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Abstract

Transition metal oxides (TMOs) are a diverse group of materials that exhibit an ex-
ceptionally rich variety of phenomena such as metal-insulator transitions, supercon-
ductivity and colossal magnetoresistance. The strong electron-electron correlations
present in these oxides, allow for a complex interplay of the spin, charge, orbital and
lattice degrees of freedom, which lie at the heart of their fascinating properties and
complex phase diagrams [1]. Due to the inherent competition between the different
degrees of freedom, the complex states exhibited by TMOs are often susceptible to
relatively small alterations in the magnetic field, pressure, doping, epitaxial strain
etc. However, employing these external control parameters to reliably manipulate
the properties of TMOs requires a fundamental understanding of the underlying in-
tricate interactions that drive these phenomena. The study of correlated behaviour
is thus of prime importance to both fundamental science as well as to realize novel
functionalities in electronic devices.

The focus of this thesis is on the rare-earth vanadates (RVO3, R=rare-earth
ion or Y), which are a class of strongly correlated Mott insulators that display an
intricate phase diagram with complex spin and orbital ordering phenomena of the
vanadium 3d− t2g electrons [2–5]. This prototypical t2g-system displays two distinct
types of spin ordering (SO) and orbital ordering (OO) patterns (C-OO/G-SO and
G-OO/C-SO phases), as a function of the rare-earth cation size and temperature.
Their intriguing behaviour has prompted intense research of bulk single crystals
and powder samples, which revealed that their spin-orbital properties are strongly
coupled to the lattice degree of freedom [6–11]. This is particularly true for RVO3,
with smaller rare-earth ions, that lie near the phase boundary between the two
spin-orbital phases, where the competing nature of the two phases and their sen-
sitivity to lattice modifications, were demonstrated by these studies. Hence, these
compounds form an ideal system to employ the heterostructure approach for explor-
ing the prospects of strain and interface engineering. Yet, so far, studies of RVO3

heterostructures have been limited to members with larger R-cations, such as R =
La, Pr [12–15], which are positioned far away from the phase boundary of the two
phases.

This thesis explores the impact of several aspects of heterostructuring, on the
properties of RVO3 (R=Y, La), with emphasis on YVO3, which is located close
to the edge of the phase boundary and manifests both the spin-orbital phases, as a
function of temperature.

In the first study, we examine YVO3-LaAlO3 superlattices to explore heteroepitaxy-
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Abstract

induced changes in the orbital polarization of individual layers through the YVO3

slab. Modifications of orbital occupations and orbital overlap determine the strength
and sign of exchange interactions and therefore govern the magnetic, optical and
transport properties of a material [16–18]. Using resonant x-ray reflectometry, we
deduce the depth-dependent x-ray linear dichroism profiles of YVO3, by extending
the previously established methods of reflectometry analysis to a more general form.
Our data reveal an artificial, layered orbital polarization, where the average occu-
pation of V 3d xz and yz orbitals in the interface planes next to LaAlO3 is inverted
compared to the central part of the YVO3 slab. This novel phase is stable down to
30K and the bulk-like orbital ordering transitions were absent.We qualitatively at-
tribute the electronic reconstruction to a combination of epitaxial strain and spatial
confinement by the LaAlO3 layers at the interface.

Further, we elucidate the relationship between the crystal and electronic structure
of YVO3 multilayers and thin films by combining detailed experimental structural
analysis with density functional theory calculations including Coulomb correlation
(DFT+U), provided through a collaboration with B. Geisler and R. Pentcheva at
the University of Duisburg-Essen. The results reveal that the substrate facet can
be used to realize the desired film orientation for YVO3 heterostructures, which,
together with the thickness of the YVO3 layers and the presence of spacer layers
(such as LaAlO3) in a superlattice, govern the resulting orbital polarization. Our
study underlines the key role of structural modifications on the electronic properties,
and illustrates the use of orbital engineering as a promising approach for the theory-
guided rational design of correlated materials.

In the second study, we explore the effect of epitaxial strain on the spin-orbital
phases of YVO3 thin films, using polarized Raman spectroscopy and ellipsometry.
We exploit the sensitivity of oxygen stretching phonons to the structural distortions
associated with the C-OO and G-OO phases [19], to inspect the orbital ordering
in YVO3 thin films grown on different substrates and facets. Our results indicate
that compression of the orthorhombic c-axis in the (110)-oriented films stabilises
the G-OO phase, whereas elongation of the c-axis in (001)-oriented films favours the
C-OO phase. Further, ellipsometry measurements performed by K. S. Rabinovich
and A. V. Boris, in collaboration with the Optical Spectroscopy group (Max Planck
Institute for Solid State Research, Stuttgart), revealed that the films indeed exhibit
the electronic phase transitions corresponding to the structural transitions, deduced
from the Raman spectra. By methodically isolating the influences of the sign of
strain, degree of strain and orientation of the unit cell, we attribute these results
to strain-induced bond-length changes. These in turn, modify the superexchange
interactions and lattice effects and favour the G-OO or C-OO phases under differ-
ent conditions. Our results help disentangle the individual contributions of these
competing interactions and demonstrate the advantages of using epitaxial strain for
tailoring the phase diagram of RVO3.

Lastly, we use polarised Raman spectroscopy to investigate the orbital ordering in

viii



LaVO3 thin films under epitaxial strain. Our results reveal that the c-axis compres-
sion and expansion favour and oppose the G-OO phase, respectively. We explain
these results based on the enhancement and weakening of the superexchange inter-
action, respectively, due to strain-induced bond length changes in the films, similar
to the YVO3 films.

In summary, the work performed within the scope of this thesis sheds light on
several distinct aspects of heteroepitaxy in RVO3. Our results reveal that strain and
interface engineering are a promising route to substantially modify the properties of
these compounds and thus illustrate the diverse prospects of heteroepitaxy to tailor
the properties of strongly-correlated transition metal oxides.
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Zusammenfassung

Übergangsmetalloxide (TMOs) stellen eine Gruppe von Materialien dar, die eine
außergewöhnliche Vielfalt von interessanten Phänomenen, wie Metall-Isolator-Übergänge,
Supraleitung und kolossalen Magnetowiderstand, aufweisen. Das Vorliegen starker
Elektron-Elektron-Korrelationen in diesen Oxiden ermöglicht ein komplexes Zusam-
menspiel der Spin-, Ladungs-, Orbital- und Gitterfreiheitsgrade, aus denen die
faszinierenden Eigenschaften und komplexen Phasendiagramme resultieren [1]. Auf-
grund des inhärenten Wechselspiels der verschiedenen Freiheitsgrade ist das kom-
plexe Phasenverhalten von TMOs oft anfällig für relativ kleine Änderungen der
Temperatur, eines äußeren Magnetfelds, des Drucks, der Dotierung, und der epi-
taktischen Verspannung. Die Verwendung dieser Kontrollparameter zur Manipula-
tion der Eigenschaften von TMOs erfordert jedoch ein grundlegendes Verständnis
der zugrundeliegenden Wechselwirkungen, die diese Phänomene hervorrufen. Die
Untersuchung dieser korrelierten Materialien ist daher sowohl für die Grundlagen-
forschung, als auch für die konkrete Realisierung neuartiger elektronischer Anwen-
dungen von großer Bedeutung.

Der Fokus dieser Arbeit liegt auf den ternären Vanadiumoxiden (RVO3, R=
Seltenerd-Ion oder Y), einer Klasse von stark korrelierten Mott-Isolatoren, die ein
komplexes Spin- und Orbitalordnungsverhalten der Vanadium 3d − t2g Elektronen
aufweisen [2–5]. Dieses prototypische t2g-Elektronensystem zeigt zwei verschiedene
Arten von Spinordnungs- (SO) und Orbitalordnungsmustern (OO) als Funktion der
Seltenerd-Kationengröße und Temperatur. Dieses faszinierende Verhalten hat die
intensive Untersuchungen an Einkristallen und Pulverproben motiviert und gezeigt,
dass die Spin-Orbital-Eigenschaften stark an den Gitterfreiheitsgrad gekoppelt sind
[6–11]. Dies gilt insbesondere für RVO3 mit kleineren Seltenerd-Ionen, die an der
Phasengrenze zwischen den beiden Spin-Orbital-Phasen liegen, und wo die konkur-
rierende Natur der beiden Freiheitsgrade und ihre Empfindlichkeit gegenüber Git-
termodifikationen besonders groß ist. Daher bilden gerade diese Verbindungen ein
ideales System, um Modifikationen in Heterostrukturen zu untersuchen und so die
Möglichkeiten der Phasenmanipulation durch eptitaktische Verspannung und Gren-
zflächenrekonstruktionen zu erforschen. Die vorliegende Arbeit erweitert somit bish-
erige Studien an RVO3-Heterostrukturen, die sich auf Vanadate mit größeren R-
Kationen, wie etwa R = La, Pr [12–15], die weit weg von der Phasengrenze der bei-
den SO- und OO-Phasen positioniert sind, beschränken. Desweiteren vergleicht diese
Arbeit den Einfluss verschiedener Aspekte der Heterostrukturierung, wie Verspan-
nung und Grenzflächenrekonstruktion auf die Eigenschaften von RVO3 (R=Y, La).
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Zusammenfassung

Hierbei liegt der Schwerpunkt auf YVO3, das in einkristalliner Form beide Spin-
Orbital-Phasen als Funktion der Temperatur aufzeigt.

Im ersten Teil unserer Studie untersuchen wir YVO3-LaAlO3-Übergitter, um den
kombinierten Einfluss von eptitaktischer Verspannung und elektronischer Grenzfläch-
eneinschränkung auf die Orbitalpolarisation in den einzelnen Schichten der YVO3-
Lagen zu untersuchen. Da Änderungen der Orbitalbesetzung und des Orbitalüber-
lapps die Stärke und das Vorzeichen der magnetischen Austauschwechselwirkungen
bestimmen, gehen mit ihrer Modifikation auch makroskopische Änderungen der mag-
netischen, optischen und Transporteigenschaften des Materials einher [16–18]. Mit-
tels resonanter Röntgenreflektometrie bestimmen wir die tiefenaufgelösten Röntgen-
Lineardichroismus-Profile der YVO3-Schichten, nachdem wir die zuvor etablierten
Methoden der Reflektometrie-Analyse auf eine allgemeinere Form erweitert haben.

Unsere Ergebnisse zeigen eine künstliche, geschichtete Orbitalpolarisation, bei
der die mittlere Besetzung von V 3d xz- und yz-Orbitalen in den an LaAlO3 an-
grenzenden Einheitszellen-Lagen im Vergleich zu den zentralen Lagen invertiert ist.
Diese neuartige Phase ist im Temperaturbereich von 300 bis 30K stabil und die
volumenartigen Orbitalordnungsübergänge fehlten. Wir führen die elektronischen
Rekonstruktionen auf eine Kombination aus epitaktischer Spannung und räumlicher
elektronischer Einschränkung durch die LaAlO3-Schichten zurück, und finden eine
gute Übereinstimmung mit Ergebnissen aus der ab-initio-Theorie.

Darüber hinaus klären wir die Beziehung zwischen der Kristall- und elektronis-
chen Struktur in YVO3-Mehrfachschichten und dünnen Filmen auf, indem wir de-
taillierte experimentelle Strukturanalysen mit dichtefunktionaltheoretischen Berech-
nungen kombinieren, die Coulomb-Korrelationen beinhalten (DFT+U) und durch
eine Zusammenarbeit mit B. Geisler und R. Pentcheva von der Universität Duisburg-
Essen bereitgestellt wurden. Insbesondere zeigen diese Ergebnisse, dass die Wahl der
Substratfacette dazu verwendet werden kann die gewünschte YVO3-Filmorientierung
einzustellen. In Kombination mit der Wahl der Dicke der YVO3-Schichten und dem
Vorhandensein von Bandisolator-Abstandsschichten (hier LaAlO3) in einem Über-
gitter, kann so die Orbitalpolarisation gezielt manipuliert werden und das Spin-
Orbital-Phasenverhalten gesteuert werden.

Unsere Studie unterstreicht die Wichtigkeit des strukturellen Einflusses auf die
elektronischen Eigenschaften. In Heterostrukturen können diese gezielt manipuliert
werden und Orbital Engineering stellt einen vielversprechenden Ansatz für ein ra-
tionales Design korrelierter Materialien dar.

Im zweiten Teil dieser Arbeit untersuchen wir die Wirkung epitaktischer Span-
nungen auf die Spin-Orbital-Phasen von YVO3-Dünnfilmen mithilfe von polarisierter
Raman-Spektroskopie und Ellipsometrie. Wir nutzen die Empfindlichkeit der Sauer-
stoffstreck-Gitterschwingungen, die mit den strukturellen Verzerrungen in den C-
OO- undG-OO-Phasen einhergehen [19], um die Orbitalordnungen in YVO3-Dünnfilmen
auf verschiedenen Substraten und Facetten, zu untersuchen. Unsere Ergebnisse
zeigen, dass eine Kompression der orthorhombischen c-Achse in (110)-orientierten
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Filmen die G-OO-Phase stabilisiert, während eine Dehnung der c-Achse in (001)-
orientierten Filmen die C-OO-Phase begünstigt.

In Zusammenarbeit mit K. S. Rabinovich und A. V. Boris (Max-Planck-Institut
für Festkörperforschung, Stuttgart) wurden Ellipsometrie-Messungen durchgeführt,
die zeigen, dass die, in den Raman Spektren beobachteten strukturellen Phasen-
übergänge, elektronisch getrieben sind. Durch die methodische Differenzierung der
Einflüsse von Dehnungsvorzeichen, Dehnungsgrad und Orientierung der Elemen-
tarzelle, kann die dehnungsinduzierte Bindungslängenänderungen als wichtigster
Mechanismus identifiziert werden. Diese Änderung modifiziert die Superaustausch-
Wechselwirkungen sowie Gittereffekte und begünstigt je nach Vorzeichen entweder
dieG-OO oder die C-OO Phase. Unsere Ergebnisse entflechten die einzelnen Beiträge
dieser konkurrierenden Wechselwirkungen und demonstrieren die Vorteile epitaktis-
cher Spannung zur Steuerung des Phasenverhaltens in RVO3 Verbindungen.

Im dritten Teil unserer Studie haben wir zum Vergleich die Orbitalordnung in
dünnen LaVO3-Filmen unter epitaktischer Spannung, ebenfalls mittels polarisierter
Raman-Spektroskopie, untersucht. Hier zeigen unsere Ergebnisse, dass die Kompres-
sion (Expansion) der c-Achse die G-OO-Phase begünstigen (destabilisiert). Wir erk-
lären diese Ergebnisse qualitative durch die Verstärkung bzw. Abschwächung der Su-
peraustauschwechselwirkung die aus spannungsinduzierten Bindungslängenänderun-
gen in den epitaktischen Dünnfilmen resultiert, ähnlich wie bei den YVO3-Filmen.

Zusammenfassend beleuchten die im Rahmen dieser Dissertation durchgeführten
Arbeiten verschiedene Aspekte der Heteroepitaxie in RVO3. Unsere Ergebnisse
verdeutlichen, dass Dehnungs- und Grenzflächen-Engineering ein vielversprechen-
der Weg ist, um die Eigenschaften dieser Verbindungen wesentlich zu ändern, und
veranschaulichen somit die vielfältigen Perspektiven der Heteroepitaxie, um tech-
nologisch besonders interessante Phasen stark-korrelierter Übergangsmetalloxide zu
stabilisieren.
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1. Introduction

This chapter begins with a brief introduction of strongly correlated electron systems
and their heterostructures, followed by the fundamentals of the physics of RVO3

and the scope of the thesis.

1.1. Strongly correlated electron systems

Strongly correlated electron (SCE) systems encompass a wide variety of materials
that display a multitude of extraordinary phenomena and consequently form the
forefront of condensed matter physics. As implied by their name, these materials
are characterized by strong interactions between electrons originating from atoms
at neighboring lattice sites, that lead to the emergence of properties that cannot be
rationalized by the mere sum of the electronic properties of the individual electrons
[1]. These include magnetic ordering, metal-insulator transitions, heavy fermion
behaviour, high temperature superconductivity and colossal magnetoresistance, to
name a few.

Transition metal oxides (TMO) comprise the majority of SCE materials. The
transition metal elements which form the ‘d-block’ in the periodic table, have valence
electrons in the d-orbitals. The outer s and p electrons, having large overlap with
neighbouring atoms are described by band theory, whereas the f electrons which
are tightly bound to the atom are mostly described by localized atomic models.
As, the d-orbitals fall in the intermediate regime, they exhibit both localized and
itinerant properties [20]. Strong correlations imply that one-electron theories that
simply treat an electron as being immersed in the mean-field of other electrons, do
not suffice to describe their behaviour. Theoretical studies of strongly correlated
materials is often performed using model Hamiltonians, where the correlations are
incorporated through the inclusion of the Coulomb repulsion between electrons.
Additionally, coupling with the lattice is also included, which can have enormous
consequences.

To describe SCE materials, we start by building on a common approximation
used in band theory known as the tight-binding approximation. In this approach,
isolated atoms with localized atomic levels are regarded as potential wells with the
possibility of tunneling or hopping of electrons from one potential well to another.
For two atoms, this leads to bonding and antibonding levels and for the atoms of
the entire solid, these levels broaden into bands. For the simple case of one orbital
per ion, adding the Coulomb repulsion between electrons to this model, yields the

1



1. Introduction

UHBLHBO-2p

Δ
U Δ

U

UHBLHB O-2p

(a) Mott-Hubbard insulator (b) Charge transfer insulator

Figure 1.1.: Electronic structure of Mott-Hubbard and charge-transfer insulators. U , ∆,
O-2p, UHB and LHB refer to the Coulomb repulsion, charge-transfer energy,
oxygen 2p band, upper- and lower-Hubbard bands, respectively.

Hubbard Hamiltonian,

H = −t
∑
⟨ij⟩σ

(c†iσcjσ + h.c) + U
∑
i

ni↑ni↓ (1.1)

Here U is the Coulomb repulsion, also known as the Hubbard U , and is defined
as the energy required to place two electrons on the same orbital, on one site.
The term t is the hopping integral between neighbouring sites and ⟨ij⟩ refers to
all pairs of sites. ni↑ and ni↓ are the number of electrons, at site i with up and
down spins, respectively. c†iσ and cjσ are operators that create and annihilate an
electron with spin σ at sites i and j, respectively and h.c stands for hermitian
conjugate. A major consequence of the strong correlations in many transition metal
oxides is a metal to insulator transition, which arises from the competition between
the hopping amplitude t and Hubbard U . For U/t greater than a critical value, a
system that has a partially filled d-band and thus is expected to be metallic within
conventional band theory, undergoes a Mott transition and becomes insulating. As
U is much larger than t, the energy required to move the electron is very large
which makes it insulating. The Hubbard U splits the d-band such that it forms
an upper Hubbard band, which is completely empty and a lower Hubbard band
that is fully filled, establishing the insulating state. Such materials are called Mott-
Hubbard insulators or simply Mott insulators. The nature of this insulating state is
fundamentally different from band insulators, where its origin can be explained in a
one-electron picture in a periodic potential whereas the Mott-insulating state arises
from strong electron-electron interactions [21].

In the simplistic model described in equation 1.1, we did not consider the hy-
bridization of the TM d-orbitals with the oxygen 2p-orbitals. This effect becomes

2



1.1. Strongly correlated electron systems

quite important for TMOs in the late 3d-series such as Cu and Ni. Here the charge-
transfer energy ∆, defined as the energy required to transfer an electron from the
oxygen ion to the transition metal site, is lower than the Hubbard U . To describe
these systems, a generalized Hubbard equation is used, that explicitly includes the
pd hybridization. The end result is similar, where ∆ takes the place of U , and a
metal to insulator transition occurs for ∆/t larger than a critical value. These mate-
rials are referred to as charge-transfer insulators. Going left to right, across a period
in the periodic table, U increases as a consequence of shrinkage of the atomic radii.
On the contrary, ∆ decreases from left to right, due to increase in electronegativity
of the TM ions. The Zaanen-Sawatzky-Allen (ZSA) scheme [22] incorporates these
trends in a diagram with ∆/t plotted over U/t. Thus in the ZSA scheme, elements
in the early 3d series, such as Ti, V form TMOs that are Mott-Hubbard insula-
tors, whereas those in the late 3d series, like Ni, Cu form charge-transfer insulators.
Fig. 1.1 displays the schematic of the electronic structure of Mott-Hubbard and
charge-transfer insulators. Note that the hopping actually occurs through oxygen
in both cases, since the direct overlap of TM d-orbitals between neighbouring sites
is too small. In Mott-Hubbard insulators, an effective dd hopping is considered tdd
= t2pd/∆. The crucial difference between the two is that, in the case of the Mott-
Hubbard insulators, the lowest energy charge-excitations are dd transitions, whereas
in charge-transfer insulators, they are p-d excitations [21].

The Coulomb interaction has another important and surprising consequence. The
localization of electrons in a Mott-insulator also implies the creation of localized
spins. However, this localization is incomplete and leads to virtual charge exchange,
i.e., hopping of electrons. The electrons hopping across different orbitals must obey
Pauli’s exclusion principle which leads to the formation of exchange interactions and
resulting magnetism. Therefore, Coulomb interaction is the origin of both intra-site
exchange which gives rise to Hund’s coupling as well as intersite exchange which
includes superexchange, direct exchange and double exchange interactions [23].

The superexchange is the most dominant form of inter-site exchange interaction in
undoped Mott insulators. Since U >> t for Mott-Hubbard insulators, the hopping
term t in equation 1.1 is taken as a perturbation and treated under second-order
perturbation theory. This yields the spin exchange Hamiltonian,

H ′ =
∑
⟨ij⟩

4t2

U

(
Si.Sj −

1

4
ninj

)
(1.2)

where Si, Sj and ni, nj are the are the spin operators and number of electrons at
adjacent sites i and j, respectively. The term 4t2/U is called the exchange constant,
and is usually denoted by J . For ni = nj = 1, i.e. the half-filled case, this term
becomes zero for parallel spin configuration, which reflects Pauli’s exclusion principle
that prevents a parallel spin configuration on the same orbital. Therefore, equation
1.2 leads to antiferromagnetic exchange interaction. In transition metal oxides, this
exchange is mediated by the oxygen atoms between two transition metal ions, and
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therefore referred to as superexchange, in contrast to direct exchange which is a
direct d-d overlap of the neighboring metal ions.

The example discussed above is the simplest case of an array of half-filled orbitals
which leads to antiferromagnetic exchange interactions. In reality, other factors,
mainly the geometry of the lattice and the occupation of orbitals also need to be con-
sidered to predict the sign and strength of the superexchange interaction [21]. The
effect of these factors are outlined in the Goodenough-Kanamori-Anderson (GKA)
rules [17, 18], which state that: (1) For two TM ions with half-filled d-orbitals form-
ing a 180◦ TM-O-TM bond overlap such as in ABO3 perovskites with corner-sharing
octahedra, the exchange interaction is strong and antiferromagnetic. (2) For a 180◦

TM-O-TM bond, if one site has a half-filled d-orbital and the other has an empty d-
orbital, the interaction is ferromagnetic but weak. (3) In the case of a 90◦ TM-O-TM
bond overlap, which occurs in edge-sharing octahedra, the interaction is ferromag-
netic and weak for two half-filled orbitals. The 180◦ and 90◦ scenarios represent two
limiting cases. The local geometry in reality, usually has an intermediate value in
between them. Therefore, the GKA rules only provide general guidelines but are
sufficient for a rough understanding.

Yet another factor that needs to be considered, is the orbital degree of freedom.
Which specific orbitals are occupied, greatly determines the spin exchange, as the
two are intertwined through GKA rules. This is taken into account by including the
orbital pseudospin operator τ . In section 1.2, we will see the implications of this
factor, with the example of vanadates.

1.1.1. TMO heterostructures

Manipulating the remarkable properties of TMOs is of great interest, both from the
perspective of fundamental research as well as that of technological applications.
Often the complex states exhibited by TMOs can be altered by relatively small
perturbations. Over the years, many approaches have been developed to modify the
properties of these materials. For example, metal-insulator transitions (MIT) may
be induced by band filling through hole/electron doping, or by band width tuning
through modifications of the crystal structure using hydrostatic pressure, epitaxial
strain, etc [24].

Among the different approaches, heterostructuring is an intensely investigated
field of research and owing to its versatility, has emerged as one of the primary
routes for manipulating TMO properties. Heterostructures offer an array of diverse
ways that can modify existing properties and also create emergent phenomena. A
variety of techniques have been developed to synthesize thin films and multilayers.
Two of the most popular methods for growing epitaxial oxide layers, are pulsed laser
deposition (PLD) and molecular beam epitaxy (MBE). In MBE, the constituent
elements of the material to be deposited are heated in different effusion chambers and
allowed to condense on a substrate. The stoichiometry is controlled by tuning the
rate of impingement of each elemental source of the cations and the pressure of the
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Figure 1.2.: Impacts of heterostructuring. (a) Effects of epitaxial strain and (b) interface
effects. (c) Degrees of freedom affected by heterostructuring: spin, charge,
orbital and lattice degrees. As mentioned in the text, virtual charge transfer
is equivalent to exchange interactions. Whereas, real charge transfer occurs
when a difference in the electron chemical potential exists across the inter-
face.

oxygen or ozone environment [25]. MBE produces samples with sharper interfaces
compared to other techniques, however, has the disadvantage of being limited to
oxide systems with elements that have sufficient vapour pressure. Additionally, the
duration of synthesis is significantly longer compared to many other techniques.
On the other hand, PLD uses a target containing the same ratio of cations as the
material to be deposited and therefore can be used for the growth of most types
of oxides [26]. In this technique, intense laser pulses are used to ablate the target
which produces a plume that condenses on the substrate. The oxygen stoichiometry
is controlled by the oxygen partial pressure in the growth chamber. The samples
investigated in this thesis were grown using an ultra-high vacuum PLD apparatus
(see chapter 3 for more details).

Heterostructuring impacts the properties of the material in a number of ways.
We broadly categorize these into two parts: (1) Effects of epitaxial strain that
exist throughout the film and (2) interface effects that usually extend up to a few
angstroms from the film’s interface with the substrate or other layers. Fig. 1.2
displays the summary of these effects and the degrees of freedom that they affect.
Below, some examples illustrating these different effects are discussed.

When a thin film is grown epitaxially on a substrate, its in-plane lattice parame-
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ters are constrained to the substrate. Effects of epitaxial strain arise from the altered
lattice parameters of the film. The change in lattice parameters is accommodated
into the bond lengths and/or bond angles of the film, which directly impacts the
crystal fields and hybridization as well as the orbital overlap which determines the
exchange interactions [27]. Strain engineering has been successfully employed to
tune the properties of a myriad of TMOs and stabilize different phases. For exam-
ple, in thin films of superconducting cuprates, La2−xSrxCuO4, an enhanced super-
conducting transition temperature was observed, compared to its bulk counterpart.
This increase was attributed to strain-induced lattice deformations that increases
the Cu-O bond lengths which weakens the magnetic phase that competes with the
superconducting phase [28]. One well known class of compounds that exemplify
the utility of strain engineering are ferroelectrics [29, 30]. In thin films of BaTiO3,
biaxial compressive was found to enhance its ferroelectric transition temperature by
nearly 500◦C and remanent polarization by about 250% compared to bulk BaTiO3

single crystals [31]. Strain has also been used to induce metal-insulator transitions
in TMO thin films. In compressively strained thin films of La1−xSrxMnO3, which
is insulating in bulk for low values of doping, an insulator-to-metal transition was
observed. This transition was interpreted as a consequence of an enhancement of
the double exchange interactions and reduction of Jahn-Teller distortions [32].

Compared to hydrostatic pressure, biaxial epitaxial strain has many advantages,
such as the ability to enforce both signs of strain, i.e. tensile and compressive,
provide anisotropic strain as well as apply strain along different facets of a mate-
rial. Each of these factors profoundly impacts the electronic structure of the TMO.
For example, in SrRuO3 thin films, tensile and compressive strains were reported
to induce different tilt patterns in the film and consequently led to contrasting
anisotropic magnetic properties [33, 34]. Similarly, in doped manganite thin films of
La1−xSrxMnO3, the strong orbital-lattice coupling allowed for the stabilization of the
C-type orbital order under compressive strain and A-type orbital order under tensile
strain on (001)-oriented substrates [35]. Whereas, for (110)-oriented La1−xSrxMnO3

thin films under anisotropic strain, an orbital ordering pattern not observed in the
bulk counterpart, was stabilized [36]. In this thesis, we investigate the effects of
both epitaxial strain and the substrate facet on the spin-orbital phases of RVO3.

The interface effects, on the other hand, consist of a host of different effects, such
as charge transfer, electronic confinement, superexchange effects, local crystal field
distortions etc., at the interface. Often, superlattices or multilayers are synthesized
to probe these effects, since if a given property scales with the number of interfaces,
it is inferred that it arises from the interface. Charge transfer occurs between two
materials, when a difference of electron chemical potential exists between them. Ef-
fects of doping by charge transfer were seen in multilayers of LaMnO3 and SrMnO3,
both of which are antiferromagnetic Mott insulators, and yet exhibit ferromagnetic
metallic state and colossal magnetoresistive effects at the interfaces [37]. Another
contribution at the interfaces of such materials is the net excess charge that is
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present as a result of the electrostatic boundary conditions, i.e. the so-called polar
catastrophe. This effect was observed in the intensely researched LaAlO3-SrTiO3

heterostructures. Despite LaAlO3 and SrTiO3 being band insulators, they form a
conductive interface, comprising of a high-mobility 2D electron gas that was also
shown to become superconducting [38]. The conductivity was attributed to the polar
catastrophe created at the interface, since (SrO) and (TiO2) layers are uncharged,
whereas (LaO) and (AlO2) have +1 and -1 charge, respectively. For TiO2 terminated
substrates, electron doping occurs at the AlO2-LaO-TiO2 polar stacking, which gen-
erates the 2D electron gas at the interface. Even, in the absence of a difference
in electrostatic potentials between the two layers, virtual charge transfer can still
take place across the interface, which forms the exchange interactions as mentioned
before. For instance, in multilayers of the antiferromagnetic insulator CaMnO3 and
paramagnetic metal CaRuO3, the interface was found to be ferromagnetic and was
explained by the ferromagnetic exchange interactions between Mn and Ru, across
the interface [39].

Another common effect created at the interface is the confinement of electrons.
For example, consider a TMO forming an interface with a wide band-gap insulator,
such as LaAlO3. The electrons cannot hop across the M -O-Al bond, due to the
band-gap of LaAlO3 which leads to the preferential occupation of the orbitals with
lobes pointing in the plane of the interface. In addition to this, the local crystal
structure at the interface is expected to be quite different from both, the bulk coun-
terpart as well as the deeper layers far away from the interface, which also further
impacts the orbital polarization through altered crystal fields. In LaNiO3/LaAlO3

and PrNiO3/LaAlO3 superlattices, the effects of both epitaxial strain and confine-
ment effects at the interface were observed to produce large changes in the orbital
polarizations in the nickelate layer [40, 41]. In this thesis, we perform a similar
study for YVO3-LaAlO3 superlattices, using x-ray resonant reflectometry (Sec. 1.3
and Chapter 4).
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1.2. Rare-earth vanadates (RVO3)

In this section, we will first describe the crystal and electronic structure of RVO3,
followed by their phase diagram and then by examples from literature that demon-
strate the lattice coupling in RVO3.

1.2.1. Crystal and electronic structure

The crystal structure of RVO3, like many other ABO3 perovskites is derived from
the undistorted ideal cubic perovskite, i.e. where the B-O-B bond angles are 180◦.
The relative size mismatch of the R and V ionic radii contribute to the so-called
steric effects which induce rotations of the octahedra known as GdFeO3-type rota-
tions. This results in the reduction of the V-O-V bond angle from 180◦ and lowering
of the symmetry to an orthorhombic structure in the space group of Pbnm (no. 62),
at room temperature [42]. Due to the reduction of symmetry, the orthorhombic unit
cell is larger compared to the original undistorted perovskite. It is usually conve-
nient to construct a corresponding cubic version of lower symmetry structures, which
is known as the pseudocubic structure. Fig. 1.3(a) displays the room temperature
RVO3 crystal structure, indicating the orthorhombic unit cell and its corresponding
pseudocubic structure. The pseudocubic axes (x, y, z) are related to the orthorhom-
bic axes (a, b, c) by x, y =

√
(a2 + b2)/2 and z = c/2 [43]. Here, x and y are ∼ 45◦

rotated with respect to a and b, whereas z is parallel to c. The tolerance factor f
relates the degree of the GdFeO3-type rotations and the ionic radii of the A and B
ions [1, 42],

f =
(rR + rO)√
2 (rV + rO)

(1.3)

where rR, rV and rO are the ionic radii of the rare-earth cation, vanadium and
oxygen ions, respectively. The decrease of rR from La to Lu, through the lanthanide
series leads to an increase in the degree of octahedral rotations, and the consequent
reduction of the V-O-V bond angle, ϕ. The bandwidth W (related to the hopping
amplitude t) is dependent on orbital overlap between neighbouring ions and is given
by W ∝ cosψ/d3.5, where ψ is equal to (π − ϕ)/2 and d is the V-O bond distance,
respectively [44].

For some RMO3 compounds, such as the rare-earth nickelates (RNiO3), the effect
of the decrease in the tolerence factor f is embodied in its metal-insulator transition
that occurs as a function of rR [46]. LaNiO3 which has the largest f value is a
paramagnetic metal, but with the decrease of the size of R-ion, a metal to insulator
transition takes place, resulting in the RNiO3 with smaller R-ion, exhibiting anti-
ferromagnetic insulating ground states. As mentioned before, the compounds in the
RVO3 series are Mott-Hubbard insulators, and do not exhibit an MIT. In this case,
the effect of the tolerance factor variation through the series, is instead manifested
as a change in the superexchange interactions and lattice effects. The complex inter-
play of the two produces the rich phase diagram of RVO3, with two different types
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Figure 1.3.: (a) Crystal structure of RVO3 at room temperature, taken from Fig 4.1
from Ref. [45]. (b) Electronic configuration of RVO3 in the D2h point group
symmetry. One electron always occupies the xy orbital and the other oc-
cupies either the xz or yz, depending upon the pattern of orbital ordering.
The reference frame of the orbitals depicted here, was chosen in order to
be consistent with the coordinate system used in our reflectometry study of
YVO3-LaAlO3 superlattices (as we will see later in chapter 4).

of spin and orbital ordering patterns and multiple successive temperature dependent
phase transitions.

The electronic structure of RVO3 is comprised of two electrons in the 3d shell
of the V3+ ion. Crystal fields created by the octahedral arrangement of oxygen
atoms split the five d-orbitals into the eg and t2g subsets. As metal d-orbitals are
anti-bonding in nature, the orbitals having larger overlap with oxygen atoms, i.e,
the x2 − y2 and 3z2 − r2 orbitals forming the eg subset, have higher energy due to
direct overlap with the oxygen ions, creating σ-bonds. Whereas the xz, yz and xy
orbitals belonging to the t2g subset have lower energy, as they form π-bonds. The two
electrons in the V3+ ion of RVO3 thus occupy the t2g subset, yielding its electronic
configuration of t22g [47]. For RVO3, the degeneracy between all three orbitals is
lifted at all temperatures, which follows from the D2h point group of its octahedron.
The degeneracy between the three t2g orbitals is lifted by an intrinsic site distortion
or Jahn-Teller effect, both of which distort the octahedron, i.e. when its bond
lengths are no longer equal. Intrinsic site distortion, that simply arise from the
steric effects created by relative atomic positions, scale with the degree of GdFeO3-
type octahedral rotations, and are responsible for unequal bond lengths above the
orbital ordering temperature [48]. Whereas, Jahn-Teller distortion is an electronic
instability that occurs when degenerate orbitals are non-isotropically occupied [49].
This creates a spontaneous distortion of the octahedron that lifts the degeneracy,
creating lower and higher orbital energy levels. The system gains net energy by
filling more electrons in the lower energy levels than the higher ones [50]. For the t22g
configuration of RVO3, since two electrons are filled in three degenerate t2g orbitals,
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Figure 1.4.: (a) V-O bond lengths of YVO3 across temperature, taken from Fig. 4.8 of
Ref. [45]. (b) Two-types of JT distortions exhibited by RVO3. The a-type
and d-type distortion are associated with the G-type and C-type orbital
ordering patterns, respectively. The xy orbital (not shown) is occupied at
all sites.

it is Jahn-Teller-active. As the octahedra are all connected to one another, their JT
distortions happen in a coupled manner, which is known as a collective Jahn-Teller
distortion [2]. The JT distortion causes the xy orbital to be occupied by one electron
at all sites. The second electron occupies the xz or yz orbital, depending upon the
pattern of the collective JT distortion. Therefore, for RVO3, the xz and yz orbitals
are considered to be the ordering orbitals [Fig. 1.3(b)].

