulse to such system as used by most
of the memory devices. One needs to ramp the voltage slowly across the structure
otherwise it can result in deterioration of the system. As it is not possible to switch
the direction of magnetization with applied voltage, it is not possible to develop
structure where giant magnetoresistance (GMR) or tunneling magnetoresistance
(TMR) effect can be realized.
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11 Outlook

This thesis investigates the two potential candidates for artificial multiferroic het-
erostructures where magnetism can be manipulated by application of voltage. Both
systems comprise of a ferromagnetic (FM) and a ferroelectric (FE) component.
LSMO/PMN-PT(001) heterostructure displays interesting nature of magnetoelec-
tric (ME) coupling which was influenced by different parameters like temperature
and direction of the easy and hard axis of the FM. One observed a combination of
strain and charge-mediated ME coupling with their strength based on these param-
eters.

In future studies, it would be interesting to study the temperature dependent Po-
larization versus Electric field (P-E) behavior of PMN-PT(001) to understand the
polarization switching. In addition, one can perform reciprocal space mapping on
PMN-PT(001) as a function of temperature and voltage to see the switching of FE
domains. This can help in understanding the change in ME coupling from but-
terfly loop to linear as a function of temperature. One observes some off-specular
scattering in the 2D maps obtained from the PNR measurements at ILL. This off-
specular scattering may arise from nuclear or magnetic ordering in LSMO due to
switching of FE domains in PMN-PT, which can be investigated by performing
GISANS. The system studied in this thesis possesses multi-domain structure of FE
domains and the single domain configuration can be achieved by applying voltage
to PMN-PT(111) substrate. Also, the easy axis of bulk LSMO lies along [111]
and thus, might result in significant changes in magnetization. Growing LSMO
on PMN-PT(111) and studying its ME coupling behavior may help to give some
clarification on charge-mediated ME coupling as the FE polarization switching in
PMN-PT takes place along [111] directions. In the virgin state, the FE domains
in PMN-PT are randomly oriented, therefore, for achieving single domain state one
should pole the substrate while thermally annealing it above the FE Curie temper-
ature of PMN-PT. By depositing LSMO layer on different orientation of PMN-PT
substrates and applying voltage would give a comprehensive picture of strain and
FE domain evolution in this system.

The second system LSMO/BTO/Nb:STO(001), where BTO layer is the FE com-
ponent, should be easier to manipulate with voltage, once this system is tested to
confirm no leakage currents exist. Also, surface etching is required for Nb:STO sub-
strate in order to have TiO2 terminated surface to get uniform conductivity. Since,
here a BTO thin film is used, it is possible to achieve ME coupling by applying
smaller voltages than for LSMO/PMN-PT. Both systems exhibit a strong approach
towards low energy consumption devices where magnetic states can be manipulated
with an applied electric field.
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11 Outlook

During the course of this thesis work an interesting effect of Negative remanence
(NRM) was observed in both systems. This raises the question of whether this effect
is a result of strain and defects/oxygen vacancies in the system or probably some
intrinsic property of LSMO itself. A systematic study is required to understand this
effect. It would be interesting to grow LSMO on different substrates which provide
tensile and compressive strain to study NRM in detail.
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Supplementary material

S.1 PNR at 300K at NCNR, NIST

Figure S1: PNR curves recorded at 300,K with applied electric field of 0 kV/cm
and -4 kV/cm

Fig. S1 shows the PNR curves measured at 300 K with applied electric field of
0 kV/cm and -4 kV/cm. As can be seen from the above figure, the fitting is not
good for these set of curves. The magnetic signal is quite low at 300 K due to which
splitting between R++ and R– channels is not at all visible and after application of
voltage, other artifacts were induced which made the data fitting difficult.
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Supplementary material

S.2 Remote beamtime at ILL

Figure S2: 2D αi − αf maps of PNR curves recorded at 300,K with applied mag-
netic field of 10 mT on a LSMO/PMN-PT(001) sample in its virgin state. The
marked (1) is total reflection plateau, (2),(3) are the thickness oscillations, (4) is
the off-specular feature and (5) is Yoneda peak.