RVO3 exhibit two types of JT distortions called a-type and d-type, as shown in
Fig. 1.4 along with the V-O bond lengths of YVO3 through temperature, as an
example. The a-type distortion consists of distorted octahedra that alternate along
all directions (x, y and z), whereas the d-type distortion comprises of distorted
octahedra that alternate along x and y (i.e. in the ab plane) and are in phase
along z (i.e. along c-axis). Since the orbital occupation at each site follows the
JT distortion of that octahedron, the a-type and d-type collective JT distortions
are each associated with a corresponding pattern of orbital occupation, which are
the G-type and C-type orbital ordering patterns, respectively. Below the orbital
ordering temperature, the steric effects are superimposed on the JT effects. The
JT picture described here, is based on purely the electronic instability present at
each site, and does not include the intersite exchange interactions, which we will
encounter in the next section.
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1.2.2. Spin-orbital phase diagram

Rare-earth vanadate perovskites (RVO3) harbor a strong interplay of spin, orbital,
and lattice degrees of freedom, which leads to a rich phase diagram and unusual
orbital and magnetic properties [3, 5, 19, 53]. They exhibit two distinct types of
spin ordering (SO) and orbital ordering (OO) patterns as a function of temperature
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Figure 1.5.: Phase diagram of RVO3 single crystals, showing two types of orbital ordering
(OO) and and spin ordering (SO) patterns, reproduced from Ref. [2]. The
two compounds studied in this thesis; YVO3 and LaVO3 are highlighted by
the rectangles. Going from La to Lu, as the size of the rare-earth cation
reduces, the GdFeO3-type rotations increase. This changes both the su-
perexchange interactions and lattice effects. A complex interplay of the two
yield the equally complex and rich phase diagram of RVO3 [51, 52]
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and the rare-earth cation radius, as shown in Fig. 1.5. GKA rules (see Sec. 1.1)
couple the ordering of spin and orbitals such that C-type of one pairs with the
G-type of the other and vice-versa. Here, G-type refers to alternating (i.e. anti-
ferro type) ordering of spins or orbitals in all three directions. Whereas, C-type
refers to the same spin orientation or occupation of the same orbitals (i.e ferro type)
along the c-axis, but alternating ordering along the two directions in the ab plane.
Thus the orbital ordering comprises of alternating configurations of xy1xz1 - xy1yz1
at neighbouring sites along directions with anti-ferro ordering. Similarly, xy1xz1
- xy1xz1 or xy1yz1 - xy1yz1 at neighbouring sites along the direction with ferro
ordering.

All RVO3 display a G-OO/C-SO phase, which forms the ground state for RVO3

with R ≥Tb and the intermediate phase for those with R < Tb. For RVO3 with
R ̸= La, the G-OO phase occurs first at TOO1, which is concomitant with a structural
transition to a monolinic structure (P21/b space group), followed by the C-SO phase
at a lower temperature, at TSO1. For LaVO3, the C-SO transition occurs first, at
a temperature of ∼ 2K higher than the G-OO transition [54]. The more or less
monotonic increase of TSO1 from Lu to La is understood as an enhancement of the
superexchange interactions due to an increase in the bond angles, i.e. straightening
of bonds. On the other hand, the trend of TOO1 is non-monotonic, as it increases
first from Lu until Gd, followed by a decrease towards La. This is interpreted as a
result of the biasing of the orbital ordering by the intrinsic site distortion induced
by the GdFeO3-type rotations [48]. The phase diagram is especially complex in the
vicinity of RVO3 with smaller R-cations (R <Tb) which exhibit an additional first-
order transition at TOO2/SO2, to the ground state of C-OO/G-SO. This transition is
concomitant with a structural transition back to orthorhombic (Pbnm) symmetry.
The appearance of the C-OO/G-SO state in these compounds is attributed to the
competing contribution from lattice effects, owing to the larger degree of GdFeO3-
type octahedral rotations. Next, we examine the model Hamiltonian of RVO3, where
this is explained further.

The physics of RVO3 is described by its model Hamiltonian which is based on
the extension of the Hubbard model (equation 1.1) to multiple orbitals, i.e. the
multi-orbital Hubbard model. As mentioned before, in systems possessing orbital
degeneracy such as RVO3, the orbital degree of freedom must be incorporated into
the Hamiltonian. This originates from the fact that inter-site hopping is only allowed
between the same type of orbitals on each site. Furthermore, hopping along a certain
pseudocubic direction; x, y, or z is only possible between orbitals with lobes along
that direction [23]. For example, in the case of t2g orbitals, this implies that, in
the hopping process along say the x direction, only the xz and xy orbitals can
participate and therefore are the ’active’ orbitals for this direction. Similarly, for
each direction, two out of three t2g orbitals are active [23, 55]. Orbital degeneracy
is taken into account, using orbital pseudospin operators (τ ), which are the orbital
counterparts of the spin operators (S) (in equation 1.2). For instance, analogous to
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the z component of spin operator, Sz = (n↑ − n↓)/2 at site i, the z component of the
orbital pseudospin operator is τ γz = (nα − nβ)/2, where γ denotes the pseudocubic
directions x, y, z and nα and nβ refer to the orbital occupations in the two active
orbitals α and β, along direction γ [55].

For d-electrons on high symmetry lattices, the orbital degeneracy may be lifted
by one of the basic physical mechanisms, namely: Jahn-Teller (JT) effect, superex-
change interactions or spin-orbit coupling. In eg-systems such as manganites, the
JT effect dominates over exchange interactions due to a much stronger lattice cou-
pling, and hence the orbitals order at a higher temperature than spins by a coop-
erative Jahn-Teller mechanism. The resulting orbital ordering then determines the
anisotropic spin exchange interactions that consequently lead to anisotropic mag-
netic ordering [56]. In contrast, for t2g-systems like vanadates, the superexchange
and lattice coupling effects are comparable in energy scales and thus can compete
with each other. Therefore, the spin and orbital ordering temperatures are much
closer in vanadates compared to manganites.

Hence, the physics of RVO3 mainly involves two contributions; superexchange
interactions and lattice effects. The Hamiltonian of the system is given by,

H = HJ +HV (1.4)

here, HJ and HV are the superexchange and lattice terms of the Hamiltonian, re-
spectively. The superexchange part HJ is comprised of the orbital and spin exchange
operators and has the following form [55],

HJ = J
∑
⟨ij⟩||γ

[(Si.Sj + 1)Ĵ
(γ)

ij + K̂
(γ)

ij ] (1.5)

The superexchange term acts along each bond direction ⟨ij⟩ parallel to γ = x,
y, z, where i and j denote two neighbouring sites. Si,j are the spin operators
and Ĵij and K̂ij are orbital exchange operators that are expressed in terms of the
orbital pseudospin operators τ and η, defined as the ratio of Hund’s coupling JH
and Hubbard U . Superexchange couples the spin and orbital degrees of freedom and
attempts to order them simultaneously. For the superexchange term HJ, considered
in isolation, the lowest energy phase corresponds to a G-OO/C-SO state [55, 57].
Additionally, in the G-OO/C-SO phase, the orbital exchange constants of RVO3,
along the c-axis and in the ab plane are highly anisotropic with Jorb

ab being one order
of magnitude smaller than Jorb

c [55, 57]. This anisotropy results from the destructive
interference of various orbital exchange processes in the ab plane that reduces the
value of its exchange constant [57].

The second term in equation 1.4 is the lattice term HV and is given by,

HV = −Vc
∑
⟨ij⟩||c

τ zi τ
z
j + Vab

∑
⟨ij⟩||ab

τ zi τ
z
j (1.6)
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HV is a phenomenological term that favours the C-OO phase and comprises many
different lattice contributions including Jahn-Teller effect, GdFeO3-type rotations
and R-O covalency effects [55, 58, 59]. Through the GKA rules, the C-OO phase
couples with the G-SO phase. The appearance of the C-OO/G-SO phase for RVO3

with smaller R cations (R < Tb) is explained as the result of a strong contribution
from the HV term, which scales with the degree of GdFeO3-type octahedral rota-
tions. Note that here we have shown a simpler model that suffices to capture the
basic physics in RVO3. A more thorough expression of the RVO3 Hamiltonian was
developed by Horsch et al.. in Ref. [51] which also has terms describing the orbital
polarization, Jahn-Teller distortion, etc. explicitly, in addition to the lattice term
HV .

The superexchange interactions on cubic or nearly cubic lattices are frustrated
due to the presence of orbital degeneracy. In t2g-systems such as vanadates and
titanates, orbital fluctuations was suggested as a possible mechanism that could
remove the orbital degeneracy. According to Khaliullin et al., in the G-OO/C-SO
phase, the orbital fluctuations develop along the c-axis and favour ferromagnetic
interactions as per GKA rules. This was corroborated by the magnetic neutron
diffraction study, where anisotropic exchange constants were found and explained
using such an interpretation [3]. However, the scenario of strong orbital fluctuations
was opposed by theoretical studies by Fang et al. [60] and Motome et al. [57], who
explained the anisotropic spin and orbital exchange constants within a JT picture,
arguing that orbital fluctuations should be suppressed in RVO3. Motome et al.
showed, with the example of LaVO3, that the highly anisotropic orbital exchange
constants lead to an enhanced JT instability which should create sufficiently large JT
distortions to quench the orbital fluctuations. Later, the strong orbital fluctuations
picture was indeed ruled out by optical studies performed on RVO3 (R = Ce, Nd,
Y) [61] and neutron diffraction studies on HoVO3 [62] and LuVO3 [63].

Though equation 1.4 does not include an additional lattice term that supports
the G-OO/C-SO phase, which is in contrast to the model proposed by Motome et
al., it is nevertheless successful in capturing the competing nature of the two spin-
orbital phases. According to this model, whether the G-OO/C-SO or C-OO/G-SO
phase is realized in RVO3 depends upon which of these interactions; HJ or HV is
stronger, respectively. This is in stark contrast to manganites where the superex-
change and lattice effects favour the same phase and therefore do not compete [55].
The competition between the two phases also implies that artificially modifying the
lattice can tip the balance and enhance one interaction over the other. For instance,
epitaxial strain or hydrostatic pressure directly affect the lattice degrees of freedom
through changes in crystal fields as well as superexchange interactions by modifying
the orbital overlap.

In the next section, we review some examples from literature that explore the
lattice coupling in RVO3 and illustrate the inherent competition between its two
ground states.
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1.2. Rare-earth vanadates (RVO3)

1.2.3. Lattice coupling and heterostructuring in RVO3

The lattice coupling of the spin and orbital properties of RVO3 is immediately
apparent from their phase diagram, which changes as a function of the R-cation
radius (Fig. 1.5). Thus, heterostructuring is expected to be an effective tool to alter
their properties. Within the RVO3 series, heterostructures of LaVO3 are the most
researched [12, 13, 64–68]. This was inspired mostly by the discovery of the con-
ducting 2D electron gas in the LaAlO3/SrTiO3 interface and partly by the prospect
of using LaVO3 as a material for solar cells [69, 70]. The motivation for replacing
the band insulator LaAlO3 by the Mott insulator LaVO3, was to introduce its ac-
companying strong electron correlations into the system, which, as we saw in the
previous section, can lead to the emergence of interesting effects. Similar to the
LaAlO3/SrTiO3 heterostructure, the nature of the interface was found to be de-
pendent on the configuration of polar discontinuity. For SrO termination, a p-type
insulating interface was observed [65], since the hole doping is below the threshold
required for conductivity, as noted from bulk (La,Sr)VO3 [71]. Whereas for TiO2

termination, a conducting n-type interface was found, above a critical thickness of ∼
4-5 u.c of LaVO3 and was attributed to the electron-doping of the Ti4+ state. Such
a critical thickness is a general feature for polar interfaces, as was similarly observed
in the LaAlO3/SrTiO3 system. Interestingly, the critical thickness was found to be
equal to the minimum thickness of the capping layer required for preserving the
oxidation state of the TMO film, as demonstrated by studies performed on LaAlO3-
capped LaVO3 thin films [65, 67]. The presence of oxygen vacancies at the interface
creates a metallic interface independent of the configuration of discontinuity [72].

Another example of induced metallicity was observed in multilayers of LaVO3

with SrVO3, which is a correlated paramagnetic metal. Bulk solid solutions of
La1−xSrxVO3 have exhibited filling-controlled insulator to metal transitions for x
> 0.2 [71]. Similarly when the inter-diffusion at the interfaces of LaVO3/SrVO3

multilayers, is above a critical hole doping level, they were found to become metallic
[73]. Recently, first-principal calculations have predicted a metallic interface even
in the absence of polar interfaces, through charge transfer, for multilayers of LaVO3

with LaTiO3, which is another Mott insulator [74].

Next we turn to examples where the coupling of the lattice to the spin and or-
bital properties of RVO3 have been demonstrated. Hydrostatic pressure studies
[6, 7], examined this coupling for RVO3 (R = Y, Tb) that are located close to the
phase boundary of the G-OO/C-SO and C-OO/G-SO phases (see Fig. 1.5). The
orbital ordering patterns were examined under pressure by x-ray diffraction, using
the evolution of lattice parameters and reflection conditions that are forbidden for
orthorhombic symmetry (C-OO phase), but allowed in the monoclinic structure (G-
OO phase). Fig. 1.6(a) displays the intensity of the (401) monoclinic reflection for
YVO3, under pressure, taken from Ref. [6]. The emergence of the peak marks the
temperature of the first-order transition from C-OO to G-OO phase at TOO2. The
peak intensity disappears at TOO1, indicating the transition fromG-OO to disordered
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1. Introduction

phase. Their results revealed that the C-OO phase is favoured under hydrostatic
pressure, whereas the G-OO phase is weakened. For TbVO3, at a pressure of ∼ 2
GPa, the ground state changes from the ambient-pressure G-OO phase to the C-OO
phase. For YVO3, the pressure required to achieve the same ordering temperatures,
was lower by ∼ 2 GPa, since C-OO is already the ground state at ambient pressure,
in this case. Magnetic neutron scattering studies also found a similar trend for the
magnetic phase that corresponds to the C-OO phase, i.e. the G-SO phase was also
stabilized under pressure. The dependence of the C-SO on pressure was found to
be less pronounced [7]. These results were explained by the structural effects in-
duced by pressure. Under hydrostatic pressure, the sample is compressed equally
in all directions. This leads to compression of the RVO3 unit cell. The increased
R-O hybridization present in the C-OO phase, lowers its energy under high pressure
and the corresponding G-SO magnetic phase gets stabilized simply because its is
coupled to the C-OO phase by GKA rules. The preference of the C-OO phase at
the expense of the G-OO phase indicates the dominance of the lattice contribution
under hydrostatic pressure and supports the idea that these phases compete with
one another. In Chapter 5, we will discuss this further in the context of the orbital
ordering in epitaxially strained YVO3 thin films.

(b)(a)
TOO1

TOO2

G-OO diminished

C-OO enhanced

Compressive strainTensile strain

Figure 1.6.: Examples from literature, demonstrating the lattice coupling of the spin-
orbital properties of RVO3. (a) Normalized intensity of the (401) monoclinic
reflection for YVO3 single crystal under hydrostatic pressure, reproduced
from Fig. 3 of Ref. [6]. Under hydrostatic pressure, the C-OO phase is
stabilized at the expense of theG-OO phase. (b) TSO1 transition temperature
obtained from magnetization measurements for PrVO3 thin films grown on
various substrates, reproduced from Fig. 4 of Ref. [14]. The increase in TSO1
is attributed to the increase in exchange constants due to compressive strain.
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1.3. Scope of the thesis

Yet another illustration of lattice coupling is the phase coexistence of the C-OO
and G-OO phases below TSO1, observed in powder samples of RVO3 with intermedi-
ate size R-ions [9, 75]. This was explained by the formation of internal strain in the
sample which results from the magnetostriction effect that favours the C-OO phase
[9, 75]. Similar phase coexistence has also been found between TSO1 and TOO2/SO2 in
smaller R-sized RVO3 like YVO3 [11] and TmVO3 [10], which reflects the closeness
in energies of the two phases, as well as the potential ability of epitaxial strain to
manipulate them.

The lattice coupling was also inspected in thin films of LaVO3 [13, 68, 76] and
PrVO3 [14], where epitaxial strain was utilized to modify their ordering tempera-
tures. Fig. 1.6(b) displays the TSO1 temperature of PrVO3 thin films under epitaxial
strain on different substrates, obtained using magnetization measurements. The
PrVO3 films were found to grow with the orthorhombic c-axis in the plane of the
substrate. A monotonic increase in TSO1 as a function of strain was found for the
films. This result was explained by an enhancement of the exchange constants, due
to bond length reduction arising from the compressive strain. Thus, in this case the
superexchange term in equation 1.4 is enhanced leading to the increase in the spin
ordering temperatures.

1.3. Scope of the thesis

RVO3 compounds are a class of strongly correlated Mott insulators that harbour a
complex interplay of spin, orbital and lattice degrees of freedom, which gives rise to
an equally intricate phase diagram. They display two distinct types of spin ordering
and orbital ordering (C-OO/G-SO and G-OO/C-SO) phases as a function of the
rare-earth cation size and temperature. The competing nature of its two ground
states as well as their strong coupling to the lattice, were demonstrated by many
theoretical and experimental studies [6, 7, 9, 53, 57]. This is especially crucial in
the members of the series that are close to the phase boundary of the two phases,
such as (Y,Tb)VO3 [6–8]. Hence, these compounds present an ideal playground for
exploring the prospects of heterostructuring to manipulate their properties. So far,
only heterostructures of RVO3 with large rare-earth cations, such as LaVO3 and
PrVO3 have been examined, which are far away from the phase boundary of the
two competing ground states [12–15]. In this thesis we study different aspects of
heteroepitaxy on RVO3 (R=Y, La), focusing mainly on YVO3, which sits at the
edge of the phase boundary of the two spin-orbital phases, and exhibits both phases
as a function of temperature. We synthesized films and superlattices of RVO3 using
pulsed laser deposition.

In the first study, we implement orbital engineering in YVO3 multilayers, i.e.,
heteroepitaxy-induced modifications of the orbital occupations. The orbital degree
of freedom is a crucial parameter of control in TMOs as it determines the exchange
interactions, and thus altering the orbital occupations greatly impacts the proper-
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ties of their heterostructures. We used resonant reflectometry to investigate YVO3-
LaAlO3 superlattices and found an inversion of orbital polarization of the xz and yz
orbitals between the interface and central layers of the YVO3 slab, which is stable
down to 30K. We explain these results based on epitaxial strain and spatial con-
finement by LaAlO3, at the interface. Further, we delve deeper into the relationship
between the structural and electronic properties using a combination of DFT+U
calculations and extensive structural analysis. The results reveal that the substrate
facet can be used to obtain the desired film orientation for YVO3 heterostructures,
which, together with the thickness of the YVO3 layers and the presence of spacer
layers (such as LaAlO3) in a superlattice, govern the resulting orbital polarization.

In the second study, we explore the spin-orbital phase diagram of YVO3 films using
polarized Raman spectroscopy and ellipsometry. We study the orbital ordering in
YVO3 thin films, using two oxygen stretching phonons that are known to couple
to the C-OO and G-OO orbital ordering patterns in bulk YVO3. We find that the
c-axis compression for (110)-oriented films stabilizes the G-OO phase, whereas c-
axis elongation for (001)-oriented films favours the C-OO phase. Further, we use
ellipsometry to confirm that the structural transitions observed by the behaviour of
the phonon modes, indeed corresponds to concomitant electronic transitions, as in
bulk YVO3. By isolating the influences of the sign of strain, degree of strain and
orientation of the unit cell, we attribute these results to strain-induced bond-length
changes which in turn alter the superexchange interactions and lattice effects that
are known to compete in bulk RVO3. We disentangle the individual contributions of
these competing interactions and illustrate the advantages of using epitaxial strain
for tuning the phase diagram of RVO3.

Lastly, we investigate the orbital ordering in LaVO3 thin films using polarized
Raman spectroscopy. Our results reveal that the c-axis compression and expansion
favour and oppose the G-OO phase, respectively. Similar to the YVO3 thin films, we
explain these results based on the enhancement and weakening of the superexchange
interactions due to strain-induced bond length changes in the films.

This thesis is organized in the following way:
In chapter 2, we review the fundamentals of the spectroscopic techniques used in
this work. These include: x-ray scattering, x-ray absorption, Raman scattering and
ellipsometry. The experimental set-ups and essential aspects of data analysis are
explained for each case.
Chapter 3 describes the synthesis of the RVO3 thin films and multilayers by pulsed
laser deposition. Then, the experimental set-up and the characterization techniques
of the heterostructures, using x-ray diffraction and x-ray absorption, are outlined.
In chapter 4, we present the results of the x-ray resonant reflectometry study of
the YVO3-LaAlO3 superlattices. Subsequently, the investigation of the relationship
between their crystal and electronic structure using scanning-transmission electron
microscopy and ab initio calculations are discussed.
In chapter 5, we present our investigation of the orbital ordering in YVO3 thin films
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1.3. Scope of the thesis

under epitaxial strain, using Raman spectroscopy and ellipsometry. Following the
description of the experimental results, our qualitative understanding of the results,
based on the RVO3 model Hamiltonian, is explained.
Chapter 6 describes the results of the study of orbital ordering in epitaxially strained
LaVO3 thin films, using Raman spectroscopy. These results are then explained,
analogously to the YVO3 films.
Finally in Chapter 7, we provide the summary and outlook of this thesis.
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2. Background and principles

Much of the understanding of the properties of a material comes from its interaction
with light. Electromagnetic radiation primarily interacts with the electrons in mat-
ter and only weakly with the atomic nuclei. When light encounters matter, several
different processes may occur as the photon may be absorbed, elastically scattered,
inelastically scattered etc. Various experimental methods have been developed over
the years, that specialise in detecting each of these mechanisms, to extract specific
information about the material of interest. In this chapter, we review the basic
principles behind the techniques used in this work and explain the essential aspects
of their measurement process.

2.1. Elastic x-ray scattering

Elastic scattering involves a change in the direction of propagation of light without a
change in energy. In the hard x-ray regime (with wave length in the range of atomic
distances in a material), far away from any absorption edges, the scattered intensity
provides information about the spatial modulation of electron density and forms the
principle behind x-ray diffraction. Close to the resonant edges of an element, light
is strongly absorbed by the core level electrons, and is very sensitive to the local
electronic structure of the element. This enables the technique of x-ray absorption
(XAS) to derive information about the crystal fields, covalency of chemical bonding,
and oxidation state of the material from its near-edge fine structure. Further, po-
larized XAS relates the ratio of intensities along different directions to the number
of holes in the orbitals of the final state and therefore yields orbital occupations.
When scattering is performed close to the resonant edges, both spatial modulation
and element, orbital specificity are combined into a single experiment. Resonant
elastic x-ray scattering (REXS), therefore has a multitude of advantages and has
been widely used, in recent years, to probe electronic ordering phenomena in solids
[77, 78]. In this thesis, we use REXS to study the orbital polarization of vanadate
heterostructures using soft x-ray resonant reflectometry. This section describes the
fundamentals of each of these techniques.

We start with the classical description of elastic scattering, in which the electric
field of the incident x-ray exerts an oscillating force on the electron, which then
produces its own electromagnetic wave of the same wavelength as that of the x-
ray. This is called elastic scattering and is a necessity in the classical description.
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2. Background and principles

The quantum mechanical description, on the other hand, allows for a change in the
energy of the x-ray and thus is able to describe inelastic scattering processes, as will
be expanded on later. The principles of scattering reviewed in this section follow
mainly from Ref. [79].

Considering the simplest case of a single free electron, we define an important
quantity known as the differential cross section (dσ/dΩ), which is a measure of the
efficiency of the scattering process,(

dσ

dΩ

)
=

|Erad|2R2

|Ein|2
(2.1)

where Erad and Ein are the amplitudes of the radiated and incident waves respec-
tively and R is the target-detector distance. The electron radiates a spherical wave
of the form Erad = ε̂

′
eikR/R, where ε̂′ is the electric field polarization unit vector.

For a point X in the plane of the polarization vector ε̂ of the incident wave and
propagation vector, making angle 90−Ψ with the incident wave, the radiated field
is given by

Erad(R, t) =
−e
R
aX(t

′)sinΨ (2.2)

where t′ = t−R/c, which accounts for the time taken by the scattered light to reach
the detector. Evaluating the acceleration, aX(t′) = −(e/m) Ein e

ikR and using ε̂′ ε̂ =
sinΨ with equations 2.1 and 2.2, the differential scattering cross-section becomes,(

dσ

dΩ

)
= r2o|ε̂

′
ε̂|2 (2.3)

where ro is the classical electron radius or the Thomson scattering length. This is a
good approximation even for atomic electrons that behave as if they are free when
interacting with the high energy waves such as x-rays. The approximation breaks
down at lower energies in the optical part of the spectrum and at energies close to
the resonant absorption edges of the material, as we will see later.

Next, we look at the scattering by an atom with Z electrons. The electron number
density here is given by ρ(r). To evaluate the scattering intensity at any given point,
we must add up the contributions of the scattered waves of the whole atom. These
waves may interfere constructively or destructively depending upon the direction
and distance with respect to the atom. The phase factor ∆ϕ(r) =Q.r incorporates
this information, where Q = k − k

′
is the scattering vector or momentum-transfer

vector. For elastic scattering, we have |k| = |k|′ , which gives |Q| = 2|k| sinθ, where
θ is equal to the angle of the incident light to the normal of the surface. The total
scattering length of the atom is given by,

−r0f 0(Q) = −r0
∫
ρ(r)eiQ.rdr (2.4)

Here, f 0(Q) is the atomic form factor. It contains information about the distribu-
tion of electrons within the atom. For the limit of Q → 0 (forward scattering), we
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2.1. Elastic x-ray scattering

get f 0(Q = 0) = Z, since all the electrons of the atom are in phase. The integral on
the right in equation 2.4 has the form of the Fourier transform which allows for the
electron densities to be obtained from a Fourier analysis of the scattering intensity.

When the energy of the incident light is close to the energy required to resonantly
excite an electron to an unoccupied atomic level, the atomic form factor acquires
some extra terms. In the classical description of resonant scattering, the oscillating
electron is essentially treated as a forced harmonic oscillator. In this analogy, the
damping force is the atomic binding force on the electron and the driving force is
the electric field of the x-rays. When the energy of the x-rays is much smaller than
the binding energy of the K shell, the overall scattering length of the atom reduces
by the amount f ′. For x-rays with energies much larger than the binding energy,
this factor becomes zero, since the electrons behave as if they are free. Another
effect of the damping force is to induce a phase retardation in the response of the
electrons to the driving force. This is captured by the imaginary term f ′′. Thus,
the full atomic scattering factor is energy and momentum dependent and reads,

f(Q, E) = f 0(Q) + f ′(E) + f ′′(E) (2.5)

where f ′ and f ′′ are known as dispersion corrections. They are mainly a function
of energy with a negligible dependence on Q. In Sec. 2.1.3, we will go into further
detail about resonant elastic scattering.

In the case of a molecule, the phase difference between the atomic form factors
of its different atoms also needs to be taken into account. The structure factor
accomplishes this and is defined as below,

Fmol(Q) =
∑
j

fj(Q)eiQ.rj (2.6)

where fj(Q) is the atomic form factor of the jth atom in the molecule, at a distance
of rj from the origin.

Finally, in a crystal the long range periodicity adds an additional element to its
scattering amplitude F crystal(Q), which determines the observed intensity,

I ∝ |F crystal(Q)|2 (2.7)

The lattice vectors of the crystal Rn, have the form Rn = n1a1+n2a2+n3a3, where
(a1, a2, a3) are the basis vectors of the lattice and (n1, n2, n3) are integers. The
scattering amplitude of the crystal is given by

F crystal(Q) =
∑
j

fj(Q)eiQ.rj
∑
n

eiQ.Rn (2.8)

Here the first term is the unit cell structure factor, which has a similar form as
that of the molecule (Equation 2.6). The second term represents the sum over all
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2. Background and principles

the lattice sites. In solid state physics, determining both terms are of great interest,
whereas in applications such as protein crystallography, where there is no periodicity
of the unit cell, the second term merely provides an increase in the total scattering
intensity. The term in the exponential, Q.Rn needs to fulfill the condition that,

Q.Rn = 2π × integer (2.9)

A unique solution to this equation can be obtained by introducing the concept of
the reciprocal lattice. This lattice has basis vectors defined by,

a∗
1 = 2π

a2 × a3

a1.(a2 × a3)
, a∗

2 = 2π
a3 × a1

a1.(a2 × a3)
, a∗

3 = 2π
a1 × a2

a1.(a2 × a3)
(2.10)

So, any vector in this reciprocal lattice can be expressed by G = ha∗
1 + ka∗

2 + la∗
3

with (h, k, l) ∈ N. The product of the direct lattice vector Rn and the reciprocal
lattice vector is then given by,

G.Rn = 2π(hn1 + kn2 + ln3) = 2π × integer (2.11)

Thus, the solution to equation 2.9 requires that,

Q = G (2.12)

This is known as the diffraction condition. The scattering amplitude F crystal is non
vanishing only if this condition, the so-called Laue equation, is satisfied. Thus the
scattering from a crystal solely occurs at distinct points which form the diffraction
pattern of the crystal. This pattern presents the reciprocal space of the crystal
and hence an inverse-Fourier transform of the diffraction intensity yields the direct
space lattice, i.e the periodic atomic positions of the crystal. Next, we will look
at the quantum mechanical description of scattering where resonant effects are also
incorporated.

2.1.1. Quantum mechanical description of elastic scattering

In the quantum mechanical description of scattering, light is treated as photons and
thus the electromagnetic field needs to be quantized. We know from the classical
theory of light that the electric and magnetic field vectors maybe expressed as E =
−∆ϕ−∂A/∂t and B = ∇×A, where A and ϕ are the vector and scalar potentials,
respectively. Thus the quantized field is expressed in terms of A in operator form
as follows,

A =
∑
u

∑
k

ε̂u

√
ℏ

2ε0V ωk
[au,ke

i(k.r−ωt) + a†u,ke
−i(k.r−ωt)] (2.13)
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2.1. Elastic x-ray scattering

(a) (b)X-ray  absorption Thomson scattering (c) Resonant scattering

𝑒𝐀. 𝐩

𝑚

1st order 1st order 2nd order
𝑒𝐴2

2𝑚
𝑒𝐀. 𝐩

𝑚

Figure 2.1.: Interaction of x-rays with matter, reproduced from Ref. [79]. X-ray ab-
sorption and Thomson scattering arise from the two different parts of the
interaction Hamiltonian, when treated under first-order perturbation the-
ory. Resonant x-ray scattering is a second order process that comes from
the same term that is responsible for absorption, but i.e. two successive pA
interactions.

where au,k and a†u,k are the creation and annihilation operators respectively for the
photon with polarization u and state k and ε̂u is the polarization unit vector. The to-
tal Hamiltonian of the field in terms of these operators resembles that of a harmonic
oscillator,

Hrad =
∑
u

∑
k

ℏωka
†
ukauk (2.14)

The Hamiltonian for the system of a photon interacting with an electron is given
by,

H = He +Hrad +HI (2.15)

where He, Hrad and HI are the Hamiltonians of the electron, radiation field and the
interaction between the two, respectively. We obtain the interaction Hamiltonian
by using the canonical relation for momentum, where p is replaced by p + eA in
the kinetic energy term of the electron, He = p2/2m. This gives us the relation,

H =
(p + eA)2

2m
+Hrad

=
p2

2m
+Hrad +

eA.p
m

+
e2A2

2m

(2.16)

The last two terms represent the interaction Hamiltonian, which is treated under
perturbation theory. In first order perturbation theory, the term eA.p/m, which is
linear in A, describes the absorption of x-rays, and the second term e2A2/2m which
is quadratic in A, gives rise to Thomson scattering of x-rays. This follows from the
fact that A is linear in the creation and annihilation operators a†k and ak (equation
2.14). Since absorption involves the annihilation of a photon, it is contained in
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2. Background and principles

a term linear in A. Scattering, on the other hand, involves the annihilation of a
photon in one state k and the creation of photon in another state k′. Thus, this
requires a pair of creation and annihilation operators in product form, and hence
comes only from a term quadratic in A in first-order approximation.

When second-order perturbation theory is applied, the first term describes the
resonant scattering process. For an electron initially in a state |a⟩, the transition
probability is given by,

W =
2π

ℏ

∣∣∣∣∣⟨f |HI |i⟩+
∞∑
n=1

⟨f |HI |n⟩⟨n|HI |i⟩
Ei − En

∣∣∣∣∣
2

ρ(Ef ) (2.17)

Here the states |i⟩, |f⟩ and |n⟩ are the initial, final and intermediate states of the
photon plus electron system, respectively. In an elastic scattering event, first the
incident photon is destroyed as the electron goes from state |i⟩ to the intermediate
state |n⟩ and subsequently, as the electron comes back to state |i⟩, the scattered
photon is created. When the denominator approaches zero, the process becomes
resonant, i.e. when Ei = En, the energy of the incident photon matches the energy
between the intermediate and ground state. Thus resonant x-ray scattering is sen-
sitive to the intermediate state (or the final state of the absorption). In the case of
REXS performed at L-edge of TM ion, this implies that we are probing the 3d shell
and its interaction with the core hole, created in the absorption process.

2.1.2. X-ray absorption spectroscopy

X-ray absorption involves the absorption of an x-ray photon by a core-electron.
Since the initial state of the electron is known, XAS is a probe of the symmetry-
projected partial density of final states. For transition metal oxides, the L-edge, i.e.
the 2p to 3d transition is of particular interest, since the 3d shell is partially filled.
Due to the strong interaction of the 2p core hole with the photoexcited 3d electron,
the spectra show characteristic white lines ("excitons") resulting from the atomic
multiplet structure and the ligand field. This fine structure provides a very detailed
picture of the local electronic structure of the unoccupied d states [80, 81].

Fermi’s Golden rule describes the probability of transition Wif , between the initial
i and final states f with density of states ρf ,

Wif =
2π

ℏ
| < f |HI |i > |2ρf (2.18)

which we have already introduced in equation 2.17. Since, here we describe the
absorption process, we only need to consider it in first-order pertubation, i.e. we
consider only the first addend. HI is the light-matter interaction Hamiltonian (eq.
2.16), where only the term eA.p

m
, linear in A yields a non-vanishing contribution

to the first-order matrix element. The vector potential (equation 2.13) has terms
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2.1. Elastic x-ray scattering

containing eik.r, that by Taylor expansion gives eik.r = 1 + k.r + .... In dipole
approximation, we ignore terms after 1, since k.r is very small, and obtain,

Wif =
2π

ℏ
| < f |eE0ε̂.r|i > |2ρf (2.19)

where E0 and ε̂ are the light’s electric field amplitude and polarization vector, re-
spectively. The polarization dependence of XAS provides additional information,
as its dichroism is related to the non-cubic orbital occupation of the system. The
intensity of polarized XAS along x, y and z direction is proportional to the number
of holes n̄ present in orbitals (xz, yz, xy, x2 − y2, 3z2 − r2) with lobes along that
direction. This is captured in the so-called sum rules of orbital occupation [82, 83]

Ix =
1

n̄
(
1

2
n̄xy +

1

2
n̄xz +

2

3
n̄x2)

Iy =
1

n̄
(
1

2
n̄xy +

1

2
n̄yz +

2

3
n̄y2)

Iz =
1

n̄
(
1

2
n̄xz +

1

2
n̄yz +

2

3
n̄z2)

(2.20)

Since for t2g-systems, the eg orbitals still have a finite orbital occupation, it is
not possible to directly use sum rules to derive the orbital occupations, so one must
perform cluster calculations as we will see in Chapter 4.

2.1.3. Optical approach for the description of resonant x-ray
reflectivity

A simplified description of (forward) scattered intensities, the so-called optical ap-
proach, is often used to describe resonant x-ray reflectivity. It is based on a ho-
mogeneous medium approach, in which it is assumed that the interaction with the
electromagnetic radiation (refraction and absorption) takes place through classical
dipole oscillators and is described by a linear response function. A useful fundamen-
tal response function is the electric susceptibility χ that relates the polarization P
of the medium with the applied electric field E [84].

P = χϵ0E (2.21)

where ϵ0 is the electric vacuum permittivity of free space. Combining this relation
with the current density defined as j = σE, where σ is the optical conductivity, we
obtain,

j =
∂P
∂t

= −χϵ0
∂E
∂t

= −χϵ0iωE = σE (2.22)

This implies that, σ(ω) = −iωϵ0χ(ω). The optical conductivity is related to the
scattering tensor in forward direction F (Q ≈ 0, E) = Z + f ′(E) + if ′′(E) through
the well known optical theorem [85, 86].

F ∝ ωσ (2.23)
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The scattering tensor has the general form of a 3 × 3 matrix and cannot be mea-
sured directly by experiment. Instead, parts of the tensor are connected to both
x-ray absorption and resonant elastic scattering [86]. X-ray absorption measures
the imaginary part of σ,

IXAS = Im[
1

2

∑
i

ε̂∗ · σi · ε̂] (2.24)

here, σi is the conductivity of atom i and ε̂ is the polarization of light. The summa-
tion runs over all the atoms in the sample. In a scattering experiment, the intensity
is related to the scattering factor, and thus with σi though σi ∝ Fi/ω

Iscattering = |
∑
i

ei(kin−kout).ri ε̂∗out · Fi · ε̂in|2 (2.25)

where ε̂in and ε̂out are incoming and outgoing polarizations respectively. Fi is the
scattering factor of atom i and kin and kout are the incoming and outgoing wave
vectors. Since the polarization vectors have to be perpendicular to the k-vector,
they only have two choices of orientations. They have to either be perpendicular or
parallel to the scattering plane, which corresponds to σ and π polarizations respec-
tively. Thus, using a polarizer and analyser, one can measure four spectra: |Fσσ|2,
|Fσπ|2, |Fπσ|2 and |Fππ|2.

The real part of F is obtained from its imaginary part through Kramers-Kronig
relations, since it is related to a response function, it must obey causality. The
numerical version of this relation is shown below,

f1(i) = Z∗ +
2

π

En∑
E=E1

Ef2(E)

E2
i − E2

(2.26)

where Z∗ given by Z∗ = Z − (Z/82.5)2.37 is the atomic number Z corrected by a
small relativistic factor [87]. In principal, one requires the value of f2, i.e. measured
XAS in the entire region of energy from 0 to infinity for the calculation of f1 through
Kramers-Kronig relations. Since this is not possible, the theoretical scattering fac-
tors calculated by Chantler [88, 89] or Henke [90] are used for extrapolation. The
measured XAS is scaled and inserted into the compound values calculated from these
tabulated imaginary parts of atomic scattering factors, replacing the theoretical data
for that range.

In the x-ray range, we define the complex refractive index as [87],

N(ω) = 1− δ(ω) + ιβ(ω) = 1− NAreλ
2

2π
(f1 − if2) (2.27)

here δ and β are known as the optical constants, ro is the classical electron radius,
ρ the mass density, NA is the Avogadro number, A the atomic mass and λ the

28



2.1. Elastic x-ray scattering

wavelength of light. Once f1 and f2 are obtained through Kramers-Kronig relations,
following equation (2.27), the optical constants δ and β can be acquired from them
using,

δ(E) =
roρNA

2πA
λ2f1(E)

β(E) =
roρNA

2πA
λ2f2(E)

(2.28)

To simulate the reflectivity spectra, we used the dielectric function which is another
complex linear response function, ϵ = ϵ1 + iϵ2. The optical constants are related to
the dielectric function by the simple relation,

N =
√
ϵ

implying, ϵ1 = (1 + δ)2 − β2

ϵ2 = 2(1 + δ)β

(2.29)

Similar to the σ tensor, ϵ is also a tensor and has the form of a 3 × 3 matrix with
complex entries ϵij = ϵ1 ij + iϵ2 ij for each element, where i, j take values x, y, z,

ϵ =

ϵxx ϵxy ϵxz
ϵyx ϵyy ϵyz
ϵzx ϵzy ϵzz

 (2.30)

The dielectric tensor becomes simplified, depending upon the symmetry of the ma-
terial, with cubic, tetragonal and orthorhombic symmetries having all non-diagonal
elements equal to zero,

ϵcubic =

ϵxx 0 0
0 ϵxx 0
0 0 ϵxx

 , ϵtetra =

ϵxx 0 0
0 ϵxx 0
0 0 ϵzz

 (2.31)

ϵortho =

ϵxx 0 0
0 ϵyy 0
0 0 ϵzz

 (2.32)

For ferromagnetic materials with cubic symmetry and in-plane alignment of magne-
tization in the scattering plane, the diagonal elements xz = −zx are non-zero and
can be obtained via the above explained procedure from the x-ray magnetic circular
dichroism (XMCD) spectra [91].

2.1.4. Orbital reflectometry of TMO superlattices

As pointed out in the previous section 2.1.3, the optical approach allows for a quan-
titative analysis of x-ray resonant reflectivity (XRR). As such, it is a powerful tech-
nique for probing the layer-resolved electronic structure of multilayers [40, 67, 92–94].
In particular, orbital reflectometry, employed in this thesis is a version of resonant
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elastic x-ray scattering (REXS) adapted for superlattices and restricted to specular
scattering. Here, the momentum transfer (Qz) is kept fixed at the QSL of a super-
lattice reflection instead of the ordering vector of spin, charge or orbital ordering
[94, 95].

As seen from equations (2.23) and (2.25), the scattering factor determines the
intensity of the measured reflectivity. Using equation (2.8), the elastic scattering
from one bilayer of the superlattice is given by,

Fhkl =
∑

j

fje
−2πi(hx+ky+lz) (2.33)

where h, k and l are the Miller indices of the reflection and x, y and z are the direct
space coordinates of each layer. Since reflectivity is always specular, the in-plane
components; h, k and x, y are equal to 0.

For superlattices, effects such as spatial confinement or polar discontinuity strongly
affect the interface layers, so we expect that its electronic structure will be different
compared to the inner layers (called central layers), far from the interface. The
number of layers that constitute the interface may vary depending upon the com-
position of the multilayer [96]. For a YVO/LAO: 8/4 × 6 superlattice (SL), let us
consider two possible models; the first with one layer forming the interface and the
second with two layers (Fig. 2.2).

Model 1 Model 2

YVO

LAO

fYVO,B

fYVO, A

fLAOfLAO

fYVO,B

fYVO,B

fYVO, A

fYVO,B

Figure 2.2.: One bilayer of the 8/4 superlattice that is repeated 6 times in the multilayer.
We refer to the YVO layers within one bilayer as a ’slab’. Two possible ways
of modelling the slab are shown. In Model 1, the interface constitutes one
layer on each side of the YVO slab, where it connects with LAO. Model
2 corresponds to two interface layers on each side. We used reflectivity
simulations to test such models to discern which of them was realized in the
multilayer, as well as the amount of modulation between the A and B layers.
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2.1. Elastic x-ray scattering

The scattering factor for the (001) superlattice reflection for model 1 is given by,

F001 = fLAO e0 + fLAO e−2πi( 1
12) + fLAO e−2πi( 2

12) + fLAO e−2πi( 3
12)

+fYVO,B e−2πi( 4
12) + fYVO,A e−2πi( 5

12) + fYVO,A e−2πi( 6
12) + fYVO,A e−2πi( 7

12)

+fYVO,A e−2πi( 8
12) + fYVO,A e−2πi( 9

12) + fYVO,A e−2πi( 10
12) + fYVO,B e−2πi( 11

12)

= fLAO

(√
3 + 3

2

)
(1− i)− fYVO,A

(√
3 + 1

)
(1− i)

+ fYVO,B

(√
3− 1

2

)
(1− i)

(2.34)
where fLAO, fYVO,A and fYVO,B are the scattering factors of an individual LAO layer,
central YVO layer and interface YVO layer, respectively. The (001) SL reflection
for this model and superlattice geometry is proportional to a mixture of all three
scattering factors.

Before looking at the scattering factors of other reflections, we introduce a more
convenient way to perform these calculations, as they are rather repetitive. Using
Euler’s formula to expand the phase factor eiθ = cos θ+i sin θ, we construct the Euler
circle which contains the change of the phase factor through the layers. Fig. 2.3
depicts the phase factors for the 8/4 sample containing a total of 12 unit cells. The
real and imaginary parts for each layer, are represented by the (x, y) coordinates
respectively. Using this representation, next, we calculate the scattering factors of
the (003) SL reflection for models 1 and 2, going around the circle now in steps of
three to sum the phase factor from one layer to the next.

For model 1 (with one distinct interfacial layer),:

F003 = fLAO e0 + fLAO e−2πi( 1×3
12 ) + fLAO e−2πi( 2×3

12 ) + fLAO e−2πi( 3×3
12 )

+fYVO,B e−2πi( 4×3
12 ) + fYVO,A e−2πi( 5×3

12 ) + fYVO,A e−2πi( 6×3
12 ) + fYVO,A e−2πi( 7×3

12 )

+fYVO,A e−2πi( 8×3
12 ) + fYVO,A e−2πi( 9×3

12 ) + fYVO,A e−2πi( 10×3
12 ) + fYVO,B e−2πi( 11×3

12 )

= (fYVO,B − fYVO,A)(1− i)
(2.35)

31



2. Background and principles

θ = π/6

0

2π/6

3π/6
4π/6

5π/6

6π/6

7π/6

8π/6
9π/6

10π/6

11π/6

1, 0  

-1/2, √3/2  

-√3/2, 1/2  

-1, 0

-√3/2, -1/2  

-1/2, -√3/2  
0, -1

1/2, -√3/2  

√3/2, -1/2  

1/2, √3/2

√3/2, 1/2  

0, 1  

Re, cosθ

Im, sinθ

Figure 2.3.: Euler’s circle representing the real and imaginary coefficients for an SL with
8/4 bilayer. Since there are 12 unit cells in one bilayer here, the circle of 2π
radians is divided by 12.

For model 2 (with two interfacial layers),:

F003 = fLAO e0 + fLAO e−2πi( 1×3
12 ) + fLAO e−2πi( 2×3

12 ) + fLAO e−2πi( 3×3
12 )

+fYVO,B e−2πi( 4×3
12 ) + fYVO,B e−2πi( 5×3

12 ) + fYVO,A e−2πi( 6×3
12 ) + fYVO,A e−2πi( 7×3

12 )

+fYVO,A e−2πi( 8×3
12 ) + fYVO,A e−2πi( 9×3

12 ) + fYVO,B e−2πi( 10×3
12 ) + fYVO,B e−2πi( 11×3

12 )

=0
(2.36)

Thus, the intensity of the (003) reflection changes, depending upon the number
of interface layers. In the case of model 1, it is proportional to the difference in the
scattering factors of the inner and interface layers (fYVO,B−fYVO,A), i.e. particularly
sensitive to interfacial reconstructions, whereas for model 2, it is vanishing. Thus,
if we do not observe any intensity for the (003) reflection, it can either mean that
we have two layers forming the interface or that fYVO,A = fYVO,B for a one-layer
interface structure. To resolve this issue, we must use more than one reflection to
simulate the reflectivity and obtain a unique solution. We will later exemplify this
in Chapter 4 for YVO-LAO SLs, after explaining some basics regarding simulating
reflectivity, in the next sections.
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2.1. Elastic x-ray scattering

2.1.5. Simulating reflectivity

The depth resolved information contained in XRR, is extracted by simulating the
reflectivity for different models of the heterostructure, comparing the results and
then iteratively refining the model. In this section, the basic process of simulating the
reflectivity is explained, starting from the polarized XAS to build optical constants,
which are essential for the simulation.

We then utilise two types of reflectivity measurement scans to obtain the depth-
resolved electronic structure; Q-dependent scans measured across Q, by varying the
reflection angle at a fixed energy E and E-dependent scans, measured across the
resonant edge at constant Q. In the context of reflectivity, Q refers to Qz, the
out-of-plane component of the momentum transfer Q. Analysing the Q-dependent
reflectivity including non-resonant reflectivity, is used to determine the basic struc-
ture factor model of the sample, where thicknesses and roughnesses of the individual
layers are the parameters of the fit. These parameters are then kept fixed to simu-
late the E-dependent reflectivity across the resonant edge of a particular ion, which
provides the element- and site resolved, depth-dependent electronic structure of the
sample. By tuning to the resonance edge of the element of interest, we gain insight
about its particular electronic structure. In our case, the vanadium L-edge is best
suited for this purpose, as discussed in Sec. 2.1.2.

We used the software tool REMAGX [97] to simulate the reflectivity data in this
thesis. Two formalisms were used to calculate the Q-dependent and E-dependent
reflectivity; Parratt’s recursive formalism and the full matrix formalism, respec-
tively. In Parratt’s method, multiple reflections from each layer are taken into
account through a dynamical scattering approach. The Fresnel coefficients for σ
and π polarizations are expressed in terms of the wave vectors of successive layers
of the multilayer. The effect of roughness on the reflectivity is calculated by the
Nevot-Croce method [98] that assumes that the roughness between the layers has a
Gaussian distribution. The description and derivation of this method are given in
Refs. [79, 99, 100]. Since Parratt’s recursive formalism can only be used for materi-
als with cubic scattering factors, we used the full matrix formalism to simulate the
energy dependent reflectivity from which the linear dichroism profiles are extracted.
In the full matrix formalism which provides the full polarization dependent reflec-
tivity, the incoming and outgoing wave vectors as well as the medium boundary are
all represented by matrices. In this formalism, the roughness between the layers is
taken into account by a layer segmentation method, in which each layer is segmented
into very thin slices of 0.5 Å. The roughness is then modeled as a gradual change
in the optical constants. The full matrix method is derived in Refs. [101, 102]. In
both methods, the substrate is assumed to have infinite thickness.
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Optical constants and model dielectric tensor

As the optical constants of a material change drastically at resonance, so does the
reflectivity. Hence, the first step in simulating these curves, consists of utilising the
measured polarized x-ray absorption to build optical constants of YVO and LAO
and their corresponding dielectric tensors.

The measured XAS directly yields the imaginary part of the refractive index β
using XAS ∝ βE. To obtain δ, we use Kramers-Kronig relations displayed in
equation 2.26. To correctly describe the XRR of the V L-edge, the oxygen K-
edge also needs to be included due to its proximity to the vanadium edge. This
is because the real part of the refractive index, δ of the oxygen K-edge has a long
tail that can create a significant contribution to the reflectivity at the neighbouring
V L-edge. As mentioned in Sec. 2.1.3, we scale and insert the measured XAS into
theoretical values of β, obtained from the Chantler tables [89] (see details of steps in
Ref. [103]). This is then converted to f2 using equation 2.28. The Kramers-Kronig
transformation calculates values of f1 corresponding to resonant f2 which we then
subsequently convert to δ using equation 2.28, once more. From δ and β, obtained

β
β ∝ XAS/E 
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Figure 2.4.: Summary of the steps involved in simulating reflectivity; from the measure-
ment of the XAS spectra to the modulation of the dielectric tensor.
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from XAS measured with linear polarization along different directions, we finally
obtain the dielectric tensor using equation 2.29. The three directional components
ϵxx, ϵyy and ϵzz are filled in according to the scattering geometry, which will be
exemplified in Chapter 4. The steps as well as formulae involved throughout this
process are summarized in Fig. 2.4.

We will see in Chapter 4 that to match the measured dichroic reflectivity, we will
have to consider models where the layer stacks show a modulation in the dielectric
tensor. Here, we describe the method of modulation, established by Benckiser et
al.. [94] and used in subsequent work on the eg-system of nickelate heterostrctures
on a square lattice [40, 41]. In this thesis, we build on this method and extend it to
a more general version, applicable to t2g-systems under anisotropic in-plane strain
such as in the YVO3-LaAlO3 superlattices investigated here. The dielectric tensors
within a layer slab are constructed in such a way that the interface layers and central
layers redistribute the total dichroism observed from the measured XAS. One layer
contributes a larger amount to the dichroism, at the expense of another layer, which
contributes lesser and becomes more ‘cubic’.

Let us consider a tetragonal dielectric tensor (equation 2.31), such as the one used
in Ref. [94]. For a YVO/LAO: 8/4 superlattice, the 8 layers of the YVO slab may be
split up into interface and central layers in a few different ways based on the number
of layers constituting the interface, as shown by models 1 and 2 in Fig. 2.2. It is
important to take into account the ratio of the number of layers, which we denote
by m and p for layers A and B respectively, such that ϵA : ϵB = m : p layers. For
example, for model 1; m = 3, p = 1 (6 A layers, 2 B layers) and for model 2; m =
1, p = 1 (4 A layers, 4 B layers).

Each element of the dielectric tensor for A (central) and B (interface) layers are
then given by,

ϵA,jj = (1− p α) ϵjj + p α ϵcubic

ϵB,jj = (1 +m α) ϵjj −m α ϵcubic
(2.37)

Here the subscript j = x, y, z marks each element of the tensor, i.e. for the tetragonal
tensor, we have ϵxx = ϵyy and ϵzz as the diagonal elements, with all non-diagonal
ones being equal to zero. α is the modulation parameter that takes values between
0 and 1 and determines the amount of dichroism that is shifted between the layers.
Consider model 1 (m=3, p=1) and α = 1, the dichroism for the tetragonal tensors
of the A and B layers are given by,

ϵA,zz − ϵA,xx = (1− 1) ϵzz + ϵcubic − [(1− 1) ϵxx + ϵcubic]

= 0

ϵB,zz − ϵB,xx = (1 + 3) ϵzz − 3 ϵcubic − [(1 + 3) ϵxx − 3 ϵcubic]

= 4 (ϵzz − ϵxx)

(2.38)

Therefore, for α = 1, the A layers become fully cubic and have no dichroism, whereas
the two B layers together produce 8 (ϵzz−ϵxx), i.e., the full observed dichroism for 8
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layers. To see if the modulation method keeps the total measured XAS unchanged,
we check if it satisfies the following condition:

mϵA + p ϵB = (m+ p) ϵ (2.39)

This equation implies that the total scattering factor of the whole YVO slab remains
unchanged after the modulation. In Chapter 4, we will discuss the extension of
this analysis method used for the vanadate superlattices, which includes two main
changes. The first is to increase the average dichroism obtained from XLD, which
was added to counter the difficulty in measuring XAS for the highly insulating YVO3.
The second change involves adding three modulation parameters αx, αy, αz along
each direction in the place of α and change them independently of one another, to
account for the three directions involved for t2g-systems, under asymmetric strain.

Experimental set-up and sample geometry

The core hole produced during the x-ray absorption process decays through a number
of channels: by emitting photons, electrons and ions that escape the surface of the
sample. These decay channels are assumed to be proportional to the absorption
cross-section [104]. Two common modes of soft XAS measurements are total electron
yield (TEY) and total fluorescence yield (TFY) which correspond to the filling of
the inner-shell vacancy by emitting electrons and photons, respectively. The TEY
mode was used for measuring the XAS of all the samples studied in this thesis. This
signal comprises of both the primary electrons emitted by the decay of the core hole,
known as Auger electrons, as well as a cascade of secondary electrons that result
from inelastic collisions of the Auger electrons [105].

As mentioned in Sec. 2.1.3, linear polarization can either be σ- or π-polarized,
which are perpendicular and parallel to the scattering plane, respectively. It is not
possible to directly measure the polarized XAS parallel to the out of plane direction,
since that requires the propagation of light to be parallel to the sample surface. Thus,
we measure the π polarization spectra at some inclination with respect to the sample
surface and subsequently separate the in-plane and out-of-plane components using
the following equation [106],

Iπ(θ) = Iin-pl1 cos
2 θ + Iout-pl sin

2 θ (2.40)

here, θ is defined as the angle between the electric field vector E and the sample
surface. Iin-pl1 and Iout-pl are the intensities of the XAS spectra, parallel to the
directions depicted in Fig. 2.5, which shows the scattering geometry used for the
XAS and reflectivity measurements. The σ polarization is independent of the angle
of incidence, since its E vector has no inclination with the sample surface, and
yields Iσ = Iin-pl2. It should be mentioned, however, that the probed sample volume
is different for different theta, i.e. a more surface sensitive volume is probed at a
shallow angle.
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θ
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TEY
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Figure 2.5.: Schematic of the measurement geometry used for the XAS and XRR syn-
chrotron measurements. The YVO-LAO SLs on NGO were measured with
the σ polarization parallel to the c-axis of the film and the substrate. The
polarized XAS along in-pl1, in-pl2 and out-pl directions were deduced using
measurements at two incident angles; 30◦ and 90◦.

For YVO3 heterostructures, as we shall see in Chapter 3, the c-axis is well-defined
and in the plane of the sample. Due to its orthorhombic symmetry, all three direc-
tions (in-pl1, in-pl2 and out-pl) have different optical constants. Thus, to deduce
them, we measured XAS at two incident angles, 90◦ and 30◦ which correspond to
Eπ-vector angles θ = 0◦ and 60◦, respectively. Using equation (2.40), for 90◦ inci-
dent angle, the π polarization directly gives Iπ,0◦ = Iin-pl1, which we plug into the
following expression for the 30◦ incident angle, and obtain Iout-pl,

Iout-pl =
4

3
Iπ,60◦ −

1

3
Iin−pl1 (2.41)

We performed the polarized XAS and XRR measurements using a custom built ultra-
high vacuum reflectometer described in Ref. [107], at the UE56-2 PGM-2 beamline
at BESSY in Berlin. The beamline has an elliptical undulator source, that allows
to choose either horizontal and vertical linear polarization or right and left circular
polarization (see Fig. 2.8). As shown in Fig. 2.5, the TEY signal is measured with a
highly sensitive Keithley electrometer (down to a few pA) as the drain current which
flows across the sample that is in contact with the conductive sample holder. We
used conductive silver paint to create an electrical contact from the sample surface
to the holder, for the collection of the drain current. The reflected intensity was
measured using a GaAsP diode detector. All intensities were normalized with a
gold mesh measurement of the incident intensity.
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2.2. X-ray sources

2.2.1. X-ray tube

X-rays are generated by many types of sources including natural ones like radioac-
tive materials or the nebula of stars. The most common type of x-ray source used in
laboratories is the standard x-ray tube also known as the Coolidge hot-cathode tube,
which consists of a cathode and anode placed inside a vacuum tube [Fig. 2.6(a)]. The
cathode, most often tungsten, emits electrons by thermionic emission. A high volt-
age applied between the cathode and anode then accelerates these electrons which
impinge on the anode, that acts as the source of the x-rays. Only a small fraction
is emitted as x-rays and the rest is dissipated as heat. Two different processes con-
tribute to the generation of the x-rays that produce a spectra consisting of a broad
background superimposed by sharp peaks. The broad portion corresponds to the
so-called Bremsstrahlung or ‘breaking radiation’ that results from the deceleration
of the electrons at the anode and subsequent x-ray emission that is characteristic of
its composition. The narrow peaks arise from electronic transitions of core electrons
of the anode material and are thus characteristic of its composition [Fig. 2.6(b)].
For experiments that require a monochromatic beam, the narrow peaks which are
typically the Kα lines of the anode are further refined using monochromators and
filters. A variant of the standard x-ray tube is the rotating anode generator where
the intensity of the x-ray beam is improved by many orders of magnitude. As most
of the energy of the impinging electrons is released as heat, the anode reaches ex-
tremely high temperatures. Thus, the intensity of the x-rays is limited by the cooling
efficiency of the anode. By rotating the anode, this heat is dissipated over a larger
volume, allowing a higher maximum permissible operating power and correspond-
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Figure 2.6.: (a) Set-up of a standard hot cathode x-ray tube. (b) Typical spectrum from
an x-ray tube source, showing the broad background of the Bremsstrahlung
radiation and the sharp peaks of the characteristic emission lines of the anode
material.
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ingly, a higher intensity.
The x-ray generated by synchrotrons, as we shall see next, has a multitude of ad-

vantages compared to x-ray tubes, including tuneable energy, vastly higher brilliance
and that the X-rays are already fully polarized.

2.2.2. Synchrotron light source

A synchrotron is a particle accelerator in which electrons are accelerated close to
relativistic speeds under applied magnetic fields in curved paths which is specifically
made to generate synchrotron radiation. In a synchrotron, relativistic electrons are
used to generate x-rays; as the electrons are forced by magnetic fields to move in
curved paths, the change in direction creates an acceleration that causes them to
radiate (see equation 2.2).

The radiation is produced either in bending magnets (BM), which keep the elec-
trons in a closed circular orbit or in insertion devices (ID), such as undulators or
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Figure 2.7.: Different sources of synchrotron radiation, reproduced from Ref. [108, 109].
For the (a) bending magnet, (b) wiggler, and (c) undulator, the radiation is
confined to a cone with 1/γ, 1/γ

√
N and >> 1/γ emission angles, respec-

tively where γ is the Lorentz factor (see text for definition) and N is the
number of periods in the undulator. The radiation spectrum of the bending
magnet and the wiggler are quite broad, with the brilliance of the latter
being smaller due to the large emission angle. The undulator is the most
coherent source of the three and depending upon the magnet strength, may
generate harmonic radiation.
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Figure 2.8.: Elliptical undulators can produce linear, circular or elliptical polarizations
by changing the phase difference between the magnet benches (a) Horizontal
polarization corresponding to no phase shift (b) Vertical polarization cor-
responding to a phase shift of half of the undulator period (λu) and (c)
Circular polarization is obtained by a phase shift of a quarter of λu. Figure
was redrawn from the UE56 BESSY synchrotron facility website.

wigglers that use oscillating magnetic fields, and are inserted in the straight sections
of the electron’s path. Fig. 2.7 compares the typical spectra from these sources.
Bending magnets use a constant magnetic field and produce a broad spectrum with
a high photon flux. The radiation is directed tangentially outward in a radiation
cone with an emission angle of the order of 1/γ, where γ = 1/

√
1− v2/c2 is the

relativistic Lorentz factor. Wigglers and undulators employ a series of magnets that
create a spatially alternating magnetic field that forces the electron to oscillate. The
amplitude of the oscillations is much larger in wigglers, thus the contributions from
different electrons do not add up coherently. The radiation spectrum has high pho-
ton flux, though is very broad, similar to the bending magnet. Undulators, on the
other hand, use weaker magnetic fields and shorter spatial periods of the order of
the targeted x-ray wave length to create smaller oscillations of the electron and thus
produce more coherent light with the emission angle being smaller than the natural
radiation cone, 1/γ [108].

The undulator is the ideal source for a narrow energy band, polarized beam with
tuneable energy. The main undulator parameters that govern the nature of the
radiation are the relativistic factor γ, the undulator spatial period λu, indicated
in Fig. 2.8(a), and the deflection parameter K that governs the amplitude of the
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2.2. X-ray sources

oscillations and is proportional to the maximum magnetic field B0 in the undulator.
For the case of linear undulators, K and the wavelength λn of the nth harmonic are
given by [109],

K =
ecB0λu
2πm0c2

, λn =
λu

2nγ2
(1 +

1

2
K2 + γ2θ2) (2.42)

Thus the parameter K is altered by varying the distance between the poles of the
magnets (i.e. the undulator gap), which changes the magnetic field. This is used
to tune the wavelength of the undulator radiation in accordance with the equation
above and generate light having linear polarization with the electric field vector E
being parallel to the amplitude of oscillation.

For circularly or elliptically polarized light, a device known as the helical undulator
is used. Here the electron is made to move in a cork-screw like pattern. By varying
the phase shift of the magnet benches, both linear and circularly polarizations can
be obtained from elliptical undulators as shown in Fig. 2.8. For a phase shift of 0,
λu/4, λu/2, we obtain horizontal, circular and vertical polarizations, respectively.
The horizontal and vertical deflection parameters as well as the photon wave length
of the nth harmonic are given by [109],

Kx =
ecBx0λu
2πm0c2

, Ky =
ecBy0λu
2πm0c2

, λn =
λu

2nγ2
(1 +

1

2
K2

x +
1

2
K2

y + γ2θ2) (2.43)

where Bx and By are the horizontal and vertical components of the magnetic field
of the undulator that differ by a phase ϕ. As mentioned in the previous section, the
reflectivity and XAS measurements in this work were performed using an elliptical
undulator source (UE56-2 PGM-2 beamline, BESSY, Berlin).
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2.3. Inelastic scattering : Raman spectroscopy

Raman scattering has become an indispensable tool to study the low-energy excita-
tions of solid state systems, both in fundamental research and industrial applications.
When light scatters from matter, most of it is scattered elastically by the electrons.
A small percentage, however, is scattered inelastically by collective excitations such
as phonons, magnons and orbitons [110, 111], which constitute Raman scattering. In
this work, we utilize specific oxygen stretching phonons that couple with Jahn-Teller
distortions associated with the orbital ordering patterns of RVO3, in vanadate thin
films.

Inelastic scattering must obey the conservation of energy and momentum, which
leads to their conservation laws. For a monochromatic light beam with frequency
ωi and wave vector ki, we obtain,

ℏωi = ℏωs ± ℏωph

ℏki = ℏks ± ℏq
(2.44)

Here the subscripts i and s represent the incident and scattered light and q, ωph are
the momentum and frequency of the phonon, respectively, which is either created
(plus sign) or annihilated (minus sign) in the scattering process. For back-scattering
geometry, the maximum possible momentum transfer to the phonon is given by,

qmax = ki + ks ≈ 2ki (2.45)

Since q is of the same order as ki, for the visible region of light used for Raman scat-
tering, this implies that one can only probe phonons that are close to the Brillouin
zone center, as q is negligible [84].

The basic process of Raman scattering is shown in Fig. 2.9(a). During the in-
teraction of light with a molecule, the distortion of its electron cloud produces a
short-lived state called a virtual state, which is metastable and acts as the interme-
diate state. The molecule re-radiates this energy and returns to the ground state,
constituting elastic Rayleigh scattering, or it may return to one of the excited vi-
brational levels and give rise to Stokes scattering. If the molecule is already in an
excited state, and loses energy during the scattering process, this is called anti-Stokes
scattering [Fig. 2.9(b)]. The number of molecules expected to be in the excited vi-
brational states depends upon the temperature. Therefore, the relative intensities
of the Stokes and anti-Stokes processes can be used to deduce the temperature from
the Boltzmann equation [112]:

IStokes

Ianti-Stokes
= exp(ℏω/kBT ) (2.46)

where h is the Planck’s constant, kB the Boltzmann’s constant and T the absolute
temperature.
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2.3. Inelastic scattering : Raman spectroscopy

The Raman spectra are recorded as energy shifts, typically expressed in wavenum-
bers (∆ω) in units of cm−1, and is equal to the reciprocal of the shift in wavelength
λ,

∆ω(cm−1) =
1

∆λ(in nm)
× 107 (2.47)

The Raman shifts may also be given in terms of energy in meV units. Conversion
from energy to wavenumbers is performed using ∆E = hc/∆λ = hc∆ω.

2.3.1. Classical theory of Raman scattering

The classical theory of Raman scattering is based on the electric susceptibility of a
crystal. We recall equation 2.21, P = ϵ0χE , which relates the polarization response
of a system to the oscillating electric field of light, E = E0 cosωt, through the
susceptibility χ. In the harmonic approximation, the atomic displacements from
the equilibrium position u(r, t), induced by the oscillating electric field, have the
form u(r, t) = u0 cos(q.r − ωpht). If the amplitude u0 is small enough, we may
expand the susceptibility about the equilibrium position of the atom,

χ = χ0 +

(
∂χ
∂u

)
0

u(r, t) +
(
∂2χ
∂u2

)
0

u2(r, t) + .... (2.48)

where the first term χ0 is the susceptibility at the equilibrium position and (∂χ/∂u)0
is the change in χ0 with respect to u at the equilibrium position. This term de-
scribes the first order Raman processes that involve one phonon. The second order
processes involving two phonons, correspond to (∂2χ/∂u2)0 and so on for higher

-200 -100 0 100 200

Raman shift (cm-1)

Virtual 
states

Vibrational  
states

anti-Stokes
scattering

Rayleigh 
scattering

Stokes 
scattering

(a) (b)

Stokes

anti-Stokes

Rayleigh

Figure 2.9.: (a) Schematic representing Raman scattering displaying Stokes, anti-Stokes
and Rayleigh scattering processes. (b) Stokes and anti-Stokes, spectra mir-
ror each other in position but the intensities of anti-Stokes lines are always
smaller. The ratio of their intensities is related to the temperature of the
sample (see equation 2.46).
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orders. Combining equation 2.48 with the dipole moment relation and including all
terms up to the first order process, we get,

P =χ0E0 cosωt+

(
∂χ
∂u

)
0

u(r, t)E0 cosωt

=χ0E0 cosωt+
1

2

(
∂χ
∂u

)
0

u0E0{cos[(k + q).r − (ω + ωph)t]

+ cos[(k − q).r − (ω − ωph)t]}

(2.49)

The first term describes an oscillating dipole that radiates with the same frequency
ω as the incident light and represents elastic scattering. The second term contains
two parts with frequencies ω + ωph and ω − ωph and corresponds to the Stokes and
anti-Stokes Raman scattering. It is also clear from the equation, that if (∂χ/∂u)0
becomes zero, there would be no Raman scattering. Thus for a particular vibration
to be Raman-active, the rate of change of susceptibility needs to be non-zero. This
term is defined as the Raman tensor of rank two, whose components are determined
by the symmetry of the crystal and of the lattice vibrations,

R =

(
∂χ
∂u

)
0

· û (2.50)

where û is the unit vector of the atomic displacement u. The differential cross-
section of the Stokes component, which is a measure of the probability of Raman
scattering was shown to be [113],

∂σs
∂Ω∂ωR

∝ ω4
s

∣∣∣∣ês · ∂χ∂u · êi
∣∣∣∣2 (2.51)

As the measured Raman intensity is proportional to the differential scattering cross-
section, it is therefore proportional to the square of the Raman tensor,

I ∝ |ês ·R · êi|2 (2.52)

For a particular mode, the Raman tensor contains three rows and three columns,
whose elements depend upon the symmetry of the particular mode, and can be
selected by the incoming and outgoing polarizations. To describe the scattering
geometry, the Porto notation is used usually and has the form ki(êi ês)ks. Group
theory is used to determine which components of the tensor are non-zero for a certain
mode and a given point group [114].

2.3.2. Quantum mechanical description of Raman scattering

The classical theory of Raman scattering offers a relatively simple and intuitive idea
of light scattering phenomena, and combined with group theory provides symmetry-
based selection rules for the polarizations of the incident and outgoing light [115].
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2.3. Inelastic scattering : Raman spectroscopy

To describe resonant inelastic scattering processes, however, quantum mechanical
formulations are required. In the quantum mechanical description, the process of
Raman scattering is split into three parts. First, the electron is excited by a photon
across the band gap from the initial state i to an intermediate state α, followed by
the creation (or annihilation) of a phonon and the transition to another intermediate
state β. Then finally the system returns back to the initial state i, as the electron
recombines with the hole and a photon is emitted. The Hamiltonian of the system
is given by,

H = H0 +Hel−phot +Hel−phon (2.53)

whereH0 is the unperturbed Hamiltonian and the perturbationsHel−phot andHel−phon

are the Hamiltonians of the electron-photon interaction and electron-phonon interac-
tions, respectively. The Hamiltonian is then solved under third order time-dependent
perturbation theory to obtain the transition matrix element,

Ws,i ∼
∑
α,β

2π

ℏ
⟨i|Hel−phot|β⟩⟨β|Hel−phon|α⟩⟨α|Hel−phot|i⟩

(Eβ − ℏωs)(Eα − ℏωi)
(2.54)

The differential scattering cross-section of the Stokes process is obtained by summing
over all possible scattering channels,

∂σs
∂Ω∂ω

∼ ω4
s [n+ 1]

∑
s,i

|Ws,i|2δ(ℏωi − ℏωs − ℏωphon) (2.55)

Here the delta function follows from energy conservation. If the energy of the in-
cident laser light is equal to the band gap of the system, then the denominator of
equation 2.54 becomes zero and the transition matrix element becomes infinite. This
corresponds to resonant Raman scattering.