Figure S3: Line profile extracted from the line cut (white box) performed on 2D
map of R+ and R- channel at 300 K with applied field of 10 mT as shown in fig.
S2. The line profile is fitted using a Lorentzian.
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S.2 Remote beamtime at ILL

Figure S4: 2D αi − αf maps of PNR curves recorded at 300,K with applied mag-
netic field of 50 mT on a LSMO/PMN-PT(001) sample in its virgin state. The
marked (1) is total reflection plateau, (2),(3), (4) are the thickness oscillations,(5)
is the off-specular feature and (6) is Yoneda peak .

Figure S5: Line profile extracted from the line cut (white box) performed on 2D
map of R+ and R- channel at 300 K with applied field of 50 mT as shown in fig.
S4. The line profile is fitted using a Lorentzian.
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Figure S6: 2D αi − αf maps of PNR curves recorded at 300,K with applied mag-
netic field of 10 mT on a LSMO/PMN-PT(001) sample after its exposure and re-
moval of voltage. The marked (1) is total reflection plateau, (2),(3) are the thick-
ness oscillations,(4) is the off-specular feature and (5)is Yoneda peak.

Figure S7: Line profile extracted from the line cut (white box) performed on 2D
map of R+ and R- channel at 300 K with applied field of 10 mT after exposure to
voltage as shown in fig. S6. The line profile is fitted using a Lorentzian.
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S.2 Remote beamtime at ILL

Figure S8: 2D αi − αf maps of PNR curves recorded at 300,K with applied mag-
netic field of 50 mT on a LSMO/PMN-PT(001) sample after its exposure and re-
moval of voltage. The marked (1) is total reflection plateau, (2),(3) are the thick-
ness oscillations,(4) is the off-specular feature and (5)is Yoneda peak.

Figure S9: Line profile extracted from the line cut (white box) performed on 2D
map of R+ and R- channel at 300 K with applied field of 50 mT after exposure to
voltage as shown in fig. S6. The line profile is fitted using a Lorentzian.

139



Supplementary material

Figure S10: Line profile of R+ and R- channel plotted together for applied mag-
netic fields of 10 mT and 50 mT for the sample in a virgin state.
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S.2 Remote beamtime at ILL

Figure S11: Line profile of R+ and R- channel plotted together for applied mag-
netic fields of 10 mT and 50 mT for the sample that has been exposed to voltage.

PNR experiments were performed by mail-in experiment at ILL with reflectometer
SUPERADAM. Two samples were sent, one in the virgin state and other after
applying the voltage. The aim of the experiment was to investigate presence of any
off-specular magnetic scattering as a function of voltage but due to time constraint
and instrument limitation, it was not possible to perform full polarization analysis
over the complete detector area. 2D detector maps of half-polarized PNR curves
were recorded at 300 K and 80 K at 10 mT and 50 mT on the two samples. These
measurements were performed by Dr. Alexei Vorobiev at ILL. Fig. S2, S4, S6,
S8 and S12 show the presence of thickness oscillations along with Yoneda peak
and off-specular feature. Line cuts are performed along the off-specular feature of
scattering and line profile as shown in the fig. S3, S5, S7 and S9 . A Lorentzian
fitting is used to fit these line profiles which gives an average correlation length of
5.7 ± 1.5µm. There is no change observed in correlation lengths for before and after
voltage sample.
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The line profiles of off-specular scattering R+ and R- at two applied magnetic fields:
10 mT and 50 mT are plotted together. For the virgin sample the intensity is higher
at 50 mT. For the sample on which a voltage has been applied, one observes no
difference.

It is not possible to determine the origin of this off-specular scattering, i.e. whether
it originates from interfacial roughness or from bulk nuclear or magnetic scattering
length density fluctuations, as the measurements were not performed with polar-
ization analysis. Fig. S6 and S8 depict broadening of total reflection plateau and
the thickness oscillations after the sample was exposed to voltage. These results are
consistent with PNR experiments performed at NIST. These results make a good
basis to perform GISANS on LSMO/PMN-PT(001) samples to investigate these
off-specular features.

Figure S12: 2D αi − αf maps of PNR curves recorded at 80,K with applied mag-
netic field of 50 mT on a LSMO/PMN-PT(001) sample in its virgin state. The
marked (1) is total reflection plateau, (2),(3) are the thickness oscillations,(4) is
the off-specular feature and (5)is Yoneda peak.
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S.2 Remote beamtime at ILL

Figure S13: PNR fit for relfectivity measured at 80 K with applied magnetic field
of 50 mT at 0 V. The parameters used here for fitting are taken from PNR fitting
performed for NIST measurements.