2.3.3. Raman selection rules and symmetry

The symmetry properties of the crystal impose important constraints to its vibra-
tional spectrum and therefore group theory considerations substantially facilitate
the analysis. The number of normal modes such as stretching, bending etc., for a
crystal are obtained by applying all the symmetry operations of the factor groups
to each atom of the unit cell and then reducing the representations to irreducible
representations [114]. The Mulliken symbols for the irreducible representations is
shown in Table 2.1. For materials possessing a center of inversion symmetry, such
as RVO3, the even modes having Rij = Rji are Raman-active and the odd ones
having Rij = −Rji are forbidden. This rule is opposite for IR active phonons, where
the odd modes are allowed and the even ones are not. Thus, in the presence of
the inversion symmetry, Raman and IR spectroscopy are fully complimentary [112].
Since in Raman scattering, only phonons at the Γ point of the Brillouin zone with
q ≈ 0 are measured, the atoms of different unit cells are vibrating in phase. Thus,
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2. Background and principles

it is sufficient to consider the symmetries of a single unit cell. The total number of
vibrations for a unit cell with n atoms is 3n, combining 3n − 3 optical modes and
3 acoustic modes. The possible normal modes for ABO3 perovskites are derived in
Ref. [116] for different tilt systems classified by Glazer [117]. In the next section, we
will look at the specific selection rules for the case of RVO3.

Selection rules for RVO3

At room temperature, RVO3 compounds have an orthorhombic crystal structure in
the space group Pnma (no.62), where the V sites have a D2h point group symmetry.
This is a common space group exhibited by many orthorhombic perovskites [121].
Though Pnma is the standard setting, we employ the Pbnm setting here to be
consistent with most of the literature on RVO3 [19, 122]. The two settings are related
through cyclic permutations of their crystallographic axes as; Pnma ↔ Pbnm : a, b,
c ↔ b, c, a, respectively. Group theoretical analysis for the Γ-point phonon modes
yields a total of 60 phonons, of which 24 are Raman-active, 25 are infra-red active,
8 are silent and 3 are acoustic modes, shown below [123],

Γ = 24(7Ag + 7B1g + 5B2g + 5B3g) + 25(7B1u + 9B2u + 9B3u)

+8(8Au) + 3(B1u +B2u +B3u)
(2.56)

The 24 Raman-active phonons are,

ΓRaman = 7Ag + 7B1g + 5B2g + 5B3g (2.57)

A symmetric with respect to rotation about
principal axis by 90◦ (one dimensional)

B anti-symmetric with respect to rotation
about the principal axis by 90◦ (one-
dimensional)

E two dimensional in-plane
subscript 1 symmetric with respect to a vertical mirror

plane perpendicular to the principal axis
subscript 2 anti-symmetric with respect to a vertical mir-

ror plane perpendicular to the principal axis
subscript g symmetric with respect to inversion
subscript u anti-symmetric with respect to inversion

Table 2.1.: Mulliken symbols for irreducible representations
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Ag modes

555             154            467          200               299                    345                  242    

B1g  modes

749            485            453          148                292                     366                  232    

Ag(1)            Ag(2)          Ag(3)        Ag(4)            Ag(5)                   Ag(6)              Ag(7)

B1g(1)         B1g(2)        B1g(3)       B1g(4)           B1g(5)                  B1g(6)              B1g(7)

Figure 2.10.: Vibrational patterns of the Ag and B1g modes for GdFeO3-type perovskite
structure in Pbnm setting, reproduced from Ref. [118]. The numbers in-
dicated below are the wave numbers of the Raman shift in cm−1 for the
modes observed in CaMnO3. By comparing these with the wave numbers of
related orthorhombic perovskites for all modes of a given symmetry, we can
assign the vibrational patterns for them [119]. The rectangles highlight the
modes observed in this work for RVO3 films. The B1g mode (red rectangle)
is an in-phase oxygen stretching mode [120] that couples with the orbital
ordering patterns of RVO3, and was used to study the effect of epitaxial
strain for the (Y,La)VO3 thin films investigated in this thesis.

The Raman tensors for the Ag, B1g, B2g and B3g modes in the Pbnm group have
the following symmetries [124],

Ag =

a 0 0
0 b 0
0 0 c



B1g =

0 d 0
d 0 0
0 0 0

 , B2g =

0 0 e
0 0 0
e 0 0

 , B3g =

0 0 0
0 0 f
0 f 0


(2.58)
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As mentioned in Chapter 1, for RVO3 with R cation radius smaller than Tb, the
lowest temperature phase is also orthorhombic with the same space group as the
room temperature structure. In the intermediate temperature range for R < Tb
and for the lowest temperature phase of R > Tb, a monoclinic structure is adopted
with space group P21/b (no. 14). Here the phonon modes of Pbnm are mixed up
and sorted into Ag and Bg symmetries

7Ag + 5B3g → 12Ag, 7B1g + 5B2g → 12Bg (2.59)

The Raman tensors for Ag and Bg symmetries in the P21/b space group are

Ag =

a 0 0
0 b d
0 d d

 , Bg =

0 e f
e 0 0
f 0 0

 (2.60)

This monoclinic distortion is quite small in RVO3, thus in the Raman studies of
bulk YVO3, the Raman tensors used for the high temperature orthorhombic Pbnm
space group has been used for the description of the phonons in the monoclinic phase
[19, 119].

In Ref. [119], the phonon modes of bulk YVO3 were assigned to different atomic vi-
brations by comparing their energies with those of similar orthorhombic perovskites;
LaMnO3 [123] and YTiO3 [125], where lattice dynamical calculations were performed
for the assignment of modes. The RVO3 films studied in this work were found to
have Ag and B1g symmetries. Fig. 2.10 shows the possible Ag and B1g modes, re-
produced from the work on CaMnO3 [118], another orthorhombic perovskite. The
modes found in our films are highlighted by rectangles and were assigned these vibra-
tions by comparing them with the phonons of CaMnO3 and LaMnO3. In Sec. 2.3.5,
we will see further details regarding the polarization configurations that allowed
access to these modes.

2.3.4. Raman set-up and measurements

The Raman measurements of thin films studied in this work, were carried out us-
ing a micro-Raman HORIBA JOBIN YVON LabRAM HR800 spectrometer. It is
equipped with a confocal microscope which was used to vary the focus position and
subtract the substrate signal. All measurements were performed using a 632.8 nm
(red) wavelength laser in back scattering geometry. The schematic in Fig. 2.11 shows
the main optical elements of the set-up. The incoming laser passes through a pin-
hole and is then directed by mirrors towards the filter-wheel. This element consists
of filters with different optical densities that absorb light by varying amounts. The
filter is controlled by the software and can be selected as required.

A thinner filter would yield higher intensity, but also increase the effects of laser
heating and consequent inaccurate temperature reading. Thus, it is important to
find the right compromise between these factors. For all the samples measured
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Figure 2.11.: Schematic of the optical path of the light beam in the Labram HR800
spectrometer. The essential optical elements of the scattering experiment
are indicated in the figure. The beam shown in red is the incident light and
the one shown in magenta is the scattered beam.

in this work, a filter was used that corresponds to ∼ 1mW power of the incident
light. To eliminate laser heating, the laser power is usually kept below 1mW [126].
We checked the accuracy of our temperature reading using the phase transition
observed in YVO3 at TOO2/SO2 and determined that it is accurate of at least ∼ 10
K (see Sec. 5.3.3).

After the filter-wheel, the beam then goes through a Fresnel rhomb, that provides
the choice of either vertical or horizontal linear polarization. Subsequently, a lens
focuses the laser on a pinhole, the resulting image is reflected by a mirror to the
notch filter. The notch filter functions as a diffraction grating that is specifically
designed to reflect the elastic Rayleigh wavelength, by Bragg diffraction, thus only
allowing all other wavelengths to pass [112]. This element reflects Rayleigh light very
efficiently towards the sample, which forms our incident beam. After scattering from
the sample, the light is collected by the objective and passes through the notch filter
for the second time. The elastic light is reflected back, and only the inelastic part
is directed onto the confocal hole, through the analyzer, and then finally into the
spectrograph. In the spectrograph, the beam passes through a spherical mirror
of 800 mm focal length and then onto the optical grating where 600 grooves/mm
or 1800 grooves/mm may be chosen depending upon the user’s energy resolution
requirements. The beam is then finally collected by another spherical mirror which
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focuses it into the CCD (charge-coupled device) camera.
All films studied in this thesis were measured using the 600 grooves/mm grating.

For each polarization and temperature, two spectra were measured; one with the
laser spot focused on the surface of the sample (raw spectra) and another focused
15µm deep from the surface (substrate contribution), using the confocal technique.
To obtain the pure film spectra, the substrate contribution was subsequently sub-
tracted from the raw spectra. Since the film is only few tens of nanometers in
thickness, the 15 µm deep spectra is, in good approximation assumed to solely
consist of the substrate contribution [126, 127].

2.3.5. Sample geometry and analysis

Polarized Raman spectroscopy is remarkably sensitive to the symmetry of single
crystals [19, 112, 119, 128]. As we will see in the next chapter (Sec. 3.2.2), YVO3

produces highly textured mono-domain samples on various orthorhombic substrates.
Thus, polarized Raman spectroscopy is an ideal tool to investigate their properties.
In this work, we examined YVO3 samples on different facets of orthorhombic sub-
strates. The measurement geometry used for the (110)- and (001)-oriented films is
shown in Fig. 2.12(a, b).

The incident and outgoing polarizations are selected by the polarizer and analyzer,
respectively, and may be chosen to be vertical (X) or horizontal (Y) with respect
to the lab frame of reference (shown in the center of Fig. 2.12). Thus, XX and
YY correspond to parallel configurations having the same incident and outgoing
polarizations.

To correctly interpret the Raman spectra, it is imperative to properly align the
sample. We used XRD-reciprocal space mapping to discern the orientation of the
c-axis for all the films (see Sec. 3.2.2) and subsequently utilized this information to
orient the samples. The incoming polarization was chosen such that its electric-field
vector E, is parallel to the [-110] or x direction, i.e. along (a+b), as indicated in the
figure. We chose to measure these directions, following the convention used often
in the literature for bulk RVO3 single crystals [19, 129] and other orthorhombic
crystals [118, 123, 130].

In bulk RVO3, the B1g phonons around 700 cm−1 wavenumbers, couple to the
G-type and C-type orbital ordering patterns [19]. Thus, an incoming polarization
along the a + b direction, allows us to observe these phonons. The (xx) and (zz)
polarizations probe the following symmetries,

(xx) → (a+ b)(a+ b) → aa+ bb︸ ︷︷ ︸+ ab︸︷︷︸
→ Ag +B1g

(zz) → cc → Ag

(2.61)

In the y(xx)y spectra of bulk YVO3, there are no phonons of Ag symmetry around
700 cm−1 [19, 119]. Hence, (xx) simply measures the ab matrix element here, i.e.,
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Figure 2.12.: Schematic of sample geometry of (a) the (110)-oriented samples, where
the notches of the substrate point towards the c-axis and (b) the (001)-
oriented samples which had edges parallel to a and b axes. The lab frame
of reference is shown in the center, where X and Y correspond to vertical
and horizontal polarizations. For the backscattering experiment, the two
accessible polarization directions in the case of the (110) samples are x and
z, while for the (001) sample, the two directions are x and y, which are
equivalent.

the B1g phonon.

This implies that for (110)-oriented samples, the sample edges need to be parallel
to the vertical and horizontal polarizations. For the geometry shown in Fig. 2.12(a),
choosing XX and YY would measure the y(xx)y and y(zz)y configurations, respec-
tively. In principle, one may not require XRD to align samples, since the phonons
along different directions are often sufficiently distinct for lower symmetries, such
crystals with a high degree of orthorhombicity. For YVO3, this is indeed the case, as
observed in bulk single crystals [19]. In the case of our films, we could discern two
Ag phonons around 300 cm−1 that only appear in the (zz) polarization and the B1g

oxygen stretching phonon that only appears in (xx) polarization, in consistence with
bulk YVO3 [19, 119]. These spectra are shown in Fig. 2.13(a, b) for the examples of
a YVO3 film on LaAlO3 and NdGaO3 substrates, respectively. For all the substrates
we used, except LaAlO3, the presence of several substrate peaks around 300 cm−1

in the (zz) polarization, obscured the film peaks partially. Therefore, we relied on
XRD for the orientation of our samples.
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Figure 2.13.: (a) Spectra measured with (zz) polarization of YVO3 film on LaAlO3

(110)pc substrate, taken at 20 K. The asterisk marks the feature produced
by subtraction of the substrate spectra. (b) Spectra measured with (xx)
polarization of YVO3 film on NdGaO3(110) substrate, taken at 20 K. The
atomic displacements corresponding to these three phonons are marked in
rectangles in Fig. 2.10.

For the (001)-oriented samples, the substrate edges are along (010) and (100),
thus the sample was mounted at 45◦ rotation with respect to the vertical. As is
clear from the figure, here we access the ab element (i.e. B1g mode) along both
in-plane directions, since (xx) and (yy) polarizations are equivalent [123].

To further increase the observed intensity of the spectra, we measured the B1g

phonon (observed in (xx) polarization) without the analyser, i.e. an X0 configura-
tion, where 0 represents the absence of an analyser,

X0 = XX + XY (2.62)

Since XY only contains terms with (aa) and (bb) elements [123] (which, as men-
tioned before, are not present around 700 cm−1 in (xx) spectra), we are justified in
measuring without the analyser, in this case.

To analyse the Raman spectra and extract the relevant parameters such as inte-
grated area, peak width and peak positions, the phonon modes were fit by Voigt
profiles, defined as a convolution of Gaussian and Lorentzian functions.

y =

∫
G(x′)L(x− x′)dx′ (2.63)

Here G(x) is the Guassian part and L(x) is the Lorentzian part. The Gaussian
part arises from an instrument broadening, which was determined to be 2cm−1 by
measuring the spectra from a neon lamp, whose sharp lines enable us to attribute
any broadening observed to the instrument. Thus, during the fitting procedure
the Gaussian width was kept fixed at 2 cm−1. On the other hand, the Lorentzian
linewidth is inversely proportional to the lifetime of a phonon mode through the
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2.4. Ellipsometry

uncertainty relation. The fitting of peaks was performed, using the Levenberg-
Marquardt algorithm, which employs a non-linear least squares fitting method to
fit for the Voigt profile parameters; area, lorentzian width and peak positions, such
that the chi-square error is minimized.

2.4. Ellipsometry

Optical spectroscopy is a versatile tool that provides information about both the
electronic band structure and the crystal structure of materials. It is particularly
advantageous for studying Mott-Hubbard insulators since the virtual transitions
across the Mott-gap that form the superexchange interactions are exactly the same as
the ones that are responsible for the low-energy optical absorption and thus intensity
of optical absorption and superexchange energy are related through the optical sum
rules [131]. Therefore, the temperature dependence of optical data is very useful for
understanding the spin-orbital physics and the role of orbital fluctuations in Mott
insulators [59].

Ellipsometry is the best-suited technique to obtain this temperature-dependent
optical spectra, as it has several advantages. It is a self-normalizing method as it
measures a ratio of two components of polarization and therefore does not need a
reference measurement. Additionally, since both the real and imaginary parts of the
optical constants are measured simultaneously, Kramers-Kronig transformation are
not required. This makes the determination of optical constants much less prone to
error than in conventional methods such as optical reflectivity [61, 132, 133]. The
basic principle of ellipsometry is as follows. A monochromatic light wave, incident
on an interface of two dielectric media, at a non-normal angle will produce a reflected
wave whose state of polarization is altered. By analyzing the change in polarization,
the optical constants of the material can be determined [134]. In most cases, for
an incident wave that is linearly polarized, the reflected wave becomes elliptically
polarized, from where it derives its name.

Light with linear, circular or elliptical polarization are formed by the superposi-
tion of two orthogonal light waves; the p- and s-components which are parallel and
perpendicular to the scattering plane, respectively. The phase difference between
these two components and their amplitudes decide which polarization is produced.
This is characterized by two angles in ellipsometry, known as the ellipsometric an-
gles; ψ and ∆. Linear and circular polarization are two special cases of elliptical
polarization [136]. Linear polarization corresponds to ∆ = 0 or π. Circular polariza-
tion is produced when ∆ = π/2 and ψ = π/4. All other values of ψ and ∆ generate
elliptical polarization.

The basic principle of ellipsometry is shown in Fig. 2.14. The incident light wave
is linearly polarized and becomes elliptically polarized upon reflection. Ellipsometry
measures ∆ and ψ, defined in the figure. From these two quantities, the optical
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Figure 2.14.: Schematic of principle of ellipsometry, redrawn from Ref. [135]. The p and s
components of light, shown in blue and green are parallel and perpendicular
to the scattering plane, respectively. The definitions of the ellipsometric
angles ψ and ∆ are indicated in the figure. For measurements of optical
conductivity of YVO thin films, the samples were oriented with the c-axis
parallel to the scattering plane, along the direction of propagation of light.
The c-axis of the film is parallel to that of the orthorhombic (110)-oriented
substrates (YAlO3, DyScO3), which is marked by its notches.

constants are derived. They together form the complex reflectance ρ , defined as

ρ =tanψei∆

=
Er,p/Ei,p

Er,s/Ei,s

=rp/rs

(2.64)

Here, the subscripts i and r refer to the incident, reflected light waves. rp and rs
are the reflectance of the p component and s components, respectively.

As light travels through the ellipsometer, its state of polarization is changed by
the various optical elements in addition to reflection from the sample. To keep track
of the description of polarized light through this process, using a matrix notation is
very convenient. Any fully polarized light wave can be represented in terms of the
p and s components. These components are complex numbers and are expressed as
the two-component Jones vector [136].[

Ep

Es

]
=

[
sinψei∆

cosψ

]
(2.65)
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For example, for linear polarization, ∆ = 0 and ψ = 0 or π/2. This yields their
Jones vectors, [

0
1

]
,

[
1
0

]
(2.66)

The modification in the polarization state of the incident light by the sample and
other optical elements is then expressed by a 2 × 2 matrix, known as the Jones
matrix. The diagonal elements represent the change of the amplitude and phase
of the p and s components, and the off-diagonal elements describe the transfer of
energy from one component to the other,[

Ep

Es

]
out

=

[
rpp rps
rsp rss

] [
Ep

Es

]
in

(2.67)

For example, for the case of specular reflection from an isotropic sample, where there
is no cross-polarization between p and s components, the Jones matrix is given by
[137], [

Ep

Es

]
out

=

[
rp 0
0 rs

] [
Ep

Es

]
out

= rs

[
ρ 0
0 1

] [
Ep

Es

]
in

(2.68)

2.4.1. Data Analysis and experimental details

Data Analysis

Ellipsometry does not directly measure optical constants and film thicknesses, but
rather measures ψ and ∆. If our sample is a simple bare substrate with no roughness,
then the change in polarization is only a result of the air-material boundary. The
complex dielectric function is then related to the measured complex reflectance by
[136],

< ϵ >= sin2 θ

{
1 +

[
1− ρ

1 + ρ

]2
tan2 θ

}
(2.69)

This is the pseudo-dielectric function. It differs from the true dielectric function,
because of the presence of overlayers in reality, that arise from surface roughness,
surface oxidation and reconstruction, etc. Therefore, modelling is required to extract
the optical constants from the measured ψ and ∆. In the case that the sample is a
thin film, this model consists of the substrate, film, its capping layer and an overlayer
on top, if required. Here we encounter the inverse problem; for a given model of a
thin film sample, consisting of known optical constants (n, k) for each layer and the
substrate, the ellipsometric quantities (ψ and ∆) can be calculated. But, from a
given set of ψ and ∆ values, we can not calculate all unknowns; n, k and thicknesses
[137]. This is a simple consequence of having a larger number of unknown variables
than the number of available equations to solve. Thus, for the thin films studied
in this thesis, we used the thicknesses obtained from x-ray diffraction as inputs in
the ellipsometry analysis and reduced the number of unknown quantities to only n
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and k. Fig. 2.15 (a,b) shows the schematic of the model used and the experimental
ψ and ∆ to be fit. The experimental ψ and ∆ values are fit for n and k variables
using point-by-point regression analysis. Once the calculated values were in good
agreement with the data, we subtracted the substrate and overlayer contribution to
obtain a more accurate dielectric function of the film.

As discussed in Sec. 2.1.3, the optical constants are related to the complex dielec-
tric function ϵ = ϵ1 + iϵ2, by equation 2.29. Optical data are generally expressed in
terms of the complex optical conductivity σ = σ1 + iσ2 which can be derived from
the dielectric function, by the following relations [138],

ϵ =
4πi

ω
σ

σ1 =
ω

4π
ϵ2 σ2 = − ω

4π
ϵ1

(2.70)

where subscripts 1 and 2 denote the real and imaginary parts of each quantity. From
the optical conductivity, another important quantity called the spectral weight is
calculated for each optical band and is equal to the integrated area of σ1(ω),

SW =

∞∫
0

σ1(ω)dω (2.71)

The spectral weight is related to the effective number of electrons Neff , which repre-
sents the number of electrons involved in optical transitions up to the photon energy
ℏω [139],

Neff =
2moV

πe2

ω∫
0

σ1(ω
′)dω′ (2.72)

where mo and V are the mass of the electron and unit cell volume of one formula
unit and e is the elementary electric charge of the electron.

(a) (b)
Roughness

Capping layer

Film

Substrate

n, k, thickness

n, k, thickness

n, k

Figure 2.15.: (a) Model for extraction of dielectric function of film (b) Example of ex-
perimental ψ and ∆ to be fit, for extracting the variables n and k. Figures
are reproduced from Ref. [137].
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In this work, we use the integrated area of ∆σ1 = σ1(T ) − σ1(10K), to study
the temperature dependent changes in the optical spectra. By examining the dif-
ference in optical conductivity, we eliminate the contribution from the high energy
temperature independent bands [133], as we will see in Chapter 5.

Experimental details

The samples in this thesis were measured using the Woollam variable angle spectrom-
eter (VASE) which employs a rotating analyser ellipsometer. The measurements and
modelling for the extraction of the film’s dielectric function were performed by Kse-
nia S. Rabinovich.

All our measurements for YVO3 thin films, were made at an incident angle of
70◦, in an energy range of 0.55 to 6.5 eV. The dielectric function of the films were
procured after modelling the sample. As explained in Sec. 1.2, the optical spectra
of YVO3 are highly anisotropic. In particular, the spectra along the orthorhombic
c-axis exhibits the most prominent changes across the temperature-dependent phase
transitions. We performed ellipsometry measurements on [110]-oriented YVO films
with a well defined c-axis orientation in the plane of the sample. We determined
the orientation of the samples using XRD (Sec. 3.2.2) in order to perform the el-
lipsometry measurement along the c-axis. As shown in Fig.2.14, the samples were
aligned such that the crystallographic directions [-110], [110] and [001] were parallel
to the direction; normal to the sample surface, normal to the plane of incidence and
the intersection of these two planes, respectively. This enabled us to measure the
optical response along the c-axis (i.e. the [001] direction) [140].
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3. Synthesis and Characterization

Most of the properties of a material of interest, rely entirely on the quality of said
material, i.e., on how it was synthesized and characterized. In this chapter, the
basic principles behind the fabrication of the samples by pulsed laser deposition
(PLD) and subsequent characterization using x-ray diffraction (XRD) and x-ray ab-
sorption (XAS) are described. First, we explain the PLD process and apparatus
followed by some general aspects regarding the growth of the RVO3 heterostruc-
tures. For characterizing the samples, various techniques of XRD were employed,
which are illustrated with examples after a brief description of the fundamentals.
Finally, the XAS spectra of YVO3 and LaVO3 samples are discussed in the context
of stoichiometry determination.

3.1. Synthesis: Pulsed Laser deposition

Pulsed laser deposition (PLD) is a physical vapour deposition technique used for
growing oxide heterostructures. It gained prominence in the 1980s when it was
established as a quick and reproducible way for producing high-Tc superconducting
films. Since then, it has become a widely used method to grow complex oxide layers
including films and nanostructures which cannot be obtained by equilibrium routes
[26, 141–143]. The deposition process, in short, comprises of a focused high-power
laser pulse which is directed onto a target composed of the desired film material.
The laser pulse is locally absorbed which vaporizes it and creates a plasma plume.
This plume is expelled towards the heated substrate on which it gets deposited and
forms the thin film.

Compared to other film growth techniques, its major advantage is a stoichiomet-
ric transfer of the target’s cations to the substrate, even if its constituent elements
have different vapour pressures. This comes from the non-equilibrium nature of its
ablation process. Since the laser is very intense and contained in pulses of short
duration, only a small volume of the target absorbs it and vaporizes. Thus, it is
independent of the vapour pressure of the constituent atoms. For example, vana-
dium has a low vapour pressure that makes it challenging to grow vanadates with
conventional molecular beam epitaxy (MBE) techniques [144]. On the other hand,
for PLD, only a target with the correct cation stoichiometry is required. In the case
of the RVO3 target, this implies that the ratio of R:V needs to be 1:1. The oxygen
content is controlled by the chamber atmosphere during growth and thus the target
need not have the same ratio of oxygen as that of the film. Another advantage
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3. Synthesis and Characterization

of PLD is the requirement of a much lower growth temperature than some other
techniques due the large kinetic energy that the plume already possesses, which in-
creases the surface mobility of its atoms on the substrate. Despite these advantages,
PLD also has some drawbacks. One main drawback is the limited uniformity of the
emitted plume, as it has a narrow forward angular distribution. To combat this
issue and improve the film quality, target rotation and substrate rotation have been
developed [26].

3.1.1. Set-up and process

The schematic of the ultrahigh vacuum PLD system, used to synthesize the samples
in this thesis, is shown in Fig. 3.1. It consists of a vacuum chamber (called main
chamber) attached with pumps and gauges, an excimer laser for ablation, the target
carousel containing various targets, and a substrate holder with its infra-red heater.
The main chamber is pumped down using a scroll pump followed by a turbo pump to
reach pressures in the order of 10−8 mbar and is equipped with a load lock to transfer
samples without venting the main chamber. The excimer laser has focusing optics
that are used to obtain the desired spot size on the target. The spot size together
with the energy of the laser determines the fluence, F = Energy of laser(mJ)/Area
of spot(mm2), an important film growth parameter. To maximise the area of the
target used, the target performs two types of motion during growth; sweep, where it
rocks back and forth about the center of the carousel and rotation, where it rotates
about the azimuth of the individual target (see arrows in Fig. 3.1). The combined
motion of sweep and rotation also promotes uniform ablation of the target. Though
the substrate was not rotated, it’s small size (5x5 mm) should help with uniformity
of the deposited sample.

The absorption of the laser pulse and subsequent ejection of the plume is summa-
rized in Fig. 3.2. The first step consists of rapid heating of the target as its electrons
are thermally excited by the laser within picoseconds or nanoseconds depending
upon the characteristics of the laser and the target material. The next step involves
the melting of the target surface as the temperature rises enormously and exceeds
the melting point of the target. The target then vaporizes and the plasma plume is
ejected. This plasma is further ionized by the laser, which results in its expansion in
a directed manner. For laser ablation using UV light, it has been shown that within
a certain solid angle, this ejection is always perpendicular to the target surface in-
dependent of the angle of incidence of the laser with respect to the target. The
angle in the set-up used here is ∼ 45◦, which is a typical angle of incidence [145].
Another factor that should be considered is the energy of the laser. For efficient
laser ablation, the laser is required to heat up the target well above the temperature
required for evaporation. This requires the laser to be short in duration, have high
energy density, and be absorbed well by the target material. For ceramic targets,
the excimer laser fits all these criteria [146].

The thin film quality and growth rate depend on a number of parameters such as
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Figure 3.1.: Schematic of UHV-PLD system used to grow RVO3 heterostructures. The
target rotation, indicated by a single-headed arrow, describes the continuous
rotation of the target during ablation. This movement is superimposed by
the sweeping motion of the entire carousel that houses the target, consisting
of a back and forth motion, indicated by the double-headed arrow.

substrate temperature, background gas pressure, laser fluence etc. The determina-
tion of the the optimal parameters is semi-empirical and requires a systematic study
of the parameter space. The most important parameters involved are the following:

– Substrate Temperature: The temperature of the substrate affects the mobility
of the film’s atoms during growth and thus is a very important parameter
with regards to the stabilization of a desired phase, the crystal structure and
stoichiometry of the film. Epitaxial growth is usually achieved when the ratio
of the substrate temperature to the melting point of the target material is
above 0.5, to provide sufficient surface mobility [26, 147]. However, if the
temperature is too high, this creates inter-diffusion of the film and substrate
atoms and a reduction of interface sharpness and film quality in general Hence,
it is crucial to find the precise window of temperature to achieve high-quality
epitaxial growth.
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Figure 3.2.: Steps of laser absorption, plume formation and ejection from target, redrawn
from Ref. [145]. Light pulses from the laser are denoted by the wavy arrows.

– Background gas pressure: The influence of the background atmosphere on the
thin film is two-fold. Firstly, it directly affects the stoichiometry of the film as
the growth is often performed in a reactive background gas such as oxygen. If
the partial pressure of the reactive gas is too high or too low, this can lead to
defects or the formation of undesired phases. Secondly, it controls the plume
dynamics through its collisional processes with the background gas. The whole
kinetic energy distribution of the plume is shifted to lower energies due to the
background gas [148], which in turn affects the stoichiometry and stability of
the film [149, 150].

– Laser fluence: The appropriate laser fluence is critical for ablation and stoi-
chiometric transfer from the target. For lower fluence, the laser pulse would
just heat up the target that would only contribute to an evaporative flux,
which is determined by the vapor pressures of the different species involved.
As laser fluence is increased, an ablation threshold is crossed and then the
target absorbs more energy than required for evaporation and ablation com-
mences and the plasma is ejected [146]. The laser fluence has been reported
to affect the properties of thin films, such as the optical emission of ZnO films
[151] and the lattice constants of SrTiO3 films [152].

– Target-substrate distance: Due to the narrow angular distribution of the
plasma, the spatial uniformity of PLD is limited. At a characteristic target-
substrate distance D, the plume scatters and loses its unidirectional velocity,
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and this distance is optimal for film growth. Many experimental and theoret-
ical studies have explored the correlation of this distance with the chamber
pressure P and shown that it is even more stringent than P − Ts relationship,
where Ts is the substrate temperature. Using thermodynamic data and volu-
metric erosion rate data, the law PD3 = constant was formulated and applied
to the growth of some complex oxides [153].

In the next section, we will see how the number of pulses is determined for a
desired thickness, with the example of RVO3,

3.1.2. RVO3 growth

The RVO4 target used for the growth of the heterostructures corresponds to an
oxidation state of 5+ for vanadium. This implies that the background gas must
provide a reducing environment to attain the 3+ oxidation state of the RVO3 phase.
Previous studies of RVO3 thin films grown at oxygen partial pressure of 10−6 mbar
have found some amount of V4+ in their samples [64, 154]. However, we did not
observe an indication of V4+ in the XAS spectra of our samples (see details in Sec. 4.1
and Sec. 3.2.4), which could be attributed to the lower oxygen partial pressure of
10−7 mbar, that was used during their growth.

All the samples studied in this thesis, were synthesized using the following growth
procedure: The substrates were first cleaned inside an ultrasound sonicator in a
bath of acetone followed by isopropanol. Subsequently, the substrates were glued
to a Tantalum (>99% purity) block using a platinum paste. The Ta block is then
placed in the UHV chamber, and heated using an infra-red laser heater from below.
The Pt paste provides the thermal contact for heat transfer to the substrate. The
temperature is measured by an infra-red pyrometer located above the Ta block, with
its focus placed on the substrate. A KrF excimer laser with wavelength λ= 248 nm
was used for ablation. The fluence was optimized at about 2J/cm2, with a pulse
rate of 5Hz. Target sweep and rotation were used during growth for homogeneous
deposition of the film. All samples were grown with ambient air as the background
gas. The substrate temperature and oxygen partial pressure were optimized at
700◦C and 10−7 - 10−8 mbar. For all films, a capping layer of about 20 Å or 5 unit
cells of LaAlO3 (LAO) was grown on top of the film. In the case of the YVO-LAO
superlattices, the first layer on the substrate was YVO and so, LAO was the the
topmost layer. Therefore, it also functions as the capping for the superlattice. As
mentioned in Chapter 1, LAO is a polar material likeRVO3, in the (001) pseudocubic
direction. A sufficiently thick LAO layer (4-5 u.c.), preserves the 3+ oxidation state
of vanadium due to its tendency to prevent the polar catastrophe which would occur
by the presence of higher oxidation states (V4+ or V5+) [67].

To obtain a particular thickness of a film on a certain substrate, the growth rate
(Å per pulse) is required. This is obtained by first assuming a growth rate of say 0.1
Å/pulse and using the resulting film to calibrate the growth for that pair of target
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and substrate. Since growth rates do not generally evolve linearly with thickness, if
the initial trial film has a significantly different thickness compared to the intended
film, the process may need to be iterated. In the case of superlattices, obtaining
desired thicknesses for each component of the multilayer is bit more complex as the
components most often have different growth rates. Additionally, the growth rate
of a material in a multilayer may be different from its growth rate in a film. Here,
the calibration for growth rates is performed by synthesizing two multilayers with
different number of pulses per component. For example, consider two multilayers
with components (A/B) :(n/m) x 6 repetitions and m/n x 6 repetitions, where n
and m are two distinct numbers of pulses and A and B are the two components of
the multilayer. Their bilayer thicknesses, T1 and T2 are given by,

T1 = ρA × n+ ρB ×m

T2 = ρA ×m+ ρB × n
(3.1)

where ρA and ρB are the growth rates of A and B components, respectively. T1 and
T2 are determined from XRD (see Sec. 3.2.1) and the equations are solved simulta-
neously by plugging in the values of n and m. Once the growth rates are determined,
the desired multilayer may be grown. This method was used to determine the growth
rates of YVO3 and LaAlO3 on NdGaO3 and fabricate the YVO3-LaAlO3 multilayers
used in this work.

3.2. Characterization

The samples investigated in this thesis, were primarily characterized by x-ray diffrac-
tion. Here, the basic concepts of measurement and analysis are described first,
followed by some examples of the essential aspects of RVO3 heterostructures.

X-ray diffraction is an indispensable technique for the characterization of samples
and forms the first step following their synthesis. It is a non-destructive probe which
relies on the comparable length scales of the x-ray wavelength and the inter-atomic
distances of crystals, which is in the order of a few Angstroms. This enables x-rays
to diffract and interfere with rays from different parts of the sample and produce a
diffraction pattern containing information about the crystal structure of the sample.
The diffraction pattern is a picture of the reciprocal space of the crystal, as explained
in Sec. 2.1, hence it is useful to describe the reflections and scans in reciprocal space.
For a given wavelength of light, the k-vector, defined as a vector with magnitude
|k| = 2π/λ and direction along the propagation of light, has a fixed length. The
diffraction condition is fulfilled when ∆k = G, where ∆k = Q = kf − ki, is the
scattering vector given by the difference between the scattered and incident beams,
respectively, and G is a reciprocal lattice vector.

For a proper description of the scattering, we align the Qz axis normal to the
surface and Qx to the in-plane component of ki. The scattering plane is then formed
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Figure 3.3.: Ewald sphere constructed for RVO3 measured with copper Kα x-rays. For
two dimensions, as shown here, the blue circle is the Ewald circle and the
black semi-circle is the diffractometer circle, which outlines the accessible
region in reciprocal space for the copper Kα wavelength. The grey portion
marks the inaccessible regions for reflection geometry. The Ewald circle
seen here shows the construction for the (004) reflection. The directions of
the specular scan, Q-scan and ω-scan are shown in red, green and mustard
respectively.

by Qx and Qz. They are related to the incident and scattering angles αi and αf by
the following relations [155],

Qz = k(sinαi + sinαf )

Qx = k(cosαf − cosαi)
(3.2)

These formulae connect the reciprocal space coordinates with the direct space angles
αi and αf . By constructing a vector diagram in the reciprocal space of the crystal,
with the incident and scattered beams ki and kf , one can predict which of the
reflections are accessible. This is called the Ewald sphere construction. The radius
of the Ewald sphere is equal to |ki,f |, and the diffraction condition implies that a
particular reflection can be reached only if ∆k falls on the boundary of this sphere.
Therefore, for any given direction of ki, the diameter of the circle (which corresponds
to 180◦ scattering angle) marks the maximum possible Q that can be reached. By
extending this concept to all possible directions of ki, we can draw the diffractometer
circle, which serves as the boundary of accessible reflections.

Fig. 3.3 shows the Ewald sphere constructed with Qx = Qy = 2π/a, for the
lattice constant a =∼ 3.9 Å, close to the pseudocubic parameters of RVO3 and with
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the length of the k vector corresponding to the copper Kα line with wavelength
λ = 1.54 Å, used in the x-ray diffractometer. The rotation angle of the sample is
given by ω = αi and that of the detector is 2θ = αi + αf . In addition to the Ewald
sphere, another factor that determines the accessibility of a certain reflection is the
scattering geometry. Some reflections are not reachable in reflection geometries as
either the beam or the detector would require to be behind the sample for these
points and hence they can only be measured in transmission geometry [156], which,
however, is not possible for our thin film samples that are grown on a substrate.
These regions are shaded in grey in Fig. 3.3. Overall it becomes clear that the in-
house x-ray characterization of perovskite heterostructures is limited to a study of
a relatively small number of reflexes. Nevertheless, we will show below that very
useful information can be obtained from this data.

Some standard measurements that scan the reciprocal space, yielding different
types of information are also depicted in Fig. 3.3 and listed below

– Offset scan: The offset scan usually has a small inclination to Qz and requires
that ∆ω/∆2θ = 1/2. In this scan, the sample and detector are moved together
with a constant offset = 2θ/2 - ω. The specular scan is a type of offset scan
where the offset = 0. Since substrates commonly have some degree of miscut
< 0.5◦, Qz of all reflections also has a small deviation from the surface normal.
Thus for measuring reflections which only have out-of-plane components, i.e.
with Miller indices HKL = 00L, the offset scan is often used instead of the
specular scan to account for this miscut (see Sec. 3.2.1).

– ω scan: The ω-scan (also called rocking scan) is measured by keeping 2θ
fixed at the peak position of a certain reflection (usually out-of-plane) and
scanning through ω in a range of about 1◦ to 2◦, usually. The peak width
yields information about the mosaicity of the sample, which is a measure of
the spread of crystallite orientations.

– Q scan: To examine the in-plane crystal structure of the sample, Q must con-
tain an in-plane component, i.e. Qx ̸= 0 should be satisfied. This type of scan
is called an asymmetric Q-scan and is used to probe the strain state of the
film through a technique called reciprocal-space mapping. For a 1-dimensional
detector, a bunch of pixels, close to the center of its length, is assigned as the
‘zero’ of the detector, called the region of interest (ROI). The scattering angle
2θ, is always defined as the angle subtended by the ROI. However, while mea-
suring any reflection, other parts of the detector are also collecting diffracted
rays whose angles can be deduced using the known distance of the source to
the detector and length of detector. Then, using the relations 3.2, one can
map the reciprocal space around any reflection measured. This is the concept
utilized in reciprocal space mapping (see Sec. 3.2.2 for examples).

In the next sections, we will see some examples of characterizing RVO3 heterostruc-
tures using the techniques explained so far, along with those of scanning transmission
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electron microscopy (STEM) and x-ray absorption spectroscopy (XAS).

3.2.1. Out-of-plane lattice parameter, phase confirmation
and thickness

The offset scan described in the previous section, is the foremost measurement per-
formed and has a number of important utilities: Phase confirmation, thickness and
out-of-plane lattice parameter determination. Before the growth parameters of a
thin film are optimized, we may end up with a different phase than the one in-
tended. A single film peak measured in XRD is not sufficient to know its identity,
thus we must verify the existence of more peaks for a particular expected phase.
One way that this is commonly executed is by using a long scan along any direction
in Q that spans across many reflections and checking to see if all the peaks for
an assumed phase are present. As can be seen in the Ewald sphere construction
(Fig. 3.3), the longest accessible Q that spans the most number of reflections, is
along the 00L direction. Thus, it is customary to use this scan to confirm the phase
of the film. Fig. 3.4 shows the (00L) reflections of a YVO film on NdGaO3 substrate,
indexed in the pseudocubic unit cell. The offset for the scan is evaluated by aligning
to the substrate peak. The scans are plotted in 1/d, where d = λ/2 sin θ and the
Bragg angle θ = (2θ)/2, as it is quite convenient for calculating lattice parameters
and thicknesses. For all three reflections; 001, 002 and 003, the substrate peak is
followed by the film peak. This indicates that they must have the same phase and
hence the film is also a perovskite of ABO3 form.

The out-of-plane parameter of the film is just the inverse of 1/nd, where n is the
order of diffraction, n = 1, 2, ... for (00n). The average of aout−of−pl obtained from
all (00L) reflections is then used as the out-of-plane parameter of the sample.

aout−of−pl =
n

(1/d)
(3.3)

The rays from the surface of the film and the interface interfere to produce oscil-
lations in the intensity of the film peak. These are known as Laue fringes and are
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Figure 3.4.: XRD scans of out-of-plane reflections. (a-c) correspond to the (001), (002)
and (004) reflections for a YVO film on NdGaO3, respectively.
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3. Synthesis and Characterization

very useful for determining the thickness of the film. Plotted in 1/d, the averaged
thickness T of the film can be estimated,

T =
m+ 1

∆(1/d)
(3.4)

where ∆(1/d) is the distance between any two Laue fringes with m number of fringes
between them. For a more precise determination, which also takes into account
possible surface and interface roughness, the diffraction patterns can be calculated
using specific computer programs, e.g. QUAD [157], which can be fitted/simulated.

3.2.2. In-plane parameter, strain and unit cell orientation

As mentioned before, information about the in-plane lattice parameter is obtained
from reciprocal space mapping of reflections that have a non-zero in-plane compo-
nent of Q. The asymmetric Q-scan is performed for a desired in-plane reflection
such as (103) or (203). To execute such scans, an orientation matrix is required,
which usually utilizes two substrate peaks to evaluate the orientation of the sample.
Thus the RSM generated from the scan is calibrated with respect to substrate peaks.
Fig. 3.5(a, b) show the RSMs of (103)pc reflections, plotted in (HKL) for YVO films
on NdGaO3 (NGO) and DyScO3 (DSO) respectively. The direction of motion of the
ROI (called a line scan) is shown by the dotted line in [Fig. 3.5(a)]. The film on
NGO is strained and thus has the same in-plane value of H, as the substrate. This
implies that the film lattice parameter afilm,in−pl = aNGO,in−pl = 3.86Å. The film on
DSO, on the other hand, has a smaller H value compared to the substrate, which
means that it is partially relaxed.
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line L scan

3

2.9

0.9 1 1.1

L

Figure 3.5.: Reciprocal space maps of YVO film on (a) NGO and (b) DSO substrates.
In an L scan, the center of the line detector is moved along the dotted line.
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Figure 3.6.: Azimuthal dependence of in-plane XRD reflections. (a) The schematic for
an asymmetric reflection having the momentum transfer Q. The direction of
the in-plane component (Qx) is along x. (b) Sketch of the relation between
the orthorhombic unit cell (orange), lying with with its c-axis in-plane, and
pseudocubic (grey) unit cells. (c) Line scans of the {103}pc family of re-
flections at four azimuthal angles (ϕ). (d) RSMs corresponding to the line
scans with corresponding sample orientation indicated by the sketches below
them. The red and orange circles mark the film and substrate peaks in each
map, respectively. The dotted lines that connect them trace the character-
istic pattern of peak positions that indicate an in-plane c-axis orientation.

For a relaxed film, we obtain its in-plane lattice parameter as follows,

ax,film =
ax,sub × hsub

hfilm
(3.5)

where ax,film and ax,sub are the in-plane lattice parameters of the film and substrate
respectively. The in-plane Miller indices of the film and substrate are hfilm and hsub.
Another important information derived from in-plane scans is the unit cell orienta-
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tion. If the pseudocubic unit cell is inclined with respect to the azimuth [Fig. 3.6(b)],
then the azimuthal dependence of a family of in-plane peaks has a characteristic pat-
tern [43]. The tilted pseudocubic unit cells correspond to an orthorhombic unit cell
that has its c-axis in the plane of the sample.

For an (H0L) scan, the in-plane parameter probed is the one along the direction
of light propagation [Fig. 3.6(a)]. The line scans and corresponding RSMs for the
{103}pc family of reflections, performed at ϕ = 0◦, 90◦, 180◦ and 270◦, for a YVO
film on NGO are shown in Fig. 3.6(c,d) respectively. Here the maps are plotted
in Qx and Qz units, which are often preferred in literature, over H and L, since
they directly denote the momentum transfer and are independent of the crystal
system used for indexing the Miller indices. The substrate and film positions are
traced by dotted lines which both display the characteristic shape associated with
the in-plane c-axis. Since they have the same trend, we infer that both film and
substrate have the c-axis in the plane of the sample and parallel to one another.
The sample orientation with respect to the peak positions are shown in the sketches
below the RSMs. Commercially available, orthorhombic (110) substrates are often
provided with notches from manufacturers to indicate the direction of the c-axis,
which are also marked. Thus, using this technique, one can identify the orientation
of the c-axis of the film. Since YVO in bulk has a large degree of orthorhombicity,
it tends to produce highly textured heterostructures. This is quite advantageous for
all polarized spectroscopic measurements.

3.2.3. Effect of substrate symmetry

Besides lattice mismatch, another important factor that determines the quality or
even proper phase stabilization is the crystal substrate symmetry [158], [159]. For
RVO3 heterostructures, we found that this effect plays a decisive role in their growth.
The two systems examined in this thesis: YVO and LVO are both orthorhombic,
but the former has a much higher degree of orthorhombicity [42, 122, 160, 161].

LVO films of high quality could be synthesized on LSAT (a solid solution with
composition (LaAlO3)0.3-(Sr2AlTaO6)0.7) [Fig. 3.7(a)], which is a cubic substrate,
whereas, YVO films could not be stabilized on LSAT [Fig. 3.7(b)]. Superlattices
of YVO-LAO on LSAT were mildly more successful, as shown in Fig. 3.7(c). Thin
layers of YVO are able to grow in this multilayer form, however, the thickness of
the YVO component which was intended to be equal to that of the LAO, proved to
be much thinner. YVO has very small lattice mismatch with LSAT and yet could
not be stabilized properly, possibly due to the symmetry mismatch.

We also observed the reverse effect where the more cubic LVO, struggles to grow
on orthorhombic substrates. Fig. 3.7(d,e) displays the STEM-HAADF (high angle
annular dark field) images of LVO and YVO on NGO(110), respectively. The LVO
film exhibits stacking faults and defects. Additionally, the interface of the film
with the substrate is somewhat rough. On the contrary, the HAADF image of the
YVO film on NGO displays almost no defects and forms a sharp interface with the
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Figure 3.7.: Effect of substrate symmetry. XRD of (002)pc out-of-plane scan of (a) 1000
pulses of LVO on [(La, Sr)(Al, Ta)O3] (LSAT) showing substrate and film
peaks, (b) 1000 pulses of YVO on LSAT, showing only the substrate peak.
(c) YVO/LAO: (800/800) pulses × 6 superlattice on LSAT displaying thin
layers of YVO interspersed with much thicker LAO layers. STEM-HAADF
image of: (d) LVO on NGO(110) displaying stacking faults and a rough
film-substrate interface (e) YVO film on NGO(110) exhibiting defect-free
film with sharp interface.

substrate.
NGO is an orthorhombic substrate (as seen in the previous section) with pseu-

docubic lattice parameter ∼ 3.86 Å[162, 163], and is quite close to the value ∼ 3.87
Å of the cubic LSAT [164]. Thus, the ease of growth of YVO on NGO and its dif-
ficulty in growing on LSAT as well as the opposite behaviour exhibited by LVO for
the same, cannot be due to lattice mismatch. We therefore attribute these results
to the degree of film-substrate symmetry mismatch.

3.2.4. Stoichiometry: X-ray absorption of the
heterostructures

One of the major concerns in the synthesis of transition metal oxides is the stoi-
chiometry of the sample, since the phase diagrams often show several stable phases
of different composition. The crystal structure and physical properties of a material
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Figure 3.8.: XAS of vanadium in different oxidation states aross the V-L edge for: (a)
YVO-LAO superlattice, (b) LVO thin film, (c,d) Reference spectra of V3+

and V4+ digitized from Ref. [67]. The dotted lines in (a,b) mark positions
where a V4+ contribution would appear. Note that the absolute scale of the
energy depends upon the energy calibration performed for the experiment
at the synchrotron beamline, thus they are not exactly the same for our
samples with respect to the measurement in Ref. [67]. Since the multiplet
features are so distinct for each oxidation state, the absolute energy is not
consequential. Thus, the dotted lines in (a, b) were marked using the relative
difference in the L3 main peak positions of V4+ and V3+ from the reference
spectra in (c, d).

vary widely with the deviation from the ideal stoichiometry of oxygen as well as
cations [144, 165, 166]. Off-stoichiometry in thin films of vanadates can induce a
change in the lattice parameters and modify its properties such as metal-insulator
transitions and orbital ordering [167–169]. Knowledge of the stoichiometry is es-
pecially critical for heterostructures, because both off-stoichiometry and epitaxial
strain alter its lattice parameters. For example, an increase in the out-of-plane
lattice parameter may be caused by oxygen deficiency or compressive strain or a
combination of both. Therefore, to correctly interpret any observed changes in the
properties of a heterostructure, the stoichiometry must be determined.
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In this regard, x-ray absorption is a very useful tool due to its sensitivity to the
local electronic structure of the element probed. For 3d transition metal oxides,
XAS at the L-edge in particular, is very effective in deducing the oxidation state
of the TM ion [170, 171]. In addition to the shift in energy, the fine structure of
the spectra also exhibits significant differences for different oxidation states, since it
reflects the multiplet structure, which act as a unique fingerprint for each oxidation
state. For LVO heterostructures, this has been exploited to quantitatively discern
the amount of V3+ and V4+ in the sample [12, 67]. Fig. 3.8(a,b) shows the V L-edge
XAS spectra of an LVO thin film grown on LSAT and a YVO superlattice grown on
NGO, respectively. Comparing these curves with reference spectra [Fig. 3.8(c,d)] of
the common oxidation states of vanadium; V3+ and V4+, we see that the line shapes
of both films, clearly resemble vanadium in the 3+ state. The reference spectra
were digitized from Ref. [67], where LVO films and multilayers were investigated,
that were also grown by PLD. The authors were able to observe a V4+ mixture in
their samples using the easily distinguishable multiplet structure of V3+ and V4+

spectra. The sharp L3 peak of the V4+ spectra, is especially useful to detect the 4+
state, since it forms a shoulder in the spectra, as observed in Ref. [67]. The dotted
lines in Fig. 3.8(a,b) indicates the position where a discernible shoulder would appear
even for a V4+ contribution as small as 5% in a thin film sample [67]. Since we do
not find such a shoulder, we conclude that both LVO and YVO are predominantly
in the V3+ oxidation state. As mentioned before, in the context of synthesis of
RVO3 heterostructures (Sec. 3.1.2), the reason for the absence of a V4+ signature in
our samples could be the lower oxygen pressure (10−7 mbar) used in the synthesis
compared to Ref. [64, 154] (10−6 mbar).

All the samples used in the thesis were grown under the same growth conditions,
using the exact same targets for LVO and YVO. Thus, it is reasonable to assume
that the above spectra are representative for all the other samples and that the only
detectable oxidation state within our experimental error bar is V3+.

73



3. Synthesis and Characterization

74



4. Orbital engineering of
YVO3-LaAlO3 superlattices

As noted in Chapter 1, heterostructuring is a promising route for manipulating or-
bital occupations which in turn controls the magnetic, optical and transport prop-
erties of TMOs. Here, we apply this approach to induce modifications in the orbital
occupations of YVO3-LaAlO3 superlattices (SLs), using resonant x-ray reflectome-
try. We find that the degeneracy of the V 3d xz and yz orbitals, present in bulk
YVO3 on an average, is lifted in the multilayers. Further, the orbital polarization
between these orbitals is reversed in the interface layers with respect to the cen-
tral layers and this polarization pattern is stable down to 30K. We attribute these
trends qualitatively to epitaxial strain and spatial confinement based on detailed
structural analysis using x-ray diffraction (XRD) and scanning transmission elec-
tron microscopy (STEM) in conjunction with ab initio calculations.

In this chapter, we present our investigation of the electronic reconstruction in
YVO3-LaAlO3 superlattices from our work in Refs. [172], [173]. The chapter is
divided into two main sections. The first section pertains to resonant x-ray reflec-
tometry (XRR) of the superlattices which yielded depth resolved orbital polariza-
tion profiles. We begin by describing the reflectometry experiment and analysis
procedure with particular focus on the generalization of the previously established
analysis method. Then, the extracted x-ray linear dichroism profiles and cluster cal-
culations performed to deduce the orbital polarizations are presented. Finally, we
explain the results using qualitative arguments based on epitaxial strain and spatial
confinement.

In the second section, we clarify the relationship between the crystal structure and
the observed electronic structure by combining structural analysis with ab initio)
calculations. First, we discuss the prediction of the minute details of the crystal
structure of the SLs by density functional theory (DFT+U) and subsequent verifi-
cation by STEM and XRD. Then we present the DFT+U results that reproduce the
orbital polarization reversal as well as elucidate the impact of the substrate facet
and layer thickness in the SL, on the resulting orbital polarization. All DFT+U cal-
culations shown are a part of our work from Ref. [172], [173], and were performed by
B. Geisler and R. Pentcheva in collaboration with the University of Duisburg-Essen.
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4. Orbital engineering of YVO3-LaAlO3 superlattices

4.1. Sample design, experimental details and
characterization

Polarized x-ray absorption (XAS) and resonant x-ray reflectivity measurements were
carried out at the UE56-2 PGM-2 beamline in BESSY, Berlin, using the ultra-
high vacuum reflectometer described in Ref. [107]. All XAS measurements were
performed in total-electron-yield (TEY) mode. STEM measurements were made
using a JEOL JEM-ARM 200F scanning transmission electron microscope. We
simulated the reflectivity using the software tool ReMagX [97] and performed full-
multiplet ligand-field cluster calculations using QUANTY [174–176].

Room temperature XRD measurements (in this section and Sec. 4.3.3) were per-
formed using in-house laboratory diffraction set-up and temperature dependent mea-
surements (in Sec. 4.3.2) were performed with the closed-circle cryostat set-up at
KARA, MPI beamline, Karlsruhe. Lattice parameters were refined using the soft-
ware CELREF [177]. The XRD scans are displayed in units of 1/d and momentum
transfer Q, with d = λ/2sin θ and Q = 2π/d, where θ and λ are the Bragg angle
and wavelength of x-rays, respectively.

YVO - LAO superlattices were grown on NdGaO3(110) substrates, using PLD
with the growth parameters given in Sec. 3.1.2. With reference to the geometry
shown in Fig. 4.1(a), YVO has a lattice mismatch of ∼ -0.3% and -1.7% along the
[−110] and [001] directions, respectively. LAO is also under tensile strain of -1.6%
and -1.3%, along the [−110] and [001] directions, respectively (see Appendix A.3
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Figure 4.1.: (a) Orientation of YVO unit cell under tensile strain on NGO(110) substrate.

This particular reference frame was chosen to facilitate the description of
the orbitals with respect to the unit cell orientation. (b) Schematic showing
the three stacking sequences of YVO-LAO: 8/4, 6/6 and 4/4 superlattices
on NGO. The interface layers shaded in dark blue are 1 unit cell thick on
each side of the YVO slab. The reflections most sensitive to the interfacial
reconstructions are shown below each diagram.
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4.1. Sample design, experimental details and characterization

for further details). We chose this frame of reference to facilitate the description
of the orbitals with respect to the YVO unit cell. In bulk YVO, the xy orbital is
perpendicular to the c-axis (see Sec. 1.2.1). Therefore, we placed the z direction of
the reference frame, in the plane of the sample.

The principle of resonant XRR relies on the sensitivity of superlattice reflections to
different combinations of the layers that comprise it (see Sec. 2.1.4). In order to uti-
lize this concept, we synthesized superlattices with stacking sequences of YVO/LAO:
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Figure 4.2.: Characterization of the 8/4 SL. (a) RSMs of the {103}pc family of reflec-
tions. The SL Bragg peak position is encircled in white. (b) STEM-HAADF
image of the SL showing LAO and YVO layers. (c) STEM-EELS displaying
elemental compositions of V, La, Y and Al in the SL. (d) XAS of V-L2,3

and O-K edge measured in TEY mode. (e) STEM-EELS V-L2,3 edge line
spectra at different positions across the YVO slab (see inset)
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4. Orbital engineering of YVO3-LaAlO3 superlattices

(8/4)×6, (6/6)×6 and (4/8)×6 pseudo-cubic unit cells (u.c.). These sequences were
chosen specifically, since different superlattice reflections with a given momentum
transfer (Q), have different sensitivity to interfacial reconstructions. We assign the
scattering factors, fY V O

C and fY V O
IF for the central (C) and interfacial (IF) layers

within YVO, and fLAO for LAO. Fig. 4.1(b) displays the schematic of these super-
lattices (SLs) with the particular sensitive reflections, shown below the sketches,
in each case. Using equation 2.33, for the 6/6 SL, we expect the intensity of the
(002) superlattice reflection to be proportional to fY V O

IF − fY V O
C , i.e. sensitive to

interfacial reconstructions. For the 4/8 and 8/4 SLs, the same is expected for the
(003) superlattice reflection.

Fig. 4.2(a) shows reciprocal space maps (RSMs) of the {103}pc family of Bragg re-
flections measured at four azimuthal angles (ϕ), 90◦ apart. As explained in Sec. 3.2.2,
the SL peaks have the same in-plane momentum transfer (Qx) value as the ones of
the substrate, implying that their in-plane lattices are matched, i.e. they are epi-
taxially fully strained. The RSMs measured at different ϕ, show the same pattern
of change in the positions of substrate and superlattice peaks. This indicates that
both the SL and the substrate have identical orientations of their orthorhombic unit
cells with c-axes that lie in the plane of the substrate surface, parallel to one another
[43]. STEM-HAADF (high-angle annular dark-field) and EELS (electron energy-loss
spectroscopy) elemental mapping revealed that chemical intermixing and interfacial
roughness are confined to about two atomic layers [Fig. 4.2(b,c)]. We probed the
stoichiometry of the sample using a combination of XAS and atomic-layer resolved
EELS, both measured across the V-L2,3 edge. XAS revealed the oxidation state of
vanadium to be 3+ [Fig. 4.2(d)] and EELS yielded constant positions of the peaks
when measured through the YVO slab [Fig. 4.2(e)]. Together, these results sug-
gest that the V3+ state is preserved throughout the slab [178]. Electronic transport
measurements showed a highly insulating behavior, similar to that observed in bulk
YVO single crystals [139].

4.2. X-ray resonant reflectometry of YVO3-LaAlO3

superlattices

The objective of an XRR measurement is to extract the x-ray linear dichroism of
each individual layer within the multilayer. We employed this technique to obtain
the orbital polarization profiles of the interface (IF) layers, next to LaAlO3 and the
inner or central (C) layers of YVO3 (YVO). We observed that for both the C and
IF layers, the average orbital degeneracy between the xz and yz orbitals present in
bulk YVO at room temperature, was lifted in the multilayers. Going from the IF
to the C layers, this orbital polarization exhibited a reversal in its sign. Further,
the temperature dependence of XRR suggested that bulk-like orbital ordering phase
transitions are suppressed in the SLs.
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4.2. X-ray resonant reflectometry of YVO3-LaAlO3 superlattices

4.2.1. X-ray resonant reflectivity

As explained in detail in Sec. 2.1.5, to extract the depth-dependent XLD profiles
of our sample, we simulate two types of reflectivity; Q-dependent, measured by
scanning across Q at constant energy and E-dependent, measured by scanning across
energy at constant Q. The former is analysed first and provides the thicknesses and
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Fig.?? (a) shows the reciprocal space maps of 103pc
family for four azimuthal angles (φ), 90◦ apart.

Stacking sequence (4//8) (8//4) (6//6)

T (Å) σ (Å) T (Å) σ (Å) T (Å) σ (Å)

YVO/LAO 15/29 4/2 31.5/15 6/3 23/23 7/5

Top-layer-LAO 33.5 2 15 4 26 4

Bottom-layer-YVO 16 3 33 5 21 7

NGO substrate ∞ 3 ∞ 2 ∞ 5

FIG. 1. Experimental and simulated Q-dependent reflectivity
of the YVO-LAO SLs of stackings (4//8) x6, (8//4) x 6 and
(6//6) x 6 respectively simulated using the thickness (T) and
roughness (σ) obtained from fitting shown in the Table. Top
of each panel shows the non-resonant reflectivity, measured
with hard-x-rays and bottom shows the same at V L-edge.
Both are fitted with the same optical model.
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Figure 4.3.: Experimental and simulated Q-dependent reflectivity of the YVO-LAO SLs
of stackings (4/8) × 6, (8/4) × 6 and (6/6) × 6 respectively simulated
using the thickness (T) and roughness (σ) obtained from fitting shown in
the Table. Top of each panel shows the non-resonant reflectivity, measured
with hard x-rays and bottom shows the same at V L-edge. Both are fitted
with the same optical model. For π-polarized light, close to the Brewster’s
angle, the intensity is strongly diminished. The grey dashed lines in each
panel indicates the background noise level. Thus, the simulated curves for
π-polarization only fit the data above the dashed line.
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roughnesses of all layers, and is used in the analysis of the latter, which in turn yields
the depth-resolved orbital polarization of the sample. Simulating the dichroim of the
E-dependent reflectivity, defined by (Iσ − Iπ)/(Iσ + Iπ) is the ultimate objective of
XRR. Fig. 4.3 shows the experimental and simulated Q-dependent reflectivity of the
three SLs. The simulations were performed for the parameters shown in the table
below the figure. Using the dielectric tensors obtained from the measured polarized
XAS (see Sec. 2.1.5), the simulated curves were fit to the experimental spectra
measured both on- and off-resonances to obtain an optical model for the superlattices
(using REMAGX, [107]). The optical model essentially gives the thicknesses and
roughnesses of the layers. The best fits were found when the top-most layer of the
SL and bottom-most layer, closest to the substrate were allowed to have a different
thickness and roughness (see Table in Fig. 4.3).

Next, using these optical models, we simulated the E-dependent reflectivity across
the V-L edge, at constant Q. The E-dependent reflectivity measured at constant
Q of superlattices contains the depth dependent information that we are aiming
to extract. Its overall line shape looks similar to XAS spectra, since reflectivity
is a convolution of δ and β and XAS is proportional to β alone. To obtain the
depth dependent XLD of the slab, we match our simulations to the experimental
constant-Q dichroism of E-dependent reflectivity. Once our scattering factor model
matches the dichroic reflectivity for all three reflections, we can back-calculate the
depth-resolved XAS. Fig. 4.4 shows the experimental and simulated E-dependent
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Figure 4.4.: (a) Energy-dependent reflectivity as a function of energy across the V-L2,3

edge at the fixed momentum transfer of superlattice reflections: Q(001) =
0.147 −1, Q(002) = 0.285 −1, and Q(003) = 0.430 −1. Experimental and
simulated spectra shown for σ and π polarizations. (b) The dichroic E-
dependent reflectivity, defined as (Iσ − Iπ)/(Iσ + Iπ) shown for simulated
and measured spectra for the temperatures of 30K, 140 K, and 290K.
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reflectivity and its dichroism at constant QSL = 001, 002, 003 for the 4/8 SL. We
also performed temperature dependent reflectivity measurements, which revealed
that the orbital occupation pattern is stable from 290K down to 30K. [Fig. 4.4(b)].
Bulk YVO shows significant changes in the size and shape of the XLD through
the orbital ordering transitions, where it nearly doubles in size upon lowering the
temperature below 200K [179]. The negligible differences through temperature in
our data, indicate the absence of bulk-like phase changes in the SLs, given the
sensitivity of reflectivity (as we will see in Sec. 4.2.3). We will later return to this
aspect in our discussion of the results.

The methodology for a quantitative analysis of resonant XRR was established
for eg-systems by Benckiser et al. [94], and used in subsequent work on nickelates
[40, 41] (explained in detail in Sec. 2.1.5). Here, we extend this method to a more
general form applicable to t2g-systems. Additionally, since YVO is under unequal
strain along the two in-plane directions, the method of modulation of scattering
factors required key alterations, compared to [94]. The following section outlines
the model description of the scattering factors and the verification of our methods.

4.2.2. Model Description of scattering factors
An orthorhombic dielectric tensor, shown in equation (4.1) was assumed, where the
inputs of x, y, and z are in accordance with the geometry of the YVO unit cell shown
in the schematic in Fig. 4.1(a) and the scattering geometry, described in Chapter 2,
Fig. 2.5.

ϵ̂ =

 ϵz∥[001] 0 0
0 ϵy∥[−110] 0
0 0 ϵx∥[110]

 (4.1)

The measured XAS spectra were used to construct optical constants and subse-
quently the complex dielectric tensor as explained in Ref. [94] and in Sec. 2.1.5. To
modulate the scattering factors across the layers, we used equations of the following
form, exemplified here for four layers of YVO,

ϵj,C = (1− αj)ϵ
′
j + αjϵcubic

ϵj,IF = (1 + αj)ϵ
′
j − αjϵcubic,

where ϵ′j = (1 + f)ϵj − fϵcubic, and ϵcubic = (ϵx + ϵy + ϵz)/3

(4.2)

here j = x, y, z and αx, αy, αz are the modulation factors along the three respec-
tive directions. The additional factor f is used to increase the average dichroism.
For example, for f = 0, there is no change in input XAS, for f = 1, the input
dichroism along every direction is doubled, and so on.

As mentioned in Sec. 2.1.4, for the eg system on the square lattice substrate,
explored in Ref. [94], only one modulation parameter (α) was used. In their case,
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the two in-plane directions (x and y, in their geometry) are equal and hence XLD
exists only between the out-of-plane (z) and in-plane direction (x or y). Thus the
modulation parameter could be kept coupled between the z and x directions. Since
the t2g-subset contains three orbitals, all three directions are involved in the case of
YVO, and thus the modulation parameters αx, αy and αz were left uncoupled (i.e.
treated independently). For all three samples, the IF layers consisted of only the
first unit cell of each YVO stack that connect with LAO, as shown in Fig. 4.1(b).
Reflectivity simulations of other models involving more than one layer did not fit
the experimental spectra. The opposite arrangement was also examined, i.e. with
C layers having larger dichroism than IF layers, which were also found to not fit the
experimental spectra.

The modulation technique of the scattering factors involves taking the total av-
erage dichroism and redistributing it within the C and IF layers according to a
particular model. This is parameterized by the constant αj that shifts the dichro-
ism from one layer to another, for each direction j. The factor f was added to
counter the inherent problem in measuring accurate XAS spectra of multilayers due
to the incomplete penetration of x-rays as well as saturation and charging problems
[180, 181]. Typical XAS-TEY values are in the range of a few nanometers, depending
upon the material. For these SLs, the LAO layers on the top could prevent the XAS
probe from penetrating all the way through even one complete stack of YVO (or an
integral number of stacks) resulting in an incorrect XAS input and corresponding
inaccurate dichroism. The parameters αx,y,z and f are then varied until we obtained
the best match with the E-dependent dichroic reflectivity measured at QSL = (001),
(002) and (003). Once this is accomplished, the scattering factors used for that fit
are regarded as a good description of the electronic structure of the system. Then,
the XAS spectra are back-calculated from the dielectric tensors.

In the following sections, we shortly discuss the relevance of parameter f and the
uniqueness of the obtained XLD profiles.

4.1.3.1. Fitting with increased average dichroism

The four parameters used to fit the reflectivity will be explained here, using the
example of the (4/8) SL. Fig. 4.5(a-d) shows the comparison of simulated and ex-
perimental dichroic E-dependent reflectivity for various modulation factors. From
the data shown in panel (a), it is clear that unmodulated scattering factors cannot
explain the observed experimental spectra. Variation of the three parameters αj

leads to two scenarios: one is shown in (b), where the spectral shape of the dichroic
reflectivity matches well, but its size is too small for all 00L sets of data. The other
scenario is shown in (c), where fitting one reflection; (002) in this case, causes the
fitting of (001) and (003) to get progressively worse. Finally, panel (d) shows the
scenario that best fits the experimental data. Here the additional parameter f was
used to increase the overall, average dichroism.
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Figure 4.5.: Experimental (black) and simulated (orange, blue) constant-Q dichroism of
the 4/8 SL, for different modulation parameters: (a) Unmodulated, (b, c)
only αj are modulated, (d) both αj and f are modulated.

4.1.3.2. Uniqueness of dichroic spectra

Despite using four parameters for modulation, the XLD profiles obtained from the
reflectivity fitting were found to be unique. Here, the uniqueness of the profiles is
exemplified for the (6/6) SL. Fig. 4.6(a) shows that for two different sets of param-
eters; αx,y,z and f , the fits for the dichroic reflectivity are very similar. Thus, we
get almost identical XLD profiles corresponding to these two sets, shown in panels
(b) and (c). This indicates that sets of modulation parameters do not need to be
identical, since they only describe the difference between spectra (i.e. linear dichro-
ism). Therefore, equivalent sets of parameters give the same result. In conclusion,
we find that, fitting all three reflections removes the requirement of coupled modu-
lation parameters (i.e. αx,y,z are changed independently of one another) as well as
the need for XAS inputs with exact size of dichroism (as parameter f > 0).

4.2.3. Layer-resolved XLD profiles and sensitivity of
reflectivity

In this section, we discuss the orbital polarization profiles acquired subsequently
from the reflectivity fitting for the superlattices. The chosen geometry of the orbitals
with respect to the YVO unit cell, shown in Fig. 4.1(a), is used to refer to the
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directions of the polarized XAS. This follows from the fact that, Ix−Iy and Iz−Ix
are proportional to n̄yz−n̄xz and n̄xy−n̄yz respectively, where n̄ refers to the number
of holes residing in a given orbital [83, 179, 182]. In this coordinate system, the yz
orbital is in the in-plane of the substrate, whereas the xy and xz have out-of-plane
components.

Fig. 4.7 (a), (b-d) show the XAS and XLD profiles of the central and interface
layers respectively. For all the SLs, the C layers yielded almost identical XAS
profiles, whereas for the IF layers, some differences were observed. The octahedra
of bulk YVO have D2h symmetry, i.e. three different V-O bond lengths, but the
average bond lengths along the x and y directions are equal at room temperature.
Thus, the layer-averaged orbital occupations of yz and xz orbitals are also equal
[179], (as we will also see in Sec. 4.2.4). Compared to bulk, both the central and
interface layers show sizeable linear dichroism between the x and y directions (i.e.
between the xz and yz orbitals). Examining the profiles, the most remarkable result
is the flipping of XLD between the xz and yz orbitals (purple curve) between the
C and IF layers. In the subsequent sections, we will expand on and discuss this
phenomenon, after examining the sensitivity of reflectivity.
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4.1.4.1. Sensitivity of reflectometry

To verify whether reflectivity can really detect small changes in the XLD, we per-
formed simulations for hypothetical changes. Fig. 5.9(e) compares a change in XLD
to the corresponding changes in energy-dependent dichroic reflectivity for the (4/8)
sample. Reducing the central layer’s dichroism by 30%, and keeping the interface
layer unchanged, produces a clear difference in the (003) dichroism, though it does
not produce a change in the (002) dichroism (black curve). This, essentially exem-
plifies the depth resolution of reflectivity. Since, for the (4/8) stacking sequence, the
(003) reflection is most sensitive to the difference between the C and IF layers, it
responds to the reduction in XAS.

Next, if the dichroism of both C and IF are reduced, the result is a change in
both (002) and (003) reflections (green curve), since modifying C and IF by the
same amount is equivalent to changing the average dichroism of the stack. This has
particularly useful implications for insulating (like YVO) or thick samples, where
obtaining accurate XAS can be inherently difficult. Thus, resonant dichroic reflec-
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tivity can reveal small changes in XLD and hence is very sensitive to modifications
in the XLD of any part of the layer probed.