Parameter Value [Å]
LSMO thickness 242.9+9.2

−5.2

LSMO σ 31.6+6.6
−3.8

LSMO magnetization 2.5+0.3
−5E−3

Substrate σ 10.7+8.8
−0.7

Interlayer thickness 59.5+2.7
−12.2

Interlayer σ 6.6+6.3
−3.5

Interlayer magnetization 0.8+0.4
−0.2

Table S1: Parameters used for fitting PNR curve shown in fig. S13
.

143



Supplementary material

Figure S14: PNR fit for relfectivity measured at 300 K with applied magnetic
field of 10 mT at 0 V. The parameters used here for fitting are taken from PNR
fitting performed for NIST measurements.

Parameter Value [Å]
LSMO thickness 265.2+2.5

−1.4

LSMO σ 30.2+2.5
−2.9

LSMO magnetization 0.5+0.2
−0.01

Substrate σ 10.5+1
−0.7

Interlayer thickness 20.6+1.7
−0.5

Interlayer σ 5.9+5.1
−1.3

Interlayer magnetization 0.03+0.2
−0.1

Table S2: Parameters used for fitting PNR curve shown in fig. S14
.

The fitting model used for PNR curves shown in fig. S13 and S14 is similar to the
model used to fit the PNR curves recorded at NIST. The simulation fits reasonably
well for higher Q-range but not for the lower Q-range. There should be splitting
present near Qz = 0.02 Å−1 according to simulation and physical parameters of
the LSMO/PMN-PT. The difference between experimental data and simulation is
unknown. Probably its coming from some faceting on substrate along the direction
of neutron beam scattering. Different models were tried to fit these PNR curves but
this was the best fit achieved.

S.3 LSMO growth with OMBE

Growth rates
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S.4 Parameters for XRR simulations for LSMO/PMN-PT(001)

Element Temperature [°C] Frequency change [Hz/s]
La 1501 -0.11
Sr 484 -0.038
Mn 791.2 -0.091

Table S3: Growth rates used for LSMO deposition on PMN-PT(001).

Growth procedure

Plasma = 350W/0.15 sccm
Total pressure = 5.8 × 10−6 mbar

Growth duration = 6450 s
Substrate annealing = 730 ◦C for 5400 s
Growth temperature = 730 ◦C

Post annealing = 200 ◦C for 1800 s
Cooling = to room temperaturewith 2K/min

S.4 Parameters for XRR simulations for
LSMO/PMN-PT(001)

Parameter Value [Å]
LSMO thickness 295.2+4.4

−3.6

LSMO σ 11.3+2.2
−1.6

Top layer thickness 27.9+2.6
−2.7

Top layer σ 11.3+2.2
−1.6

Substrate σ 10.7+1.5
−1.5

Table S4: Parameters used for fitting XRR curve shown in fig. 6.4c.

Parameter Value [Å]
LSMO thickness 111.1+0.7

−0.7

LSMO σ 2.5+0.3
−0.2

Substrate σ 6.2+0.5
−0.5

Table S5: Parameters used for fitting XRR curve shown in fig. 7.2b.
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S.5 Parameters for XRR simulations for
BTO/STO(001)

Parameter Value [Å]
BTO thickness 95.6+4.2

−2.4

BTO σ 7.4+0.2
−0.2

Table S6: Parameters used for fitting XRR curve shown in fig. 9.2c.

Parameter Value [Å]
BTO thickness 286.7+6.2

−0.7

BTO σ 1.2+4.9
−4E−14

Top layer thickness 17.3+0.4
−3.3

Top layer σ 4.71+0.3
−3.1

Table S7: Parameters used for fitting XRR curve shown in fig. 9.3c.

S.6 Parameters for XRR simulations for
LSMO/BTO/Nb:STO(001)

Parameter Value [Å]
BTO thickness 220.3+8.2

−10.9

BTO σ 21.3+11.3
−0.8

LSMO thickness 284.1+12.7
−9.2

LSMO σ 12.4+4.6
−0.7

Top layer thickness 18.5+1.3
−1.9

Top layer σ 10+0.3
−0.1

Table S8: Parameters used for fitting XRR curve shown in fig. 9.7b.
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