4.2.4. XAS cluster calculations : Layer averaged XAS

To determine the orbital occupations in a quantitative manner, we performed full-
multiplet ligand-field cluster calculations using the software QUANTY [174–176]
and compared them with the XLD profiles. In ligand field theory, there are two
contributions to the energy splitting between orbitals. One is the crystal field,
which arises from the point charges of the ligands (i.e. oxygen ions) and can be
understood in a purely ionic picture and other emerges from the hybridization of
the TM ion with the ligands in the form of hopping terms, which adds the effect
of covalency to its description. Fig. 4.8(a) shows the schematic of the octahedra in
the room temperature structure of bulk YVO. Though the bond lengths dx and dy

of a single octahedron are different, their average lengths along x and y are equal.
The difference in bond lengths scales with the dichroism observed between these
directions through crystal field and hopping parameters. As explained before, the
dichroism between the x and y directions is proportional to the polarization between
the xz and yz orbitals and thus bulk YVO exhibits negligible orbital polarization
between these two orbitals. In reality, the structure also contains rotations of the
octahedra that are omitted from the schematic for clarity. These rotations were
taken into consideration while calculating the XAS spectra. For measurements along
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Figure 4.8.: Cluster calculations for obtaining the layer averaged XAS of (a) Bulk YVO
(b) Central layers of SL. The schematics of the octahedra corresponding to
the calculation, are shown on the left.
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the x and y directions, the rotations have the effect of decreasing the XLD by a small
amount.

Fig. 4.8(b) shows the corresponding calculated spectra for the central layers of the
SL. As we will see in the next section, we gather from XRD analysis that the lattice
parameter along x is larger than that along y. This would have a tendency to increase
the bond lengths and bond angles along this direction. We simulated this effect of
increase in the bond lengths along x, at both sites through the energy splittings of
crystal-field and hopping terms, such that they would fit the experimental spectra
obtained from reflectivity.

Layer ∆1 (meV) ∆2(meV)
C layers 20 13
(4/8) IF 101 -21
(6/6) IF 61 -24
(8/4) IF 40 -24

Udd ∆CT Upd Fdd[2] Fdd[4] Fpd[2] Gpd[1] Gpd[3] ξ2p ξ3d

3.8 4.8 4 8.1008 5.0824 4.8448 3.5112 1.996 4.79 0.036

Table 4.1.: Energy splittings: ∆1, defined between xy and xz and ∆2 defined between
xz and yz for the layer averaged calculations are shown on the top. Other
parameters used for the calculations are shown in the bottom table in units
of eV, and are defined in the text.

It is important to note here that reflectometry does not have lateral spatial res-
olution and hence it is not possible to extract information about the contribution
of individual octahedra. Thus our simulations correspond only to the average oc-
tahedron that can be measured experimentally. In the case of the interface layers,
we performed similar simulations and added the effect of the spatial confinement at
the interface by increasing the hopping energy along the x (out-of-plane) direction
by about 2%. The energy splittings between the orbitals obtained from the layer-
averaged calculations are shown in Tab. 4.1, along with other parameters used for the
calculations. In Tab. 4.1, Udd and Upd are the Coulomb energy between two electrons
in the 3d shell and between a 3d electron a 2p core electron, respectively and ∆CT is
the charge-transfer energy. Fdd[2], Fdd[4], Fpd[2], Gpd[1] and Gpd[3] are known as the
Slater integrals which are the radial part of the on-site electron-electron Coulomb
interaction, expressed in spherical harmonics for d-d repulsion and p-d repulsion.
The values used here were obtained from Hartree-Fock calculations [82], reduced to
80% to account for hybridization effects. The 2p and 3d spin-orbit coupling, given
by ξ2p and ξ3d were also obtained from Hartree-Fock calculations (see Ref. [82] for
more details). The hopping terms that account for the hybridization between the 3d
orbitals and the 2p orbitals are thus related to the V-O bond lengths and approx-
imated by Slater-Koster parameters [183], pdσ = (−3

√
15/2π)(ℏ2/m)(rOrV

3)1/2/d4
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and pdπ = (3
√
5/2π)(ℏ2/m)(rOrV

3)1/2/d4, where rV = 0.934 and rO = 4.41 are the
radii of the vanadium and oxygen ion, respectively [184] and d = 2.0096Å is the
average V-O bond-length [161].

The orbital occupations were normalized to have an occupation of 2 electrons in
the t2g subshell [Fig. 4.9(a)]. All spectra were calculated for room temperature by
applying Boltzmann statistics, which yields a weighted average over the eigenstates,
as a function of the temperature. To quantify orbital polarizations, we used param-
eters P1, defined between the difference in occupation of xz and yz orbitals, and P2,
defined similarly between those of xy and the average of xz, yz orbitals,

P1 =
nxz − nyz

nxz + nyz

, P2 =
nxy − [(nxz + nyz)/2)]

nxy + [(nxz + nyz)/2)]
(4.3)

As indicated by the linear dichroism (Fig. 4.7), the C layers of all three superlattices
have similar P1 and P2 [Fig. 4.9(b)]. The central and interface layers show a reversal
of orbital occupations with xz having higher occupation in the central layers and
yz having higher occupation in the interface layers [Fig. 4.9(a)], reflected also in
the switch of the sign of P1. The layer-averaged bulk orbital occupations show no
difference between xz and yz and hence P1 is zero. The interface layers show some
changes in orbital occupations between the stackings which is better captured by P1

and P2. Here, P1 remains somewhat unchanged, whereas P2 increases linearly when
going from 8/4 to 4/8 SLs. We will shed light on the explanation of these trends in
the next section.
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4.2.5. Discussion: Qualitative understanding of the electronic
reconstruction

Qualitatively, we explain the trends of P1 and P2 by a combined effect of structural
modifications imposed by the substrate and spatial confinement by the LAO layers
at the interface. The preservation of the orthorhombic crystal symmetry results in
the first electron occupying the xy orbital at each vanadium site, as in bulk YVO.
However, the heteroepitaxial changes influence the occupation of the second orbital.

To analyse the structure of the YVO region inside the SL, we examined LAO and
YVO films by XRD [Fig. 4.10 (a)]. The ultra-thin YVO film (∼9 nm) and thicker
film (∼23 nm) exhibit different out-of-plane lattice parameters. For a symmetric
superlattice, the Bragg reflection is an average of the individual constituents of
the multilayer. Observing the position of the peaks, we deduce that, in order to
produce the average position of the SL Bragg peak, the structure of the YVO in the
multilayer must be similar to the ultra-thin film. Despite the tensile strain, the ultra
thin film has a larger lattice parameter implying a negative Poisson ratio, which may
be explained by the necessity to maintain octahedral connectivity, as was reported
in Ref. [185].

We explain this as follows; for the sake of simplicity, let us consider rigid octahedra,
i.e. which do not deform. We use the pseudocubic axes: x, y and z to define the
frame of reference for the rotation of the octahedra [Fig. 4.12(b)]. As was shown by
A.M.Glazer [117], rotation about an axis (x, y or z) changes the lattice parameters
in the two directions perpendicular to it. Alternatively, tilting along a certain axis
changes the lattice parameter along that axis. YVO is mostly under tensile strain
along the c-axis, thus as the cations along z move farther apart, the tilt along this
direction would be reduced. To accomplish this, the octahedra has two options:
either to rotate about x or to rotate about y. Rotating about x will require in-
plane cation movement, but since the in-plane lattice parameters are strained to
the substrate, the rotation is likely to happen about y, increasing the out-of-plane
lattice parameter in the process. We also recognized the importance of octahedral
connectivity in the present system, from the results of our DFT + U calculations,
as we will later see in Sec. 4.4.

Since metal d-orbitals are anti-bonding in nature, an increase in lattice parameter,
which is associated with longer bonds, lowers the energy of the orbital with lobes
extending in that direction. Thus, the preferential xz orbital occupation obtained
for the C layers is expected for an elongated out-of-plane lattice parameter, as
indeed observed from XRD. The reversal of the sign of P1 in the interface layers
is attributed to the effect of spatial confinement. Since LAO is a wide-band gap
insulator with a closed-shell electronic configuration of Al3+, hopping along the V-
O-Al bonds across the interface is strongly diminished [Fig. 4.10 (b)][186–188]. This
leads to spatial confinement of the electrons at the interface and a preferred in-plane
orbital occupation compared to bulk and C layers. In our geometry, this produces
an inverted occupation of the xz and yz orbitals.
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Figure 4.10.: Illustration of the qualitative explanation of orbital polarization reversal
in YVO-LAO SLs. (a) XRD of the out-of-plane (002)pc reflection of: the
6/6 SL (top), YVO films; ultrathin in red and thicker film in grey (middle)
and LAO film (bottom). (b) Schematic showing epitaxial strain effect. The
pseudocubic unit cells of the C layers in the SL and bulk YVO are depicted.
(c) Schematic showing the spatial confinement effect created by LAO at the
interface. The sketches in the bottom row show the corresponding trends
in orbital polarizations for both effects.

As the effects of both epitaxial strain and spatial confinement differentiate between
the in-plane and out-of-plane directions, the orientation of the unit cell with its c-axis
in-plane is crucial, since it places the yz orbital in the plane of the substrate surface.
This enables the possibility to lift the degeneracy as opposed to the orientation with
c-axis out-of-plane (i.e. xy orbital in-plane). Additionally, xz and yz are also the
ordering orbitals in the low-temperature phases of the bulk YVO, and thus lifting the
degeneracy between these two orbitals is expected to have a profound impact on the
orbital ordering and the low-temperature physics of YVO. The lack of temperature
dependence of the reflectometry data strongly suggests that the electronic structure
is preserved down to at least 30K. This has possibly important consequences for
the associated magnetic order, which is determined by the Goodenough-Kanamori
rules [17, 18] for superexchange interactions. Our results demonstrate that the
choice of a specific orientation of the substrate can be used to predictably engineer
orbital polarization through epitaxial strain and spatial confinement. Next, we will
attempt to explore the effect of heteroepitaxy on the electronic reconstruction of the
multilayers, in greater detail.

4.3. Structure-property relationship

In this section, we use STEM and XRD in conjunction with ab initio calculations
to delve deeper into the relation between the crystal structure and the orbital po-
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larization patterns of the SLs. We investigate the temperature-dependent crystal
structure of a YVO film using XRD, which suggested the absence of bulk-like struc-
tural phase transitions, providing a possible explanation for the similar absence of
electronic transition observed in YVO multilayers. Additionally, we study the effect
of the substrate facet and film thickness on the orbital polarization of the xz and yz
orbitals. The comparison of DFT+U results of films with superlattices shows that
the structural and confinement effects induced by LAO in the multilayers play an
important role in enhancing the observed orbital polarizations. Our main conclu-
sion is that the substrate facet can be used to realize the desired film orientation
for YVO films, which, together with the thickness of layers and presence of spacer
layers (such as LAO), govern the resulting orbital polarization.

4.3.1. Prediction and verification of crystal structure

Here, we compare the experimental STEM and XRD results of the YVO-LAO SL,
with the DFT+U predictions of its crystal structure. We demonstrate that the
calculations are able to accurately predict the minute details of the crystal structure
of the SL by using two cases. First, we examine STEM images of the SLs and confirm
that they indeed exhibit the tilt patterns predicted by the calculations. Then, we
use XRD analysis of the SLs and thin films to corroborate the bond-angle trends
provided by the calculations.

Fig. 4.11 (a) and (b) show the HAADF (high-angle annular dark-field) and ABF
(annular bright field) cross-sectional STEM images of the (8/4) sample, taken along
its two cross-sectional directions (in collaboration with the StEM group, MPI-FKF
Stuttgart [172]). The top and bottom panels are HAADF and ABF images respec-
tively. As was seen in Sec. 4.1, the orientation of the c-axis of YVO is in the plane of
the sample, parallel to that of NGO. Thus the cross-sectional images across the two
in-plane directions of the sample, yield the [001] and [-110] projections. HAADF
technique is better able to map cations over oxygen atoms, as its intensity is propor-
tional to the atomic number. ABF on the other hand is a complementary technique
that detects lighter elements, like oxygen. Additionally, in the [001] projection, the
oxygen atoms of the first layer fall on top of the one beneath, creating a single col-
umn, thus the oxygen positions are resolvable in this projection. On the other hand,
viewed from the [−110] projection, the A-cations are co-incident with subsequent
layers, making the cation positions resolvable in this projection. Thus, ABF in the
[001] and HAADF in the [−110] projections are used for resolving cation and oxygen
positions, respectively. The absence of defects and stacking faults in the sample is
indicative of its good quality.

Fig. 4.11(c) and (d) provide a detailed analysis of the YVO-LAO interface re-
gion obtained from STEM and DFT+U , for the HAADF and ABF images, respec-
tively. The experimental images are magnifications of the HAADF and ABF images
[from Fig. 4.11(a, b)] and the simulated images were generated using the DFT+U -
predicted structure, shown in the middle. We first focus on the HAADF image of
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Figure 4.11.: (a) and (b) HAADF (top) and ABF (bottom) images normal to [−110] and
[001] directions respectively for the (8/4) SL. (c) magnified [−110]-projected
HAADF images of YVO and LAO (left and right respectively) exhibiting
cation displacements shown in the top two images. The DFT predicted
structure shown by the schematic in the center was used to simulate the
HAADF images shown in the bottom. Red and yellow octahedra of the
schematic correspond to YVO and LAO in the SL respectively (published
in Ref. [172]).

the YVO region, where the clearly resolved Y cations create a characteristic zig-zag
pattern along the c-axis (parallel to z) [Fig. 4.11(c), left]. These observations from
STEM match closely with the optimized DFT+U -geometry as well as the STEM
simulation. They reveal that YVO has an a−b−c+ Glazer tilt system [117] in the
SL, similar to bulk YVO, which has an a−a−c+ tilt system [189]. The a, b, and c
tilts are rotations about the x, y, and z pseudocubic directions, respectively, for the
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Figure 4.12.: Optimized DFT+U SL structure (top) and in-plane and out-of-plane bond
angles as predicted by DFT calculations (bottom). The apical and basal
B-O-B angles are marked in purple and turquoise, respectively.

reference frame displayed in Fig. 4.11(a, b). We assign different magnitudes (a, b, c)
to each tilt in order to consider the most general case for the YVO in the SL [117],
since the magnitude of the tilts cannot directly be discerned from the projected
STEM images. We will later discuss the tilt pattern of YVO in the context of other
studies (Sec. 4.3.2).

Now we turn to the layers of LAO, which in the bulk, features a rhombohedral
symmetry with a−a−a− tilts (space group R3̄c) [190]. As expected, the octahedral
tilts in the LAO layers are much smaller than those of YVO, as observed from the
ABF images [Fig. 4.11(d)]. Interestingly, DFT predicts that in the SL geometry,
LAO will follow the tilt system of YVO and adopt an a−a−c+-type [191] pattern.
In the HAADF image of LAO [Fig. 4.11(c), right], we see a clear signature of a plus
tilt, i.e., the cation displacements characteristic of the plus tilt are visible in LAO,
albeit much more subtly, compared to those of YVO. Since, these displacements
are absent in the rhombohedral system, we conclude that the LAO region in the
SL possesses orthorhombic-type symmetry [191], in line with the DFT predictions.
In this regard, we note that other aluminate perovskites such as YAlO3 possess
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a Pbnm structure with a−a−c+ tilts, indicating the close-lying energies of both
structures. Furthermore, this observation exemplifies the importance of octahedral
connectivity across interfaces for the resulting structure stabilization in ultrathin
layers. Since LAO merely acts as a confinement layer in the present system without
an electronically active role, the change in its tilt pattern has no direct consequence
on the electronic structure of the SL. However, this demonstrates that the DFT+U
calculations are able to predict the specific crystal structure of each component
within the SL with remarkable accuracy. Next, we exemplify this further when we
compare the results of XRD with the DFT predictions of bond angles.

Fig.4.12 shows the evolution of the B-O-B bond angles across the YVO-LAO in-
terface as predicted by DFT+U calculations. The apical (out-of-plane) and basal
(in-plane) values refer to the bond angles along x and y directions, respectively.
Comparing the two, the apical angles are larger (which corresponds to a less pro-
nounced rotation) than the basal ones for YVO. This promotes a larger out of plane
lattice parameter, as we indeed observed from XRD in Sec. 4.2.5. Thus, the lifting
of degeneracy between the xz and yz orbitals in the central layers could be predicted
by the ab initio calculations.

4.3.2. Temperature dependent x-ray diffraction

To investigate the effect of epitaxial strain on the structural transitions of YVO, we
performed temperature dependent XRD on a YVO thin film, from 40K to 270K.
We chose a film for this purpose instead of the superlattice due to the proximity of
the SL Bragg peak and substrate peaks for many reflections, which made it difficult
to determine their positions.

The film lattice parameters were calculated using the room temperature substrate
peak positions as a reference, by translating all substrate peaks through tempera-
ture to the room temperature value and neglecting the effects of thermal expansion
of the substrate. The temperature dependence of the (002)pc reflection of the film
[Fig. 4.13(a)], suggests that the out-of-plane lattice parameter of YVO shows negli-
gible variation with temperature. To extract the orthorhombic lattice parameters of
the film, we utilized the Bragg angles of seven reflections; (332), (420), (150), (334),
(510), (442) and (530), which are indexed in the orthorhombic space group. Using
the software CELREF [177], the lattice parameters were refined in the monoclinic
symmetry (P21/b), i.e. for orthorhombic parameters: a, b, c, and γ. The tempera-
ture dependence of lattice parameters of the film and bulk YVO (taken from [161])
is shown in Fig. 4.13 (b)-(e).

At room temperature, the largest deviation, compared to the bulk, is observed
in the in-plane c parameter [Fig. 4.13(b)], arising from the fact that the tensile
strain exerted by the substrate is largest along this direction. Due to the (110)
orientation of the film, the deformations of a, b, and the angle γ between the two,
are coupled. Here, the film becomes monoclinic to accommodate the strain by
increasing γ above 90◦ and reducing the difference between the a and b parameters,
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i.e., the orthorhombicity (b/a) of the system [43]. This behaviour is reminiscent of
other orthorhombic systems under tensile strain, which were identified to have the
a−b−c+ tilt pattern in the space group of P1121/m (no. 11) [43]. This is a different
monoclinic sub-group than that of bulk YVO in the intermediate temperature range
(77 K< T <200 K), which exhibits the P21/b11 (no. 14) space group, with α
(between b and c) being the monoclinic angle [193]. Thus, in Fig. 4.13(e), we show
the monoclinic angles of both the film and bulk YVO.

In contrast to the lattice parameters of bulk YVO, the temperature dependence
of film lattice parameters shows almost no changes [Fig. 4.13(b-e)]. The bulklike
first-order structural transition at 77 K is suppressed in the YVO film. The second-
order structural transition at 200 K is more subtle and thus difficult to observe from
the trends of the lattice parameters. We assume that the absence of the first-order
transition, verified here for the film, can be extended to the SLs as well, since they are
also strained to the substrate. In particular, the presence of the in-plane orientation
of the c-axis appears to be a common, important prerequisite for the suppression of
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Figure 4.13.: Temperature dependence of YVO film on NGO(110) substrate; (a) Out-
of-plane XRD scan of (220) reflection. (b-e) Temperature dependence of
lattice parameters: a, b, c, and the monoclinic angle of film in P21/m
symmetry (no.11), with respect to bulk YVO in P21/b symmetry (no.14)
(taken from [161, 192]).
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Figure 4.14.: ((a,b) Reciprocal space maps of the {103}pc family of reflections of YVO
thin films grown on NGO(110) and NGO(001) substrates, respectively. The
corresponding orthorhombic Miller indices are indicated for each map. The
red and yellow dotted lines trace the evolution of peak positions for the films
and substrates, respectively. The schematics display the orientation of the
orthorhombic-type film unit cell (orange) superimposed on the correspond-
ing pseudocubic unit cells (grey). (c,d) Half-order reflections (0 1/2 1)pc and
(0 1 1/2)pc, shown in red, for the films on NGO(110) and NGO(001) facets,
respectively. The substrate peak for the (0 1 1/2)pc reflection is shown in
grey, in part (d).

structural transitions, as was suggested in Ref. [68], for epitaxial LaVO3 thin films.
Calculating the corresponding pseudocubic parameters, as described in Ref. [43],

we obtain apc = 3.85Å, bpc = 3.86Å, cpc = 3.83Å which are nearly constant through
temperature. The in-plane parameters (apc and bpc) match those of the substrate,
due to being epitaxially strained, which serves as a validation of the refinement
process. Since in bulk YVO, the orbital ordering phase transitions are concomitant
with structural transitions, their absence in the film is expected to also affect its
electronic structure. This result fits well with the fact that the electronic structure
obtained from reflectometry also did not show any temperature-dependent changes
from room temperature to 30 K [172].

4.3.3. Impact of the growth facet

As mentioned earlier, we expect the film orientation to have a profound impact
on its electronic structure. Therefore, in this section, we examine the effect of the
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substrate facet on the crystal structure of YVO films grown on (110) and (001)
facets of NGO substrates, using XRD. In the next section (Sec. 4.4), we will then
inspect their electronic structure.

Fig. 4.14(a, b) shows the reciprocal space maps of the {103}pc family of reflections
of YVO films grown on the (110) and (001) facets of NGO, respectively. These
reflections are measured at four azimuthal angles (ϕ), that are 90◦ apart. For the
(110) facet [Fig. 4.14(a)], the evolution of position of peaks as a function of the
azimuthal angle (dotted lines) is the same for both, the substrate and the film. This
characteristic pattern implies that the pseudocubic unit cell is tilted with respect to
the azimuth (z) [43]. This means that the orthorhombic-type unit cell for both film
and substrate is oriented as shown in the schematic, with their c-axes in the plane
of the substrate surface, and also parallel to one another. In contrast to this, for the
(001) facet [Fig. 4.14(b)], both the substrate and film peaks fall in one horizontal
line through the variation of ϕ. This indicates that here, the c-axes of the film and
the substrate both point out of the plane, perpendicular to the substrate surface, as
shown in the schematic.

To further confirm these inferences, we measured half-order reflections, that di-
rectly probe the cation displacements associated with the orthorhombic-type space
groups. Due to the doubling of the unit cell along the c-axis, half-order reflec-
tions that are forbidden for the undistorted perovskite structure are allowed for the
orthorhombic-type structure. When indexed in the pseudocubic unit cell, the posi-
tion of the fractional Miller index (in h, k, or l) indicates the direction along which
the unit cell doubles, i.e., the direction of the c-axis. Thus, the presence of (1/2 0
1), (0 1/2 1) reflections and (0 1 1/2), (1 0 1/2) reflections imply that the c-axis lies
in-plane and out-of-plane of the sample, respectively [68].

As expected for (110) orientation, we only found an intense (0 1/2 1) reflection for
the substrate and film [Fig. 4.14(c)], with other peaks being absent. On the other
hand, for the (001) facet [Fig. 4.14(d)], we found a strong (0 1 1/2) reflection for
both the substrate and film. Peaks for the (1/2 0 1) and (0 1/2 1) were very weak
and absent respectively, indicating the presence of a negligible percentage of twin
domains. Since the film peak occurs at almost the same position as the substrate, we
verified the presence of the film by performing the same scan for a bare NGO(001)
substrate. These results confirm that the choice of the substrate facet can be used
to obtain the desired orientation of the YVO film, since the film adopts the same
orientation as that provided by the substrate surface.

4.4. Insights from ab initio calculations

In this section, we present the ab initio calculations of the electronic structure for
YVO heterostructures; YVO-LAO superlattice and YVO thin films of different thick-
nesses and orientations. As mentioned before, these calculations were performed by
our collaborators from the University of Duisburg, Essen, as part of our work in
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Refs. [172] and [173].
The calculations were carried out within the DFT+U formalism in the framework

of spin polarized density functional theory. For the superlattice, to account for
all the rotations of octahedra, a p(2x2) 4/4 supercell was adopted. Since the NGO
substrates had no specific termination, the interfaces of YVO and LAO were assumed
to be mixed. For films, a similar p(2x2) 4/4 supercell was considered and were
modeled as strained bulk YVO. The atomic positions were accurately optimized for
all cases. For both the superlattices as well as the films, a ground state of C-type
orbital order and G-type spin order was found, similar to bulk YVO. In the case
of the YVO film on NGO(110), the calculations indicate that it is energetically
favourable (by 5.5 meV per V-ion) for the c-axis to be aligned in the plane of the
sample, compared to an out-of-plane alignment. This matches with our results from
XRD for the samples on the (110) facet [Fig. 4.14(a)] and shows that the mere
consideration of strain is not sufficient. Interestingly, the orientation with c-axis
in the plane was also found to be lower in energy for the (001) facet of NGO (by
2.6 meV/V-ion), which is in contrast to our XRD result [Fig. 4.14(b)]. Such an
alignment would create a discontinuity in the octahedral tilt pattern as it places the
axis with the + tilt of the film along the − tilt of the substrate. Therefore, this
result suggests that the tendency of the orientation of YVO films to follow that of the
substrate facet, originates from the necessity to maintain octahedral connectivity.
We also noted the importance of octahedral connectivity in Sec. 4.2.5, where we
observed that the orbital occupations in the central layers of the SL resulted from
the negative Poisson ratio of the thin YVO layers, which in turn, stems directly
from the requirement to maintain octahedral connectivity.

Fig. 4.15(a,b) shows the projected density of states (PDOS) of the xz and yz or-
bitals calculated for a 4/4 representative SL and YVO films, respectively. We notice
that the 4/4 stacking does not correspond exactly to our experimental realizations
(4/8, 6/6, 8/4; see chapter), but for higher bilayer stackings than eight unit cells
the supercell (which is further enlarged in order to account for the lower symmetry)
becomes too large in the calculations. Based on the very good modeling of the 4/8
SL and the XRR result that only one unit cell is forming the central layer in each
case (see chapter), we conclude that the 4/4 results are representative also for the
other two SLs. The top panel of Fig. 4.15(a) shows the PDOS calculated for bulk
YVO. We see here that the xz and yz orbitals are degenerate, in line with the the
XAS results [179] and the cluster calculations (Sec. 4.2.4). However, this degener-
acy is lifted in the interface (middle panel) and in the central layers (bottom panel).
Further, the occupation of the yz orbital is higher for the interface layers and that of
xz orbital is higher for the central layers. This result fully agrees with the reversal
of orbital polarization between the xz and yz orbitals that we found experimentally
from the XRR analysis (Sec. 4.2.3).

In our qualitative explanation for the orbital polarization of the central layers,
we stated that the out-of-plane parameter of the superlattice being larger was key
to achieving the observed effect (Sec. 4.2.5). Additionally, we also attributed the
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Figure 4.15.: Electronic structure predictions by DFT+U calculations (a) for bulk YVO
(top panel), central layers (middle) and interface layers (bottom) of the
4/4 SL, respectively. (b) for YVO film on NGO(001) (top panel), YVO
ultra-thin film (middle) and thicker film (bottom) on NGO(110), respec-
tively. Calculations were performed by B. Geisler and R. Pentcheva from
the University of Duisburg-Essen.

lifting of degeneracy to the orientation of the unit cell, and asserted that the c-
axis needs to be in the plane of the substrate to lift the degeneracy between the
xz and yz orbitals. To test these hypotheses, DFT+U calculations were performed
for YVO films strained to NGO(001) and NGO(110) substrates [Fig. 4.15(b)]. For
the film on NGO(001) (top panel), the degeneracy between the xz and yz orbitals
was unaffected. However, in the case of the ultra-thin film (middle) and thicker
film (bottom panel) on NGO(110), the degeneracy was found to be lifted. This
validates our understanding of the facet dependence. Further, we note that the
orbital occupation of the ultra-thin film and the thicker film are inverted with respect
to one another. Focusing on the ultra-thin film, we see that the xz orbital is more
occupied than the yz orbital, which is qualitatively similar to the central layers of
the SL. Comparing these calculations with that of the SL, we see that the orbital
polarization in the SL is larger than that of the ultra-thin film [Fig. 4.15(a), bottom
panel]. This suggests that the structural distortions induced by LAO, contribute
to the enhancement of the orbital polarization. The thicker YVO film, which has a
smaller lattice parameter, displays the opposite effect, with yz more occupied than
xz, also in line with our arguments in Sec. 4.2.5. Therefore, we speculate that if
the superlattices consisted of very thick slabs of YVO, one would not observe the
reversal of orbital polarization, since both central and interface layers would exhibit
the same preferential occupation of orbitals (i.e. with xz more occupied than yz).
An experimental confirmation of this would be an interesting task for future work.
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4.5. Conclusion

In conclusion, we used resonant x-ray reflectometry to probe the electronic struc-
ture of thin slabs of YVO embedded in a superlattice with LAO. We extended the
previously established methods of x-ray reflectometry analysis to a general form ap-
plicable to t2g-electron systems and extracted quantitative depth-dependent XLD
profiles. We observed an artificial, layered orbital polarization, where the average
occupation of xz and yz orbitals in the interface planes next to LaAlO3 is inverted
compared to the central part of the YVO3 slab. This novel phase is stable down
to 30 K and the bulk-like orbital ordering transitions were absent. Using a combi-
nation of STEM, XRD, and DFT+U calculations, we attribute the changes in the
electronic structure to a combined effect of the orientation of the YVO unit cell,
epitaxial strain and the spatial confinement at the interface by LAO. These effects
are briefly summarized below:

• Orientation of unit cell: The orientation of the YVO unit cell is controlled
by the substrate facet and determines which orbitals experience the effects of
strain and confinement. Both the effects differentiate between the in-plane and
out-of-plane directions with respect to the sample surface. Thus, by choosing
to place the c-axis in-plane, the system is forced to remove the degeneracy
between the xz and yz orbitals. As xz and yz are the orbitals that undergo
orbital ordering in YVO, this is expected to have the most profound impact
on the properties of the heterostructure. The observed absence of bulk-like
orbital ordering phase transitions observed using temperature dependent XRR,
is likely one of its consequences.

• Epitaxial strain: We identified two ways in which epitaxial strain modified the
electronic structure of YVO, depending on whether it had larger or smaller
out-of-plane lattice parameter (along x) compared to its in-plane parameter
(along y). For the superlattices, the YVO slabs sandwiched in between the
LAO slabs, are ultra-thin and thus can exploit the negative Poisson’s ratio,
exhibited by ultra-thin films. We observe a larger out-of-plane lattice spacing
despite being under tensile strain, that causes the lifting of degeneracy of xz
and yz orbitals in ultra-thin YVO slabs. Our DFT+U calculation nicely re-
produce this experimental observations and indicate that both, the orientation
of the unit cell and the negative Poisson’s ratio arise from the requirement to
maintain octahedral connectivity across the substrate-film and SL interfaces.
In contrast, for thicker YVO-only films, the out-of-plane parameter is smaller
and showed the opposite preferential occupation of orbitals in the DFT+U
calculations.

• Spatial confinement: Since LAO is a large band-gap insulator, it is expected
that the electrons will be spatially confined at the YVO interface. Due to a
vanishing hopping probability of electrons to hop across the V-O-Al bonds at
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the interface, the orbitals with lobes extending parallel to the interface are
preferentially occupied over the orbitals extending out-of-plane, normal to the
interface. This preferential occupation of the in-plane orbital explains the
orbital polarization reversal observed in the SLs.

In conclusion, a thorough experimental determination of the individual contribu-
tions of heteroepitaxy together with their theoretical predictability, as we demon-
strated for the YVO-LAO SLs, forms an important basis for a targeted design of
future complex oxide materials.
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5. Epitaxial strain effect on orbital
ordering of YVO3

In this chapter, we report the results of our study exploring the effects of epitaxial
strain on the orbital ordering of YVO3, which are summarized in Ref. [194]. In
this chapter, we focus on YVO3, which is located at the edge of the boundary
between G-OO/C-SO and C-OO/G-SO phases (see Fig. 1.5), and is thus expected
to be especially amenable to artificial modifications in the lattice, that can tip the
scales and enhance one mechanism over the other [6, 55]. Here we explored the
orbital ordering in YVO3 thin films synthesized on various substrates using polarized
Raman spectroscopy and ellipsometry. We systematically investigate and segregate
the different aspects of heteroepitaxy, namely; the sign of strain, degree of relaxation,
thickness of film, and substrate facet.

The chapter at hand is organized as follows. We begin with a discussion of Raman
scattering in bulk YVO3, followed by the description of the growth and character-
ization of the films. Then we present the polarized Raman spectroscopy results,
where the temperature dependence of two oxygen stretching phonon modes, that
each couple with the G-type and C-type OO patterns are utilized. Our results
suggest that compression of the c-axis in the (110)-orientation, stabilises the G-OO
phase, whereas the elongation of the c-axis in (001)-orientation, favours the C-OO
phase. Further, we used ellipsometry to confirm that the structural transitions cap-
tured by the behaviour of the phonon modes, indeed corresponds to concomitant
electronic transitions, as in bulk YVO3. Finally, we explain these results using
qualitative arguments based on the spin-orbital Hamiltonian of RVO3. By relying
on results of Hartree-Fock calculations for similar perovskites [195] and hydrostatic
pressure studies on bulk single crystals [6, 7], we untangle the separate contributions
of superexchange interactions and lattice effects.

5.1. Orbital and spin ordering in bulk YVO3

5.1.1. Raman scattering in bulk YVO3

The sensitivity of Raman scattering to lattice vibrations makes it ideal for studying
the local crystal structure of the material in addition to examining electronic collec-
tive excitations that originate from ordering phenomena. Raman scattering studies
of bulk YVO3 by Miyasaka et al. [19, 129] and Sugai et al. [119] have found both
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5. Epitaxial strain effect on orbital ordering of YVO3

phonons and excitations of electronic origin that are associated with its spin and
orbital ordering [19, 119, 129]. Though their experimental results were mostly in
agreement with one another, the assignment of many modes vary widely between
them. For example the mode around 50 meV and 62 meV, observed in (cc) po-
larization in Ref. [119], were ascribed to a JT phonon and 2-orbiton, respectively.
Whereas the same modes observed in the equivalent (zz) polarization in Ref. [19],
were assigned to a 2-orbiton at 50 meV and a 2-magnon at 62 meV. A summary of
the contradictions in their assignments is given in Ref. [45].

As we learnt in Chapter 1, in RVO3, the orbital occupation at each site is cor-
related with the distortion of bond lengths of the octahedron which leads to the
association of each type of orbital ordering with a corresponding collective Jahn-
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Figure 5.1.: (a,b) Raman spectra of bulk YVO3 single crystal in y(xx)y and y(zz)y po-
larization configurations taken at 4.2 K and 78 K respectively, digitized from
Fig. 2(c) of Ref. [19]. The C-OO and G-OO phonons are seen in the y(xx)y
configuration and their peak positions are indicated by blue and green tri-
angles, respectively. In the y(zz)y configuration, the mode associated with
G-OO phase is marked by a grey triangle in part (b). (c,d) Integrated inten-
sities of the C-OO and G-OO phonons, digitized from Fig. 3(c) and Fig. 6(b)
of Ref. [19]. The different transition temperatures of YVO3 are marked by
dotted lines.
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5.1. Orbital and spin ordering in bulk YVO3

Teller (JT) distortion. The G-type OO is related with the a-type JT distortion,
where the distorted octahedra alternate in each direction and the C-type OO is as-
sociated with the d-type distortion comprising of distorted octahedra that alternate
in the ab plane and are in phase along c [161]. To study the development of the
orbital ordering phases in bulk YVO3, Miyasaka et al. [2, 19] mainly utilized two
in-phase oxygen stretching modes (see Fig. 2.10), occurring at 83 meV and 86 meV,
that were identified to couple with the G-type and C-type orbital ordering patterns,
respectively.

In this thesis, we employ the same two phonons to examine the orbital ordering
in YVO3 thin films. Fig. 5.1 displays the digitized Raman spectra of bulk YVO3 in
this energy region, from Ref. [19]. These modes are observed in the corresponding
temperature ranges of G-type (77K <T< 200K) and C-type (T< 77K) OO phases,
indicated by the blue and green triangles, respectively [Fig. 5.1(a, b)]. They have B1g

symmetry and thus appear in the (xx) polarization configuration (see Sec. 2.3.5).
A small peak of the C-type phase (83 meV) that persists into the nominally G-type
phase is visible. This was attributed to a short range C-type correlation within the
G-type OO phase, and not to true phase coexistence, in consistence with the results
from magnetic neutron scattering of YVO3 [3]. At TOO2/SO2 ∼ 77K, the intensity
of the C-OO phonon has a sharp drop [Fig. 5.1(c)], at the same temperature where
the G-OO phonon has a steep rise [Fig. 5.1(d)]. This behaviour is reflective of the
competing nature of these phases. At TSO1 ∼ 116K, the phonons do not show a
noticeable change in intensity. This follows from the fact that RVO3 with small R-
cation size, like YVO3, do not exhibit large magnetostriction. At TOO1, the intensity
of the G-OO phonon completely vanishes, as YVO3 goes from G-OO phase to the
disordered phase. Finally, we also note that in the y(zz)y configuration, in the
same energy region where the oxygen stretching B1g phonons are observed, a mode
appears above 77K [Fig. 5.1(b)]. Though the origin of this mode is debated, as
Miyasaka et al. and Sugai et al. assign it a multi-phonon and a 2-orbiton peak,
respectively, there is consensus in the fact that it only appears in the G-OO phase.
We found this to be true also in our YVO3 films, as we will see in the following
sections.

5.1.2. Ellipsometry of bulk YVO3

Optical absorption in the visible range of light involves intersite d − d transitions
above the Mott gap and thus directly probes the superexchange interactions [59].
As mentioned in Sec. 2.4, ellipsometry has several advantages in measuring optical
absorption spectra over conventional methods such as optical reflectivity, as it is
self-normalizing and does not require Kramers-Kronig transformation, enabling a
more accurate measurement of optical constants [61, 132, 133].

Experimental and theoretical optical absorption studies on bulk YVO have inves-
tigated the polarization and temperature dependence of its absorption bands and
assigned them to different multiplets. Fig. 5.2(a) shows the optical conductivity
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Figure 5.2.: (a) Real part of the optical conductivity (σ1) along the c-axis of bulk YVO3

single crystals, digitized from Fig. 1(b) of Ref. [61]. (b, c) Multiplet con-
figurations of optical transitions corresponding to peaks A,B and peak C
respectively. (d, e) Spin-orbital configuration of C-SO/G-OO and G-SO/C-
OO phases, with optical transitions indicated for peaks A,B and peak C.
Figures shown in panels (b-e) are redrawn from Fig. 1 of Ref. [196].

σ1(ω) of a YVO single crystal along the c-axis, digitized from Ref. [61]. Above the
Mott gap, at ∼ 1.8 eV, the spectra display Mott-Hubbard excitations, which are
intersite excitations from a ground state of |d2i d2j⟩ to a |d1i d3j⟩ final state, where i
and j are neighbouring V sites and d1 and d3 denote the lower and upper Hubbard
bands. The optical spectra have a multipeak structure where four bands were iden-
tified: peaks A, B, C and D at ∼ 2 eV, 2.5 eV, 3-3.6 eV, 3.8-4.4 eV, respectively, as
indicated in the figure.

Above ∼ 4.5 eV, the intensity of the spectra has a steep rise which marks the
charge transfer energy, where the electrons are excited to the unoccupied O 2p band.
The excited multiplets, summarized in one-electron notation as t32g have energies:
U − 3JH (4A2), U (2E,2 T1) and U +2JH (2T2) [59, 197] with the Coulomb energy U
≈ 4-5eV [198] and JH ≈ 0.55 - 0.7eV [199]. The lowest multiplet, 4A2 is a high-spin
state, while the higher multiplets 2E,2 T1 and 2T2 are all low-spin states. For the
high-spin state, parallel spins on adjacent sites (i.e. C-SO) give rise to a larger
spectral weight than antiparallel spins. Conversely, for low-spin states, antiparallel
spins (i.e. G-SO) yield a larger spectral weight than parallel ones. Therefore, from
the temperature dependence of the optical spectra, peaks A and B are assigned
to the high-spin state 4A2 and peak C to the low spin states 2E,2 T1. Peak D is
approximately 10Dq above peaks A and B, where 10Dq is the crystal field splitting
between t2g and eg levels and thus this peak is assigned to t2g to eg excitation. The
final multiplet 2T2, at energy U + 2JH , occurs beyond the charge transfer peak at
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4.5 eV. The optical conductivity along the c-axis (σc
1) was found to show the largest

temperature-dependent changes, since the spins and orbitals switch between ferro
and anti-ferro type ordering, along this axis, through temperature [Fig. 5.2(b)].

5.2. Experimental details

YVO thin films were grown by pulsed laser deposition from a polycrystalline target
of YVO4 on orthorhombic substrates; DyScO3(110), NdGaO3(110), YAlO3(110) and
YAlO3(001). The PLD growth parameters are given in Sec. 3.1.2. All films were
capped with LaAlO3 with a thickness of about ∼ 5nm, to preserve the V3+ oxidation
state. The films were characterized by x-ray diffraction (XRD), utilising reciprocal
space mapping (RSM) to determine the strain state and crystallographic orientation
of the films.

Raman measurements were performed using the Jobin-Yvon LabRam HR 800
spectrometer with a HeNe laser having a wavelength of 632.8 nm. The spectra were
recorded in a confocal set-up with a x100 objective and 600 grooves/mm grating .
Laser heating effects were reduced by keeping the laser power as low as ∼ 1mW.
The measurements were made with polarizations along the x, y and z pseudocubic
directions, in consistence with previous studies on bulk RVO3 [2, 19, 129], wherein
x is along a+ b, y is along a− b and c is along z with the orthorhombic axes a, b and
c used in the Pbnm setting. The polarization configurations are expressed in the
Porto notation: kin(ϵin, ϵout)kout, where k and ϵ are the directions of propagation of
light and polarization of electric field respectively with subscripts in and out refer-
ring to incoming and outgoing light, respectively. Ellipsometry measurements were
performed using a variable angle spectroscopic ellipsometer (J. A. Woollam Inc.) in
the energy range of 0.55 eV to 6.5 eV at an angle of incidence of 70◦. The measured
ellipsometric parameters ψ and ∆ were used to obtain the complex dielectric func-
tion ϵ = ϵ1+iϵ2 and the related optical conductivity σ1 = ωϵ2 / 4π. The ellipsometric
parameters of the films were derived by fitting the data to a film-on-substrate model.
The ellipsometry measurements and the extraction of the dielectric function of the
film were performed by K. S. Rabinovich and A. V. Boris (Solid State Spectroscopy
Department, Max Planck Institute for Solid State Research, Stuttgart).

5.3. Results and Discussion

5.3.1. Characterization and structural analysis

We investigated a series of YVO thin films under different degrees and signs of strain
on YAlO3 (YAO), NdGaO3 (NGO) and DyScO3 (DSO) orthorhombic substrates
using x-ray diffraction (XRD). Bulk YVO has an orthorhombic Pbnm space group
at room temperature, with lattice parameters a = 5.279 Å, b = 5.611 Å, c = 7.572
Å[193]. The corresponding pseudocubic parameters are: apc = 3.85Å (along a + b),
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Figure 5.3.: Results from x-ray diffraction of YVO thin films on (a) NGO(110) (b)
DSO(110) (c) YAO(110) and (d) YAO(001) substrates. The schematic on
the top left displays the orientation of the orthorhombic unit cell (orange),
where the smaller (grey) cubes correspond to the pseudocubic unit cells.
The lattice mismatch of YVO with each substrate (m, defined in the text)
is depicted in the schematic. For each part (a-d), the top right and bottom
panels show the out-of-plane XRD scans and RSMs of the {103} family of
in-plane reflections, respectively. The circles mark the positions of the film
peaks.

bpc = 3.85Å (along a - b), and cpc = 3.79Å (along c). Using the definition provided
by Frank and van der Merwe [200], the lattice mismatch, m = (al − as)/as were
calculated, where al and as are the lattice parameters of the unstrained layer (i.e.
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bulk YVO) and the substrate, respectively. Depending upon the orientation of the
film, the appropriate pseudocubic parameters for the film and substrate were used
for the calculation of the lattice mismatch (see Appendix A.3).

Fig. 5.3 (a-d) displays the XRD results of YVO films on NGO(110), DSO(110),
YAO(110) and YAO(001) substrates, respectively. For each part (a-d), the schematic
of the film unit cell is shown on the top left, the XRD scan of an out-of-plane
reflection on the top right, and the reciprocal space maps of the {103}pc family of
in-plane reflections, in the bottom. The orientation of the YVO unit cell and the
lattice mismatch values of the films in % along each in-plane direction are displayed
in the schematic. The presence of the Laue fringes in the out-of-plane XRD scans,
observed for all films, is indicative of their good crystalline quality. YVO is under
tensile strain on NGO(110) and DSO(110) and under compressive strain on YAO for
both facets ((110) and (001)). Therefore, the out-of-plane parameters are smaller
compared to bulk value of 3.85 Å for YVO films on NGO(110) and DSO(110) and is
larger on YAO(110). Likewise, for compressive strain on YAO(001), the parameter is
larger than bulk value of 3.79 Å(indicated in Fig. 5.3, next to the arrows). Reciprocal
space maps (RSM) of in-plane reflections provide a way to examine the strain state
of thin films. Comparing all the samples, we observe that only the film on NGO(110)
is fully strained, since it has the same Qx value as the substrate [Fig. 5.3(a)]. The
films on DSO(110), YAO(110) and YAO(001) are partially relaxed due to the much
larger lattice mismatch on these substrates [Fig. 5.3(b-d)]. As expected, the film
peak has a larger Qx value than the substrate on DSO(110) and a smaller Qx value
on YAO (both facets), due to their opposite signs of lattice mismatch.

Another important type of information provided by in-plane scans is the unit cell
orientation, which is derived from the azimuthal dependence of a family of in-plane
reflections. For samples on (110)-oriented substrates [Fig. 5.3(a-c)], the film and
substrate peaks vary in position, through the change in the azimuthal angle (ϕ).
This characteristic pattern indicates that the orthorhombic c-axis is in the plane of
the sample surface [43] (see Sec. 3.2.2). In contrast, for the sample on YAO(001)
[Fig. 5.3(d)], the substrate and film peaks fall in a nearly straight line, through the
change in ϕ. Thus, here, for both the substrate and film, the orthorhombic c-axis is
out-of-plane with respect to the substrate surface.

Therefore, in the cases studied here, the c-axis orientation of the YVO unit cell
simply follows that of the substrate facet. This has important consequences for its
orbital ordering patterns, as we will see in the following sections.

5.3.2. Polarization dependence

As shown in the previous section, the c-axis of YVO films were found to align to that
of the substrate facet. For (110)-oriented samples, this implies that measurements
with polarization along the two in-plane directions, correspond to the y(xx)y and
y(zz)y spectra [see Fig. 2.12(a), Sec. 2.3.5]. We measured our films without an
analyser to boost the film intensity, which does not affect the symmetry of the Ag
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and B1g modes, as explained in Sec. 2.3.5.
Fig. 5.4 displays the polarization dependent Raman spectra of YVO films on

NGO(110) and YAO(110) measured at 20K. The substrate contributions were sub-
tracted from the raw data to obtain the film spectra in each case (see Sec. 2.3.4).
In Sec. 2.3.5, we discussed two Ag phonons that are only seen in the y(zz)y con-
figuration, around 300 cm−1 (for the YVO film on LAO). Due to the presence of
numerous substrate peaks up till ∼ 600 cm−1, the Ag modes around 300 cm−1 are
difficult to observe for the films on NGO and YAO, as they are mostly obscured by
the substrate subtraction features.

Yet, around 700 cm−1, the difference between the two polarizations is very distinct
for each of the films. This is additional confirmation that the YVO film has a well-
defined orientation with the c-axis in the plane, as deduced from XRD. In the (xx)
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Figure 5.4.: Polarization dependence of YVO films. (a,b) y(xx)y and y(zz)y spectra of
YVO film on NGO(110), respectively. (c,d) y(xx)y and y(zz)y spectra of
YVO film on YAO(110), respectively. The grey asterisks mark the features
arising from substrate subtraction (see Sec. 2.3.4). The green and blue filled
triangles indicate the positions of the B1g oxygen stretching phonons. The
filled pink triangle indicates the (zz) mode associated with the G-OO phase.
The open orange triangle is an Ag mode, which was also observed in bulk
YVO [19, 119].
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spectra [Fig. 5.4(a, c)], as mentioned before, the modes in this energy range are
ascribed to the B1g oxygen stretching phonons that couple with the G-type and
C-type orbital ordering patterns in YVO3. For both films, we clearly see a peak
in this region, though, the shape of the peak appears to be distinct between them.
In the next section, we will analyse the peak shape and temperature dependence of
these modes in detail. Observing the (zz) spectra [Fig. 5.4(b, d)], we notice that the
film on YAO exhibits a much stronger peak in this energy region, compared to the
film on NGO, which looks closer to bulk YVO (Fig. 5.1). This mode is associated
with the G-OO phase (Sec. 5.1.1) in bulk YVO, which suggests that the G-OO
phase is already present at 20K in the YVO film on YAO(110). Our analysis of the
temperature dependence of the y(xx)y spectra, in the next section, will elucidate
this further.

5.3.3. Strain dependence

To unambiguously attribute the changes in the properties of the films to epitaxial
strain, it is imperative to study both signs of strain. Thus, we begin our investi-
gation of the effects of heteroepitaxy, by comparing YVO films under tensile and
compressive strain.

Fig. 5.5 displays the B1g modes of YVO thin films on (110)-oriented NGO and
YAO substrates. Both films have a thickness of ∼ 28 nm. To study the evolution
of these phonons through temperature, the spectra were fit with two Voigt profiles,
which are convolutions of Gaussian and Lorentzian functions (see Sec. 2.12). The
positions of the C-OO and G-OO phonons, indicated by the blue and green triangles,
respectively, were obtained from the fit [Fig. 5.5(a, d)]. The temperature-dependence
of integrated intensities of the C-OO and G-OO modes for the film on NGO(110),
are presented in Fig. 5.5(b,c), respectively. The insets display the Voigt profile fits
of each phonon for the 20 K spectra.

The intensity of the C-OO mode is larger at low temperatures and reduces as the
temperature increases towards 100 K. Whereas the G-OO mode shows the opposite
trend, it is lower at 20K and then displays a steep rise around the same point where
the C-OO peak begins to fall. As we saw in Sec. 5.1.1, in bulk YVO, such trends
across temperature are associated with the first-order phase transition at TOO2/SO2

(∼ 77K). For the film, we estimate the temperature of this transition by taking
the derivative of the temperature dependence of the C-OO mode [Fig. 5.5(b)] (see
Appendix A.4 for details). This yielded a value of TOO2/SO2 ∼ 75K for the film on
NGO(110).

Note that the G-OO mode does not appear to vanish well above TOO1 ∼ 200K,
where a transition from G-OO to disordered state occurs in bulk YVO [19]. In
Ref. [119], the Raman spectra of bulk YVO also exhibits a small peak in this energy
region, up to room temperature, similar to our film. We suspect that a broad mode
unrelated to the G-OO phase may be present in this region, which contributes to
some intensity, both at low and high temperatures and prevents the intensity from
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Figure 5.5.: Strain dependence of orbital ordering in YVO films. (a) Spectra of B1g mode
at 20K and 100 K and (b,c) integrated intensity of C-OO phonon and G-OO
phonon, respectively of YVO film on NGO (110). (d) B1g mode at 20 K and
100 K and (e,f) integrated intensity of C-OO phonon and G-OO phonon,
respectively of YVO film on YAO (110). The insets depict the 20 K spectra
and the area of the corresponding phonon shaded for each part. The dashed
lines in (b,e) indicate the TOO2/SO2 temperature.

reaching zero. Therefore, we limit our discussion of the G-OO mode to its tempera-
ture dependence rather than its absolute intensity. To summarize, the overall trends
as well as the TOO2/SO2 transition temperature of the YVO film on NGO(110) are
quite similar to that of bulk YVO.

In the previous chapter, we observed that the temperature-dependent lattice pa-
rameters of a YVO film on NGO, measured using XRD, did not exhibit the structural
phase transitions (see Sec. 4.3.2), unlike bulk YVO. This result could be attributed
to the insufficient sensitivity of XRD to structural distortions in comparison to Ra-
man spectroscopy. A similar discrepancy was also observed in LaVO3 thin films
on SrTiO3, where despite the absence of a structural transition from XRD mea-
surements, the transition from G-OO and C-SO phases to the disordered state was
observed using ellipsometry [201]. Since we tracked the temperature dependence
of integer Bragg reflections for the YVO film using XRD, we only have sensitivity
to cation movements. If the film somehow accommodates the structural transitions

112



5.3. Results and Discussion

solely into its octahedral rotations and tilts as a result of the epitaxial constraints
provided by the substrate, then such changes could have been overlooked. Another
possibility is the existence of short-range orbital order in the films, which is cap-
tured by Raman spectroscopy, owing to its sensitivity to the structural distortions
directly associated with the JT distortions. For example, phonons associated with
orbital ordering were observed in manganite (La1−xAxMnO3) thin films grown on
SrTiO3 and [(La, Sr)(Al, Ta)O3] (LSAT), using Raman spectroscopy. Yet, polarized
microscopy revealed that these films did not exhibit macroscopic orbital ordering
[202]. Further investigations are required to resolve this issue.

In the case of the compressively strained film on YAO(110), the 20K spectra
[Fig. 5.5(d)], exhibits a double peak structure. Its shape bears resemblance to an
aggregate of the 20K and 100K spectra of the film on NGO [Fig. 5.5(c)]. At 100 K,
the lower energy peak reduces in intensity whereas the higher energy one remains
somewhat constant. The temperature dependence of the C-OO phonon [Fig. 5.5(e)]
is similar to the film on NGO, with the drop in intensity occurring at a lower
temperature of TOO2/SO2 ∼ 60K, and over a broader range, i.e. the transition is
less sharp. On the contrary, the temperature dependence of the G-OO phonon
[Fig. 5.5(f)] looks markedly different in comparison to the film on NGO and bulk
YVO [19]. It is intense at 20K and stays relatively constant till ∼ 100K and then
gradually falls off at higher temperatures.

From these results, we conclude that the G-OO phase appears to be stabilized in
the film under compressive strain on YAO(110). Additionally, the decrease in the
TOO2/SO2 transition temperature, suggests that the C-OO phase is weakened. The
fact that the enhancement of theG-OO phase occurs concurrently with the reduction
of the C-OO phase, demonstrates the competing nature of these two phases.

Test of laser heating effects

As mentioned in Sec. 2.3.4, the intense laser spot can locally raise the temperature
of the sample. Therefore, the power is usually kept < 1mW, to avoid the possibility
of laser heating [126, 203]. For thin films, due to the small sample volume, the
intensity of the film signal can be rather small, thus it may not be feasible to use
very low laser powers to collect all the spectra, as that would greatly increase the
measuring time.

In this case, one may use a thinner filter (higher laser power) and measure the ratio
of Stokes and anti-Stokes lines to determine the actual temperature of the sample
(using Equation.2.46) [204]. However, the intensity of anti-Stokes lines are extremely
small for temperatures less than ∼ 100K, because the number of thermally excited
phonons that can be absorbed is very small at low temperatures. The filter wheel
used in the Raman set-up controls the laser power (see Sec.2.3.4). In increasing
thickness of the filter: D 0.3, D 0.6, D 1, yield a laser power of ∼ 2.5mW, 1mW,
0.5mW, respectively. We measured most films in this thesis with the D0.6 filter, as
a compromise between reducing laser heating and obtaining sufficient intensity of
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Figure 5.6.: (a) B1g spectra across the first-order phase transition in YVO thin film on
NGO, measured with D 0.6 filter (∼ 1 mW laser power). (b) Comparison of
B1g spectra at 20 K and 80 K measured with D 0.6 filter and D 1 filter (∼
0.5 mW laser power).

the film spectra. Since the laser power for this filter is close to 1mW, we used the
sharp phase transition exhibited by the YVO film on NGO around 75K, to test the
extent of possible laser heating effects.

Fig. 5.6(a) shows the temperature-dependent y(xx)y spectra for a YVO film on
NGO, measured using the D0.6 filter. We observe a clear change in the shape of
the spectra, going from 65K to 80K, due to the transition at TOO2/SO2 ∼ 75K
(as was seen in Fig. 5.5(b)). Next, we compare the spectra of the same sample,
measured using the D0.6 and D1 filters. Since the D1 filter corresponds to a laser
power well below 1mW, using this filter should ensure that no laser heating effects
persist. Fig. 5.6(b) shows the spectra at 20K and 80K, measured with D0.6 and
D1 filters. A factor of ∼ 0.5 was applied to the D0.6 curves to scale it to the
spectra of the D 1 filter. We observe that the spectra measured with both filters
match quite well in shape. The shape of the D1-80K spectra looks more or less
identical to the D0.6-80K spectra and therefore distinctly different from the D 0.6-
65K spectra [in Fig. 5.6(a)]. This implies that when using the D0.6 filter, the
temperature of the sample must indeed be 80K within about at least 10K or so.
Therefore, we deduce that laser heating effects are minimal in our measurements
and/or sufficiently overcome by the active cooling of the cryostat.

5.3.4. Thickness dependence

Next, we examine the thickness dependence of two sets of films under different
degrees of strain. Fig. 5.7(a,b) shows the B1g phonons at 20K for YVO films of
different thicknesses on NGO(110) and YAO(110), respectively. The dashed grey
lines are a linear fit of the centers of the C-OO and G-OO phonons. The films
on YAO show a clear increase in the energy of the phonon peaks with decreasing
thickness. In comparison, for the films on NGO, the phonons do not exhibit a
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http://ipl.physics.harvard.edu/wp-uploads/2013/03/PS3_Error_Propagation_sp13.pdfFigure 5.7.: Thickness dependence of orbital ordering in YVO films for fully strained and
partially relaxed films. Spectra of B1g mode at 20 K for YVO films with dif-
ferent thicknesses (a) on NGO(110) and (b) on YAO(110). All data were
collected at a setpoint temperature of 20 K, however laser heating cause sub-
stantial heating in case of YVO on NGO (see text). (c,d) Ratio of integrated
areas of the G-OO phonon to C-OO phonon with linear fit for YVO film
on on NGO(110) and YAO (110), respectively. The error bars for the ratios
were estimated through error propagation of the integrated intensities of C-
OO and G-OO phonons.

pronounced energy dependence with the change in thickness. A shift in the phonon
peak positions with thickness, could be an indication of a variable amount of strain
in the films [205]. The partial relaxation in the films on YAO, with a relatively
large lattice mismatch, is expected to increase with the thickness of the film, since
strain fields decrease rapidly with the distance and relaxation mechanisms such as
atomic displacements and defect formation add up with increasing sample volume
[206]. On the other hand, films on NGO(110) are fully strained till ∼ 45 nm as we
noted in the previous chapter, Fig. 4.14(a). Therefore, we attribute the thickness
dependence of phonon peak positions in the film on YAO, to the degree of relaxation
in the sample.

Fig. 5.7(c,d) displays the ratio of the integrated intensities of the G-OO mode to
C-OO mode as a function of thickness, for YVO films on YAO and NGO, respec-
tively. Here, note that due to time constraints, the films on NGO were measured
using a thinner filter (D 0.3), corresponding to a higher laser power of ∼ 2.5mW.
Therefore, the temperature of the samples in reality, is likely to be greater than

115



5. Epitaxial strain effect on orbital ordering of YVO3

20K, which results in a higher ratio of G-OO/C-OO integrated intensity than ex-
pected for 20 K [Fig. 5.5(b,c)]. Comparison with the G-OO/C-OO ratio of spectra
[Fig. 5.5(b,c)] measured using a thicker filter (D 0.6) with a laser power of ∼ 1mW
suggests that the temperature here is possibly close to ∼ 75K, indicating the pres-
ence of substantial laser heating for the D0.3 filter. But, since, here we are only
interested in the thickness dependence of the phonon peak positions and intensities,
the shift in temperature is not consequential.

In the case of the films on NGO, we observe that the ratio is somewhat constant
with thickness. In contrast, for the films on YAO, we see a decreasing trend of
the ratio with thickness, with thinner films having a larger amount of G-OO phase
relative to C-OO phase. This implies that the relaxed portion of the film has bulk-
like behaviour and contributes to the C-OO peak intensity. Thus, partial relaxation
must at least partly create the observed phase coexistence at low temperatures in
the films on YAO, by contributing to the C-OO peak intensity. This observation
further supports the idea, that it is the compressive strain that is indeed responsible
for the stabilization of the G-OO phase.

5.3.5. Effect of relaxation

As was noted before, besides the sign of strain, another difference between the
films on YAO(110) and NGO(110) is the degree of relaxation. Thus, before we can
definitively attribute the G-OO phase stabilization to compressive strain, we must
separate the effect of relaxation from that of the sign of strain. To this end, we
synthesized a film under tensile strain on DSO(110), with a thickness of about ∼
30 nm. This substrate provides a larger lattice mismatch than NGO(110) and was
intentionally chosen to obtain a partially relaxed film under tensile strain. The B1g
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Figure 5.8.: Effect of relaxation on orbital ordering. (a) B1g mode at 20 K and 100K,
and (b,c) integrated intensity of C-OO phonon and G-OO phonon of the
YVO film on DSO (110), respectively. The dashed line in (b) indicates the
TOO2/SO2 temperature.
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mode of the film on DSO(110), at 20K [Fig. 5.8(a)] does not exhibit a two peak
structure (as seen in the film on YAO(110)). Similar to the film on NGO(110),
at 100K, the spectra gains intensity at a higher energy. Observing the integrated
intensities of the C-OO and the G-OO modes [Fig. 5.8(b, c), respectively], it is clear
that the film on DSO(110) is qualitatively similar to the film on NGO(110) and thus
relatively bulk-like.

The drop in intensity of the C-OO mode appears to be less sharp in comparison
to the film on NGO(110), indicating that the partial relaxation here broadens the
transition, similar to the partially relaxed film on YAO(110). Due to a possible strain
gradient present in partially relaxed samples, different parts within the samples, may
undergo transitions at different temperatures, leading to the observed broadening.
We estimate TOO2/SO2 ∼ 70K for the film on DSO(110).

Since the films on both, DSO(110) and YAO(110) are not fully strained, we infer
that the G-OO phase stabilization observed in the film on YAO, cannot be explained
by its partial relaxation. This strongly suggests that the sign of strain i.e., the
compressive strain induced by YAO, is the source of the stabilization.

5.3.6. Facet dependence for films under compressive strain

Since biaxial epitaxial strain only acts along the two in-plane axes, and the out-of-
plane axis is free, the structural deformation usually occurs in such a way that the
unit cell volume is somewhat maintained. For example, compressive strain reduces
the two in-plane lattice parameters and elongates the out-of-plane parameter. In
cases where the film orientation follows that of the substrate surface, the facet then,
determines which of the axes are compressed/elongated, and thus can greatly affect
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Figure 5.9.: Facet dependence of orbital ordering. (a) Spectra of B1g mode at 20K and
100 K, and (b,c) integrated intensity of C-OO phonon and G-OO phonon,
respectively, of the YVO film on YAO (001). The insets depict the 20 K
spectra and the area of the corresponding phonon is shaded for each part.
The dashed line in (b) marks the estimated TOO2/SO2 temperature.
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5. Epitaxial strain effect on orbital ordering of YVO3

the properties of thin films [27, 35, 36, 207, 208]. We examined the influence of the
substrate facet by studying a film fabricated on a (001)-oriented YAO substrate and
compared the Raman spectra to the film on the (110) facet. Our goal was to ascertain
whether the effect of G-OO stabilization would also appear under compressive strain
provided by a different facet of the same substrate.

Fig. 5.9(a-c) displays the B1g phonons at 20K and 100K for a 30 nm YVO film
on YAO(001) and the temperature dependent integrated intensities of the C-OO
and G-OO modes, respectively. Following the same argumentation presented in
sections 5.3.3 and 5.3.5, we observe that the qualitative behaviour of the phonons
is bulk-like, similar to the films under tensile strain on NGO(110) and DSO(110).
Here, the C-OO phonon behaviour [Fig. 5.9(b)] displays a broad transition which,
as stated before, we attribute to partial relaxation. However, a striking distinction
compared to bulk YVO, is the much higher transition temperature of TOO2/SO2 ∼
145K, suggesting that the C-OO phase is stabilized in this case. Finally, observing
the G-OO mode, we see that its behaviour is similar to the film on NGO, and does
not exhibit G-OO stabilization, that was observed in the (110)-oriented samples.
Hence, we see that the substrate facet is extremely consequential in determining the
properties of the YVO film.

After systematically isolating the effects of the sign of strain, degree of relaxation
and the substrate facet, we arrive at the following conclusion:
For epitaxially strained YVO films, the c-axis compression in (110)-orientation
favours the G-OO phase, whereas c-axis elongation in (001)-orientation favours the
C-OO phase.

5.3.7. Probing electronic transitions using ellipsometry

We used ellipsometry to measure the temperature dependent optical conductivity
spectra of YVO films and determine if the structural phase transitions indicated by
the OO-coupled phonons also is connected to electronic transitions, as in bulk YVO.

Fig. 5.10(a,b) shows the optical conductivity along the c-axis, σc
1 for YVO films

grown on YAO(110) (48 nm) and DSO(110) (39 nm), respectively. The positions
of the multiplet peaks for both films matches well with those of bulk YVO [61]
(see Sec. 5.1.2). Peaks A and B are associated with the high-spin ground state 4A2

and peak C with the low-spin 2E,2 T1 multiplets. As we noted for bulk YVO in
Sec. 5.1.2 that peak C has higher spectral intensity in the C-OO/G-SO phase at low
temperatures, due to the anti-ferro spin order along this axis. With the increase of
temperature, approaching the first-order transition at TOO2/SO2 to the C-SO/G-OO
phase, there is a sudden change in the spectra with peaks A and B gaining more
intensity and peak C becoming less intense.

We analyze the temperature dependence of the optical spectra by integrating the
difference in optical conductivity, defined as ∆σ1 = σ1(T ) − σ1(10K). By studying
the difference of σ1, we focus solely on the temperature dependent changes in the
optical spectra [133] and eliminate the contribution of the high energy bands, which
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are largely temperature independent. Fig. 5.10(c) displays the ∆σ1 spectra of YVO
films on YAO(110) and DSO(110). At 3.2 eV, ∆σ1 changes sign, which marks the
energy range of peak A and B. For peak C, we assume the same energy region as
assigned in bulk YVO [61], since, due to its proximity with peak D, it is not possible
to separate them in the experimental data. Therefore, to inspect the temperature
dependence, we integrate ∆σ1 in the energy regions from 0 to 3.2 eV for peaks A
and B and from 3.2 to 3.6 eV for peak C.

Fig. 5.10(d, e) displays the temperature dependence of integrated intensities of
∆σ1, for the films on YAO(110) and DSO(110), respectively. The trends of peaks
A+B and peak C were found to match well with bulk YVO. Peaks A+B and peak
C have the opposite temperature dependence, similar to bulk YVO, since they cor-
respond to high-spin and low-spin multiplets, respectively. The region highlighted
in purple, in Fig 5.10(d,e), shows the first-order transition at TOO2/SO2. The part
highlighted in pink, displays a decrease in the integrated intensity of peak A+B.
This corresponds to the reduction in spin and orbital correlations as we approach
the transitions at TSO1 from C-SO to the paramagnetic state and at TOO1, from
G-OO to the orbital disordered state. Since these are both second-order phase tran-
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sitions, they only appear as small kinks even in the spectra of bulk YVO, and thus
the exact transition temperatures could not be discerned with the temperature in-
tervals measured for the films. These results confirm that the films indeed exhibit
the concomitant electronic phase transitions that are related to the structural tran-
sitions deduced from the Raman spectra. In particular, it is noteworthy, that the
optical spectra also shed light on the magnetic phase transition at TOO2/SO2. From
hydrostatic-pressure studies performed on bulk RVO3 using neutron diffraction, it is
known that the spin and orbital ordering undergo transitions in a coupled manner,
similar to bulk, i.e. the C-SO couples with the G-OO phase and the G-OO with the
C-SO phase [7], which is in agreement with our results.

The strain dependent behaviour observed in the Raman spectra of YVO films is
also reflected in their optical spectra, which becomes clear when we compare the in-
tegrated intensity of σ1c(100K) - σ1c(10K) for both films [Fig. 5.10(f)]. The height
of this curve represents the size of the transition at TOO2/SO2. We observe that,
compared to the film on DSO(110), this curve is smaller for the films on YAO(110),
and is especially diminished for the thinner film (28nm). As was seen in Sec. 5.3.3,
the films on YAO(110) exhibit G-OO phase stabilization at low temperatures, where
it coexists with the C-OO phase. The relative amount of the G-OO phase increases
as the film thickness is reduced. Therefore, since the G-OO phase is already de-
veloped in these films, the transition to this phase is less pronounced. For thicker
films, the partially relaxed portion still contributes to the transition, resulting in
the trends displayed in Fig. 5.10(f). In summary, the results from ellipsometry are
complimentary to the results of the Raman measurements and thus provide further
evidence for a stabilization of the G-OO/C-SO phase under compressive strain for
(110) orientation.

5.3.8. Discussion

To understand the results of the films, let us briefly recall the different interactions
and their interplay that control the orbital and spin ordering phases in bulk RVO3

single crystals. As explained in detail in Chapter 1 (Sec. 1.2), the physics of RVO3 is
governed by the competition between superexchange interactions and lattice effects.
The Hamiltonian of this system, given by H = HJ +HV, thus consists of two terms
representing each part. For the superexchange term HJ, considered in isolation, the
lowest energy phase corresponds to a C-SO/G-OO state [55, 57]. These interactions
are comprised of the exchange constant J , that acts along each bond direction
parallel to the pseudocubic crystallographic axes (x, y, z). On the other hand, the
lattice term HV is a phenomenological term that favours a C-OO/G-SO phase and
contains all the interactions arising from coupling to the lattice, including Jahn-
Teller, GdFeO3-type rotations, and R-O covalency effects [55, 58, 59].

In theoretical studies of RVO3, using model Hamiltonians it was suggested that
for J > Vc, the G-OO phase is favoured, whereas for J < Vc, the preferred phase is
C-OO [55]. It is mainly the interactions along the c-axis that are critical to what
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type of order develops, since it is along this axis that the C-type and G-type orders
are distinct, (i.e. c-axis is the ferro axis, as mentioned before). Additionally, in the
G-OO/C-SO phase the orbital exchange constants of RVO3, along the c-axis and in
the ab plane are very anisotropic as Jorb

c is one order of magnitude larger than Jorb
ab

[55, 57].
For RVO3, with smaller R-cations such as YVO, the lattice effects dominate

and hence the ground state becomes C-OO/G-SO. However, since it is close to the
phase boundary of the competing C-OO/G-SO and C-SO/G-OO phases, it is quite
sensitive to doping and pressure driven phase transitions [6, 55, 209]. Next, we
will discuss the influence of both terms of the Hamiltonian under epitaxial strain
and explain the possible mechanisms responsible for the stabilization of the orbital
ordering patterns observed in the YVO films.

Superexchange interactions

The incomplete localization of charge in Mott insulators leads to virtual inter-site
charge excitations that create their superexchange interactions. Therefore, the hop-
ping amplitude along a direction, determines the strength of superexchange interac-
tions along that direction. This is encompassed in the exchange constant J ∝ t2/U ,
where t and U are the hopping amplitude and Coulomb interaction, respectively.

Let us consider the effect of compression of a lattice parameter on the superex-
change interactions acting along that parameter. A decrease in lattice parameter
along any direction usually produces shorter bond lengths and/or smaller bond an-
gles (i.e., angles away from 180◦) along said direction. Shorter bond lengths increase
the overlap of orbitals and produce larger hopping amplitudes, whereas smaller bond
angles result in less overlap and correspondingly reduce hopping. These effects have
opposite trends and the same follows analogously for expansion of the lattice pa-
rameter. Thus bond lengths and bond angles contribute oppositely to the hopping
amplitude for a given change in lattice parameter. However, DFT-based studies per-
formed for the related compounds; LaVO3 and YTiO3 revealed that the effects of the
bond length change on the hopping amplitude, dominate over the bond angle effect
[210]. As we will see in the next chapter (Chapter 6), our results of the Raman study
on LaVO3 films indeed agree with this prediction. Therefore c-axis compression is
expected to enhance J along the c-axis, through bond length reduction.

Furthermore, since the orbital exchange constants in the C-SO/G-OO phase, are
much larger along c-axis than in the ab plane, we expect any given change in the
c-parameter to have a larger impact on the G-OO phase, compared to a similar
change in the ab plane. Thus, here it is likely that we meet the criterion of J >
Vc along the c-axis, creating the observed G-OO phase stabilization in the film on
YAO(110), under compressive strain.

By this rationale, the opposite effect of C-OO phase stabilization must occur for
the samples with c-axis elongation, i.e. the tensile-strained samples on the (110)
facet and the compressively strained sample on the (001) facet. We indeed observed
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5. Epitaxial strain effect on orbital ordering of YVO3

this effect for the (001)-oriented film (Fig. 5.9), which shows an enhanced TOO2/SO2

compared to bulk YVO, whereas the (110)-oriented films did not exhibit a clear en-
hancement (Fig. 5.5(b), Fig. 5.8(b)). In the next section, we will highlight a possible
reason for this difference, based on the influence of lattice effects, i.e. the Vc term.
Note that, as mentioned in chapter 1, the model Hamiltonian [55] that we consider
here does not include a lattice term that favours the G-OO/C-SO phase, in contrast
to other models that include a JT term for this phase [57]. Nevertheless, since this
model captures the competing nature of the two spin-orbital phases, we utilize it to
qualitatively explain our results. Furthermore, as discussed in Sec. 1.2.3, a study of
PrVO3 thin films under compressive strain along the c-axis indicated an increase in
the spin ordering temperature (TSO1) [14], and attributed this to a strengthening of
the superexchange interactions, in line with our explanation. Further investigation
is required to resolve whether the stabilization of the G-OO/C-SO phase is due to
an enhancement of the superexchange interactions alone, or its combination with
some lattice effects that are not included in this model Hamiltonian.

Lattice effect

The lattice effects, represented by HV favours the C-OO phase and comprises many
different lattice contributions [51, 55]. An important one of which is the R-O co-
valency effect. As outlined in detail in the introduction (Sec. 1.2.3), hydrostatic
pressure studies of single crystals of YVO have observed that the C-OO phase is
stabilized under pressure. This stabilization was attributed to the Y-O covalency
effect [6]. Thus, for our discussion, we will base our qualitative arguments on the
assumption that the R-O covalency effect is the main contribution from the Vc term.

More generally, the A-cation covalency effect in AMO3 perovskites was studied
for manganites, titanates and vanadates using Hartree-Fock calculations, and by
comparing the energies of different Jahn-Teller (JT) distortions. They revealed that
the d-type JT distortion corresponding to C-OO phase becomes lower in energy
than the a-type JT distortion, associated with the G-OO phase, only when the A-O
covalency effect is included in their calculations [211]. The energy of the d-type
distortion is lowered, because it involves A-cation displacements, in contrast to the
a-type distortion. These displacements reduce the average A-O nearest neighbour
distances and lower its energy due to increased A-O hybridization. The said cation
displacement necessarily involves the movement of the A-cation predominantly along
the orthorhombic b-axis, which corresponds to the x+y direction in the pseudocubic
frame of reference. Thus, if x and y decrease, this distance will be reduced and the
A-O covalency effect would be enhanced.

Fig. 5.11 shows the trends of the pseudocubic lattice parameters for the films
that we studied. For the (110)-oriented samples, y and z are in the plane of the
sample and x is normal to the plane. Thus for the films under tensile strain, on
NGO(110) and DSO(110), y increases and x decreases. On the other hand, for the
compressively strained sample, on YAO(110), y decreases and x increases. In both
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Figure 5.11.: Schematic explaining the R-O covalency effect in YVO film (a,b) under
tensile and compressive strain on (110) oriented substrates, respectively, (c)
under compressive strain on (001) oriented substrate. The arrow indicates
the direction of the Y-cation displacement associated with the d-type JT
distortion that gives rise to the C-OO phase.

cases, out of x and y, one is expanded and the other is reduced, possibly keeping x+y
largely unchanged and hence Vc remains more or less constant. On the contrary, for
the (001)-oriented film, x and y are in the plane and z is normal to the plane of
the sample. Therefore here, under compressive strain on YAO(001), both x and y
decrease, creating a condition where Vc would be enhanced as x+ y reduces.

As we noted before, of the samples that have c-axis elongation, the compres-
sively strained film on YAO(001), showed a larger extent of C-OO stabilization,
with TOO2/SO2 ∼ 145K. Whereas, the (110)-oriented films on NGO and DSO under
tensile strain showed a TOO2/SO2 ∼ 70-75K, close to bulk YVO. We attribute this
difference to the fact that for the (001)-oriented sample, the trends of both parame-
ters involved in the condition of J < Vc favour the C-OO phase, i.e. J reduces and
Vc increases. Whereas, for the (110)-oriented samples, J decreases slightly but Vc
remains unchanged.

At this point, we re-examine the hydrostatic pressure studies done on bulk YVO,
which revealed that the C-OO phase was stabilized under high pressure. Hydrostatic
pressure is essentially isotropic compressive strain, where due to bond length con-
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5. Epitaxial strain effect on orbital ordering of YVO3

traction, both Vc and J increase. The C-OO stabilization was therefore explained
as the dominance of the Vc term over J [6]. Biaxial epitaxial strain allows us to sep-
arate these effects and create situations where the changes in J and Vc collectively
favour the same phase, i.e. where one is enhanced and the other is reduced. The
compressively strained sample on YAO(001) exemplifies this, where the changes in
both the effects stabilize the C-OO phase.

5.3.9. Conclusion

In conclusion, we investigated the effects of heteroepitaxy on the spin-orbital phases
of YVO, using polarized Raman spectroscopy and ellipsometry.

Using oxygen stretching phonons that couple with the orbital ordering patterns,
we examined the orbital ordering in YVO thin films grown on NdGaO3(110), YAlO3(110),
DyScO3(110) and YAlO3(001) substrates. Our results show that compression of the
orthorhombic c-axis in the (110)-oriented films, stabilises the G-OO phase, whereas
elongation of the c-axis in (001)-oriented films, favours the C-OO phase. By consid-
ering the individual influence of the sign of strain, degree of strain, and orientation
of the unit cell, we attributed these results to changes in the superexchange inter-
actions and lattice effects that are known to compete in bulk RVO3, where they
favour the G-OO/C-SO and C-OO/G-SO phases, respectively.

The G-OO phase stabilization for c-axis compression in (110) orientation is in-
terpreted as an enhancement of superexchange interactions induced by bond length
contraction along the c-axis. The C-OO phase stabilization for c-axis elongation
in (001) orientation, is ascribed to a strengthening of lattice effects as well as a
reduction of superexchange interactions. The former is explained by an increased
Y-O hybridization via a decrease of Y-O bond lengths along the b-axis, whereas the
latter is attributed to bond-length elongation along the c-axis.

Below, we summarise the main points of our findings and arguments, that led to
the above conclusions:

• Effect of the sign of strain:
The impact of the sign of strain was investigated in YVO thin films synthe-
sized on (110) facets of three different substrates. The films were found to
follow the (110) orientation in all three cases. NGO and DSO provide tensile
strain, whereas YAO provides compressive strain. For both films under tensile
strain, the orbital ordering phases and their transition temperatures are more
or less bulklike, with TOO2/SO2 ∼ 70-75K. Whereas, for the film under com-
pressive strain on YAO, the G-OO phase was already well developed at low
temperatures (at 20 K) where it co-exists with the C-OO phase. This in stark
contrast to bulk YVO, where the G-OO phase only sets in above ∼ 77K, as
the C-OO phase disappears.

Additionally, a decrease in the TOO2/SO2 temperature to ∼ 60K was observed
for this film, suggesting that the C-OO phase is concurrently weakened in the
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film, which demonstrates the competing nature of these two phases. Ellipsom-
etry measurements of films grown on DSO and YAO revealed that the size
of the transition from the C-OO/G-SO phase to the G-OO/C-SO phase, is
smaller for the film on YAO compared to the film on DSO. If part of the sample
is already transformed into the G-OO/C-SO phase at low temperatures, this
fraction will not contribute to this transition. Thus we conclude that a portion
of the sample is frozen with the G-OO/C-SO phase, in agreement with results
from the Raman study. Furthermore, ellipsometry detects the electronic spin
and orbital ordering transitions, instead of the associated structural transi-
tions observed using OO-coupled phonons by Raman spectroscopy. Therefore,
this confirms that the transition at TOO2/SO2 is not only structural but also
electronic. In particular, this implies that the SO phases that couple with the
OO phases in bulk YVO, also accompany them in the films, and are similarly
modified by strain.

• Effect of relaxation:
YAO is the only commercially available orthorhombic substrate that can pro-
vide compressive strain for YVO. But, due to the partial relaxation of the film
on this substrate, the G-OO stabilization cannot definitively be attributed
to epitaxial strain, before ruling out relaxation as a possible cause for this
behaviour. Therefore, we chose to intentionally synthesize a thin film on
DSO(110), that is partially relaxed and under tensile strain. The phonon
behaviour of this film indicated that it was qualitatively akin to the film on
NGO, with a similar transition temperature (TOO2/SO2) and therefore also
bulklike. The main difference between the two was a broader transition for
the film on DSO, compared to NGO, due to the strain gradient created by
the partial relaxation. This implies that partial relaxation cannot explain the
G-OO phase stabilization on YAO(110).

Another effect of relaxation was observed from the thickness dependence of
the films grown on NGO(110) and YAO(110). All films on NGO were fully
strained, whereas the films on YAO were partially relaxed with the relative
amount of the relaxed portions, increasing with the thickness. For the samples
on YAO, the ratio of the integrated intensities of the G-OO peak to the C-OO
peak at 20K revealed that the relative amount of C-OO increased with thick-
ness. Ellipsometry performed on two films with different thicknesses grown on
YAO, showed that the size of the transition at TOO2/SO2 is much smaller in the
thinner film. These observations suggest that the relaxed portion of the film
has bulklike behaviour and strongly support the idea that the G-OO phase is
indeed stabilized by the compressive strain.

• Facet dependence:
Having concluded that compressive strain favours the G-OO phase, we were
then interested to ascertain whether the facet of the substrate is important.
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5. Epitaxial strain effect on orbital ordering of YVO3

Thus, we chose to study a compressively strained film on the (001) facet of
YAO. Surprisingly, the temperature dependence of the phonons revealed that
the film did not show a behaviour characteristic of G-OO phase stabilization,
but on the contrary displays an enhancement of the C-OO phase. We deduced
a clearly higher transition temperature of TOO2/SO2 ∼ 145K for this film. This
implies that the facet is indeed extremely consequential in determining the
properties of YVO.

To explain these results, we turned to the model Hamiltonian of RVO3, that contains
two competing terms: superexchange interactions and lattice effects.

The superexchange interactions that support the G-OO/C-SO phase are strength-
ened by compressive strain along the c-axis, due to bond-length contraction. The in-
teractions along the c-axis are particularly important, since it is along this axis that
the G-OO(/C-SO) and C-OO(/G-SO) phases are differentiated from each other.
Additionally, since the orbital exchange constant along the c-axis is about ten times
larger than that in the ab plane, any given change in bond length along the c-axis is
more consequential than in the ab plane. Thus, the enhancement of superexchange
interactions (J) along c-axis, explains theG-OO phase stabilization in (110)-oriented
compressively strained films.

The lattice term in the Hamiltonian is a phenomenological term that contains
many effects that together favour the C-OO phase. Of these, the A-O covalency
effects were suggested to be a dominant contribution by Hartree-Fock calculations
performed for AMO3 perovskites [211]. Hydrostatic pressure studies on YVO3 also
used the same idea to explain the stabilization of C-OO under high pressure [6].
The Y cation movement that stabilizes the C-OO phase must necessarily take place
roughly along the b-axis. This is equivalent to the x+y direction for the pseudocubic
unit cell. Therefore, if the bond lengths along x + y are reduced, the lattice term
would be enhanced and the C-OO phase would be favoured.

For the (110)-oriented samples; y, z are in the plane and x is out of the plane,
whereas for the (001)-oriented samples; x, y are in the plane and z lies out of the
plane. So, for compressive and tensile strain along (110) orientation, out of x and
y, one will increase and the other would decrease. Therefore, it is plausible that
this term remains somewhat constant. In the case of the (001)-oriented samples,
both x and y decrease under compressive strain which would reduce the bond dis-
tances along x + y and enhance the lattice contribution that stabilizes the C-OO
phase. Altogether, the enhancement of lattice effects (Vc) and reduction of superex-
change interactions (J) along c-axis, explain the C-OO phase stabilization under
compressive strain for (001) orientation.

To conclude, our results provide valuable insights to disentangle the contribution
of the competing interactions in RVO3 and exemplify the advantages of using epitax-
ial strain for tuning its phase diagram. For example, as mentioned before, epitaxial
strain can create conditions where, out of J and Vc, one increases and the other
decreases, so that they collectively favour the same phase. We observed an illustra-
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tion of this in the (001)-oriented film under compressive strain, where both effects
favour the C-OO phase (Vc increases and J decreases). Similarly, a condition where
both effects favour the G-OO phase could possibly be attained in (001)-oriented
films under tensile strain or (010)-oriented compressively strained films, providing
an intriguing perspective for future studies.
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6. Strain dependence of orbital
ordering in LaVO3

In this chapter, we present the results of our investigation of orbital ordering in
LaVO3 thin films, under epitaxial strain. As we learnt in Chapter 1, LaVO3 (LVO)
is located on the far right of the phase diagram, having the largest R-cation in the
RVO3 series (Fig. 1.5). It exhibits a ground state characterized by the G-OO/C-
SO phase with the ordering of spins taking place at TSO1, which is slightly greater
(about 2K) than the first-order orbital ordering transition at TOO1 ∼ 140K [54].
Similar to YVO3, a B1g in-phase oxygen stretching phonon around 89 meV in LaVO3

couples to the G-OO phase, as a consequence of its associated a-type collective
JT distortion. As mentioned before, most of the literature pertaining to RVO3

heterostructures are studies performed on LaVO3. Vrejoiu et al. carried out Raman
scattering studies of LaVO3 thin films and multilayers, which indicated that the
TOO1 transition temperature could be modified under both, tensile and compressive
strain on DyScO3 and LaGaO3, respectively [13, 76]. The lattice mismatch (m)
of LaVO3 on LaGaO3(110) is ∼ 0.82% and on DyScO3(110) is ∼ -0.75%. The
motivation of our study was to increase the lattice mismatch to larger values and
possibly enhance the magnitude of strain-induced changes. Therefore we chose to
study LaVO3 thin films grown on NdGaO3 (110) with m ∼ 1.7 % and on GdScO3

(110) with m ∼ -1.1 % (see Appendix A.3).
The outline of the chapter is as follows. We start with the description of the

Raman scattering in bulk LaVO3, followed by the growth and characterization of
the thin films. We then present the polarized Raman spectroscopy results, where
we utilize the temperature dependence of a B1g phonon associated with the G-OO
phase. Our results for the LaVO3 films are in consistence with those of YVO3 films,
where we observe that c-axis compression and elongation favour and oppose the G-
OO phase, respectively. We use qualitative arguments to explain these results based
on the model Hamiltonian of RVO3.

6.1. Raman scattering in bulk LaVO3

Miyasaka et al. have investigated the Raman spectra of a bulk LaVO3 single crystal,
where they observed changes in the intensity of several modes when going across the
TOO1 transition [19]. In the G-OO/C-SO phase, they found an intense mode around
62 meV in the y(zz)y polarization configuration, which is assigned to a two-orbiton
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Figure 6.1.: (a) Raman spectra of bulk LaVO3 single crystal in y(xx)y and y(zz)y po-
larization configurations taken at 4.2 K, digitized from Fig. 2(a) of Ref. [19].
The position of the G-OO phonon is indicated by the green triangle. (b) In-
tegrated intensity of the G-OO phonon, digitized from Fig. 3(a) of Ref. [19].
The transition temperatures of LaVO3 are marked by dotted lines.

and a B1g oxygen stretching phonon, around 89 meV in the y(xx)y configuration,
which as was just mentioned, is the mode we utilized to study the orbital ordering
in LVO films.

Fig. 6.1 displays the digitized Raman spectra of bulk LaVO3, around 70 - 90
meV from Ref. [19]. The G-OO phonon mode is observed in the temperature range
of T< 140K, indicated by the green triangle. [Fig. 6.1(a)]. This mode has B1g

symmetry and thus appears in the (xx) polarization configuration (see Sec. 2.3.5).
Due to the first-order nature of the orbital ordering transition in LaVO3 [54], the
intensity of this phonon shows a sudden drop at TOO1 [Fig. 6.1(b)]. Finally, we also
note that in this energy region, there are no modes visible in the y(zz)y configuration.
Hence, here, polarized Raman spectroscopy can be utilized to reveal the orientation
of the film unit cell, as we will see later.

6.2. Results and discussion

6.2.1. Experimental details, characterization and structural
analysis

All experimental details, regarding both the Raman measurements and PLD growth
parameters of the thin films are identical to YVO3 films, discussed in chapter 5,
Sec. 5.2.

Fig. 6.2(a,b) shows the XRD of LaVO3 thin films on (110)-oriented NdGaO3

(NGO) and GdScO3 (GSO) substrates. For each part (a,b), the XRD scan of an
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Figure 6.2.: Characterization of LVO thin films on (a) NGO(110) and (b) GSO(110)
substrates. The top and bottom panel of each part displays the out of plane
XRD scans and RSMs of the {103} family of in-plane reflections, respectively.
The circles mark the positions of the film peaks.

out-of-plane reflection is shown on the top, and the reciprocal space maps of the
{103}pc family of in-plane reflections are shown in the bottom panel. Bulk LVO
has an orthorhombic Pbnm space group with room temperature lattice parameters
a = 5.553 Å, b = 5.555 Å, c = 7.849 Å[160]. The corresponding pseudocubic
parameters are: apc = 3.924Å (along a + b), bpc = 3.924Å (along a - b), and
cpc = 3.922Å (along c). The presence of the Laue fringes in the out-of-plane XRD
scans observed for both films indicates their good crystalline quality. Since LVO is
under tensile and compressive strain on GdScO3 and NdGaO3 substrates, the out-
of-plane lattice parameter of the film is smaller and larger, respectively, than the
bulk average pseudocubic value of ∼ 3.92Å.

From the RSMs of the samples, it is clear that the film on GSO is fully strained,
having the same Qx value, whereas the film on NGO is slightly relaxed with a smaller
Qx value than the substrate, as expected for partial relaxation under compressive
strain. This difference possibly arises from the larger magnitude of lattice mismatch
(m) for LVO on NGO (m ∼ 1.7 %) compared to GSO (m ∼ -1.1 %) (see Appendix
A.3). Next, observing the azimuthal dependence of the RSMs, we see that the
substrate peaks display the characteristic pattern associated with in-plane c-axis
orientation. On the other hand, the LVO film peaks on both substrates fall in a
nearly straight line, implying that the pseudocubic unit cell of the film does not
have a sizeable inclination with respect to the azimuth. This is distinctly different
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from the behaviour of the YVO films on (110)-oriented substrates (Sec. 5.3.1). Since
LVO has a very small orthorhombic distortion, (i.e. b/a ratio), the straight-line
pattern of the film peaks could mean two different things; either that the c-axis
lies out-of-plane, (as we inferred for YVO films on (001)-oriented substrates) and/or
that there are 90◦-oriented domains having c-axis in the plane of the sample [212].
To identify the c-axis orientation using XRD, one therefore requires half-order peak
analysis (see Sec. 4.3.3). As was mentioned in Sec. 2.3.5, an alternative way to
probe the orientation is to use polarized Raman spectroscopy. In the next section,
we will discuss the polarized Raman spectra of the LVO films, which revealed that
the c-axis of the film is predominantly out-of-plane of the sample, for the films on
both substrates.

6.2.2. Polarization dependence

We measured the Raman spectra with polarizations along the two in-plane directions
with the sample oriented as shown in Fig. 2.12(a), since the substrate edges are along
(110) and (001) directions. Fig. 6.3 displays the spectra of the LVO film on NGO and
GSO taken at 20K and 45K, respectively. The features created by the subtraction
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Figure 6.3.: Polarization dependence of Raman spectra of LVO films (a, b) on GSO (110),
taken at 45 K and (c, d) on NGO (110), taken at 20 K. The XX and YY
spectra were measured along the two in-plane directions, with the sample
oriented as shown in Fig. 2.12(a).
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of the substrate contribution (see Sec. 2.3.4) are marked by grey asterisks. In both
films, the B1g mode around 700 cm−1, indicated by green triangles, is clearly visible.
The intensity of this mode appears to be weaker in the film on GSO compared to
the film on NGO. We speculate that this difference arises from the fact that the
strain provided by NGO is compressive, which could enhance its intensity, as this
mode is strongly coupled to the lattice.

In stark contrast to YVO films on NGO(110) and YAO(110) (Chapter 5, Fig. 5.4),
for both LVO films, the spectra along the two in-plane directions (XX and YY) look
rather similar in shape. The slightly lower intensity observed in the XX configura-
tion is attributed to the instrument. Further, comparison with the spectra of bulk
LaVO3 (Fig. 6.1), reveals the presence of the mode around 700 cm−1 (89 meV) in
both polarizations suggesting that the (ab)-contributions are measured along both
directions, which would require an out-of-plane alignment of the c-axis. For the
film on NGO, two other modes marked by the orange and purple open triangles
are also discernible [Fig. 6.3(c)], which Miyasaka et al. assigned to a Jahn-Teller
phonon and 2-orbiton mode in bulk LaVO3, respectively [19]. In the case of the film
on GSO, this energy region is obscured by the subtraction of numerous substrate
peaks. In bulk LVO, these modes are very intense in the y(zz)y polarization, and
are only weakly visible in the y(xx)y configuration. Hence, the fact that the (zz)
polarization is not properly accessed in the films, further supports the inference that
the c-axis orientation is predominantly out-of-plane. In the next section, where we
study the temperature dependence of the B1g mode, we perform the measurements
in the YY polarization configuration and treat it as the y(xx)y spectra.

6.2.3. Strain dependence of orbital ordering

In this section, we examine the strain dependence of the orbital ordering in LVO thin
films under tensile strain on GSO and compressive strain on NGO. As with YVO
films, we follow the B1g phonon that is associated with the G-type OO phase. The
B1g phonons observed in the y(xx)y polarization configuration for the LVO film on
GSO and NGO are shown in Fig. 6.4(a, c), respectively. For both films, the trends
of the phonon intensity through temperature, [Fig. 6.4(b,d)] is similar to bulk LVO
[Fig. 6.1(b)].

Since the structural transition that is concomitant with the orbital ordering at
TOO1 is a first-order transition, we estimate this temperature by taking the derivative
of the temperature dependent G-OO mode intensity (see Appendix A.4). For the
LVO film on GSO, we obtain a value of TOO1 ∼ 155K, which is higher than that of
bulk LVO (TOO1 ∼ 140K). On the other hand, for the film on NGO, we estimate
a smaller value than bulk with TOO1 ∼ 118K. These results suggest that the two
signs of strain have opposite effects on the G-OO phase and generate a difference
of about 35K in the orbital ordering temperatures, between the two films. Tensile
and compressive strain appear to favour and oppose the G-OO phase, respectively.

To understand these results, we recall the expression of the RVO3 Hamiltonian,
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Figure 6.4.: Strain dependence of orbital ordering in LVO films. (a) Spectra of B1g

mode at 45K K and 155K and (b) integrated intensity of G-OO phonon of
LVO film on GSO (110). (c) Spectra of B1g mode at 20 K and 155 K and
(d) integrated intensity of G-OO phonon of LVO film on NGO (110). The
dotted lines indicate the position of the temperature TOO1, identified as the
minimum of the derivative of the G-OO phonon intensity.

explained in equation 1.4, in Chapter 1. For RVO3 with large R-cation size, such
as LaVO3, the lattice effects that favour the C-OO phase (HV term) are not sig-
nificant, since they scale with the degree of GdFeO3-type rotations present in the
system. Thus for LaVO3, the main contribution in its Hamiltonian originates from
the superexchange interactions (HJ term) in equation 1.4. As discussed in Sec. 1.2,
if we solely consider the superexchange interactions, the lowest energy state corre-
sponds to the C-SO/G-OO phase [55] and therefore strengthening the superexchange
interactions, favours this state. In Ref. [57], Motome et al. calculated the orbital
exchange constants of LVO for a C-SO state, using a model Hamiltonian including
JT coupling and spin-orbit coupling, utilizing parameters obtained from LDA + U
calculations and optical experiments. They found that LaVO3 has highly anisotropic
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orbital exchange constants along the c-axis and in the ab plane; Jorb
c = 33 meV and

Jorb
ab = 2 meV.
Here, we explain the results, following the same reasoning that was discussed in

Chapter 5 for YVO3 films, based on the strain-induced bond length changes, which
is shortly summarized here again. We argue that the shorter bonds associated with a
decrease in lattice parameters, lead to an increase in the overlap of orbitals which in
turn produce larger hopping amplitudes along that direction. DFT+U calculations
performed for LaVO3 suggest that this effect should dominate over the opposing
bond-angle trend, where a decrease of hopping amplitude is expected for reduction
of the lattice parameter, since the bond angle becomes smaller (i.e. deviates from
180◦) [210]. For Mott-Hubbard insulators, the hopping amplitude along a direction,
determines the strength of superexchange interactions along that direction [55]. As
the LVO films on both NGO and GSO have c-axis out of plane predominantly, this
implies that the film on NGO has a longer c-axis due to compressive strain. Likewise,
LVO on GSO has a shorter c-axis under tensile strain.

Since the orbital exchange coupling constants are so anisotropic, we expect any
given change in the c-parameter to have a larger impact on the G-OO phase com-
pared to a similar change in the lattice parameters in the ab plane. Therefore,
elongation and reduction of the c-axis with respect to its bulk value, would enhance
and weaken the G-OO phase, respectively. This fits well with our observation of
LVO thin films, where the transition temperature of the G-OO phase decreases for
LVO on NGO with c-axis elongation and increases for LVO on GSO having c-axis
compression.

6.3. Conclusion

In conclusion, we used polarized Raman spectroscopy, to explore the strain depen-
dence on the orbital ordering in LVO thin films grown in NGO(110) and GSO(110)
substrates, under compressive and tensile strain, respectively. Utilising the polarized
Raman spectra of the LVO thin films, we deduced the orientation of the orthorhom-
bic c-axis of the film to be predominantly out-of-plane for both films. We examined
the effect of the sign of strain on orbital ordering by following a B1g oxygen stretch-
ing phonon mode that is known to couple with the G-OO phase of LVO in bulk
[19].

Compared to bulk LVO, a decrease and increase of orbital ordering temperatures
were found in the films with c-axis elongation (under compressive strain) and com-
pression (under tensile strain), respectively. We observed a difference of ∼ 35K in
the ordering temperatures between the films under the two signs of strain. Our
results revealed that tensile and compressive strain appear to favour and oppose the
G-OO phase, respectively. We explained these results based on the enhancement
and weakening of the superexchange interactions due to strain-induced bond length
changes in the films.
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7. Summary and outlook

Rare-earth vanadates (RVO3, R=rare-earth ion or Y) are a class of strongly cor-
related Mott insulators that are distinguished by a rich spin-orbital phase diagram
which emanates from a complex interplay of spin, orbital and lattice degrees of free-
dom. The vanadates exhibit two competing ground states characterized by distinct
spin and orbital ordering (C-OO/G-SO and G-OO/C-SO) patterns, as a function
of the rare-earth cation radius and temperature. Many theoretical and experimen-
tal studies have demonstrated the strong lattice coupling of RVO3, especially in
the members close to the phase boundary between the two ground states. Despite
this, studies employing the heterostructuring approach, have solely focused on RVO3

with larger R cations (R=La, Pr), that are situated far away from the phase bound-
ary of the competing ground states. Hence, in this thesis, we investigated RVO3

(R=Y, La) heterostructures with emphasis on YVO3, which is located close to the
phase boundary and displays both spin-orbital phases, as a function of temperature.
We synthesized films and superlattices of RVO3, using pulsed laser deposition and
examined multiple aspects of heteroepitaxy, using spectroscopic techniques. The
motivation and results of each part of our study, are described below.

In the first study, we investigated YVO3 superlattices with multiple hetero-interfaces
to explore possible depth-dependent modifications in its orbital polarization. The
orbital degree of freedom is an important parameter of control for TMO heterostruc-
tures, that controls the sign of exchange interactions and therefore governs the mag-
netic, optical, and transport properties of a material [16–18]. Thus, heteroepitaxial
stabilization of a particular orbital occupation, i.e. orbital engineering can be used
to induce a host of different phenomena. Compared to eg-systems such as nicke-
lates [40, 213–215] and cuprates [214, 216], orbital engineering is less explored in
t2g-systems in general, where, the interplay between different degrees of freedom is
more subtle due to an overall weaker coupling to the lattice [2, 55].

Therefore we chose to investigate the effects of heteroepitaxy in YVO3-LaAlO3

superlattices (SLs) using x-ray resonant reflectometry. Three superlattices were syn-
thesized on NdGaO3(110) substrates, with stacking sequences that were specifically
designed to enhance the sensitivity to interfacial electronic reconstructions. By mod-
ulating the dielectric tensor, we simulated the dichroic energy-dependent reflectivity
at each superlattice reflection and obtained the depth-resolved x-ray linear dichro-
ism profiles through the YVO3 slab. Since the t2g subset contains three orbitals, all
three directions are involved in the modulation procedure, used for the simulations.
Additionally, due to the anisotropic strain provided by NdGaO3 and the highly in-
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sulating nature of YVO3 which prevents accurate x-ray absorption measurements,
some key alterations were made to the previously established methods of analysis of
reflectivity, developed for eg-systems [94]. Our resultant methodology extends the
existing techniques of reflectometry analysis to a general form, applicable to other
systems.

The extracted depth-dependent profiles, revealed an artificial, layered orbital po-
larization, where the average occupation of the V 3d xz and yz orbitals in the
interface planes next to LaAlO3 is inverted compared to the central part of the
YVO3 slab. This novel phase is stable from room temperature down to 30 K, and
the bulk-like orbital ordering transitions were absent. We qualitatively attributed
the electronic reconstruction to a combination of epitaxial strain and spatial con-
finement by the LaAlO3 layers at the interface.

Further, we elucidated the relationship between the crystal and electronic struc-
ture of YVO3 multilayers and thin films by combining the results from density
functional theory calculations including Coulomb correlation U (DFT+U), provided
through a collaboration with B. Geisler and R. Pentcheva (University of Duisburg-
Essen) and experimental structural analysis using scanning transmission electron
microscopy and x-ray diffraction. We identified the key control parameters to be:
the orientation of the orthorhombic unit cell, the thickness of the YVO3 layer, and
choice of the spacer layer, which are decisive for the observed orbital polarization.
The Pbnm-type YVO3 unit cell follows the orientation of the NdGaO3 facet and
determines which orbitals experience the effects of strain and confinement. Both
of these effects differentiate between the out-of-plane and in-plane direction. Thus,
by placing the c-axis in the plane, we force the system to remove the degeneracy
between the xz and yz orbitals. This is especially consequential, since xz and yz
are the ordering orbitals in YVO3. Our DFT+U calculations show that the finite
orbital polarization occurs only if the c-axis is oriented in-plane. Regarding the
epitaxial strain provided by the substrate, the calculations suggested two ways in
which it altered the electronic structure of YVO3, through the modification of the
out-of-plane parameter. The order of preferred net occupation of xz and yz orbitals
depends on whether the out-of-plane lattice parameter is larger or smaller compared
to its in-plane parameter, which in turn relies on the thickness of the film. Finally,
the effect of spatial confinement, which relies on the large band gap of LaAlO3,
greatly reduces the hopping of electrons across the V-O-Al bonds, thus creating a
preferential occupation of the in-plane orbital, which led to the establishment of the
orbital polarization reversal in the SLs. These results demonstrated that the spe-
cific orientation of the substrate, thickness of the YVO3 slabs in the multilayer and
the choice of the spacer layer material, can be utilized to reliably engineer orbital
polarization [172].

In the second study, we explored the effect of epitaxial strain on the spin-orbital
phases of YVO3 thin films, using polarized Raman spectroscopy and ellipsometry.
Raman scattering studies in bulk RVO3 utilized oxygen stretching phonons around
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700 cm−1, that couple with the structural distortions associated with the C-OO and
G-OO phases [19]. In our study, we employed these modes to methodically examine
various aspects of heteroepitaxy effects on the orbital ordering in YVO3, namely:
the sign of strain, the degree of relaxation, the thickness of film and the substrate
facet. We investigated films grown on NdGaO3(110), YAlO3(110), DyScO3(110)
and YAlO3(001) substrates. Our results revealed that the compression of the or-
thorhombic c-axis in the (110)-oriented samples stabilises the G-OO phase, whereas
elongation of the c-axis in (001)-oriented samples favours the C-OO phase. Finally,
we used ellipsometry, performed by K. S. Rabinovich and A. V. Boris, in collabo-
ration with the Optical Spectroscopy group (Solid State Spectroscopy Department,
Max Planck Institute for Solid State Research, Stuttgart), to confirm that the be-
haviour of the phonon modes indeed corresponds to electronic phase transitions, as
in bulk YVO3.

Theoretical studies of RVO3, using a model Hamiltonian suggested that, depend-
ing upon whether the superexchange interactions or lattice effects dominate, the G-
OO/C-SO or C-OO/G-SO phase is favoured, respectively [55]. Hydrostatic pressure
studies of bulk YVO3 single crystals have revealed a stabilization of the C-OO phase
under high pressure. This stabilization was explained by an enhancement of the Y-O
covalency effects induced by the effects of pressure, based on the results of Hartree-
Fock calculations of ABO3 perovskites [211]. These calculations showed that the
C-OO phase is stabilized when A-O covalency effects are included for compounds
with a large degree of GdFeO3-type rotations, due to A-cation displacements. The
said cation movement that stabilizes the C-OO phase must necessarily take place
roughly along the b-axis. We utilized these studies to qualitatively explain the trends
observed in the YVO3 thin films under biaxial strain. By systematically segregating
the influences of the sign of strain, degree of strain, and orientation of the unit cell,
we attributed these results to strain-induced bond-length changes, which in turn
alter the superexchange interactions and lattice effects and thus favour the G-OO or
C-OO phases under different circumstances. TheG-OO phase stabilization for c-axis
compression in the (110) orientation is interpreted as an enhancement of superex-
change interactions, induced by bond length contraction along the c-axis. On the
other hand, the C-OO phase stabilization for c-axis elongation in (001) orientation,
is ascribed to a strengthening of lattice effects as well as a reduction of superexchange
interactions. Here, the former is explained by an increased Y-O hybridization via
the reduction of Y-O bond lengths along the b-axis, whereas the latter is attributed
to bond-length elongation along the c-axis. Our results help disentangle the contri-
butions of these competing interactions and exemplify the versatile use of epitaxial
strain to modify the phase diagram of RVO3.

Lastly, we investigated LaVO3 thin films under epitaxial strain, using polar-
ized Raman spectroscopy. We synthesized LaVO3 thin films on NdGaO3(110) and
GdScO3(110) substrates, which impose compressive and tensile strain, respectively.
Our results revealed that the c-axis compression and expansion favour and oppose
the G-OO phase, respectively. We attributed these results to the enhancement
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7. Summary and outlook

and weakening of the superexchange interactions due to strain-induced bond length
changes in the films, similar to the YVO3 films.

The results from this thesis lead to some interesting future prospects for vanadate
heterostructures. One intriguing possibility is to investigate orbital excitations with
resonant inelastic x-ray scattering (RIXS). In bulk YVO3, RIXS was used to derive
information about the origin of the orbital ordering [5]. This is particularly inter-
esting, since we suspect an enhancement of superexchange interactions for the films
exhibiting G-OO phase stabilization. As outlined in Chapter 5, biaxial epitaxial
strain, allows to us to separate the contributions of the two competing terms in the
Hamiltonian, i.e. the superexchange interactions and lattice effects, and create con-
ditions where one is enhanced and the other is diminished, and consequently, both
favour the same phase. We observed an illustration of this in the (001)-oriented
compressively strained film, where both the effects favour the C-OO phase. Simi-
larly, a situation where both the effects support the G-OO phase could possibly be
attained in (001)-oriented films under tensile strain or (010)-oriented compressively
strained films, which are planned for future studies.

The combination of insights from our studies, aids in the rational design of multi-
layers through the selection of a suitable spacer layer material, TMO layer thickness,
facet of the substrate, and sign of strain. These control parameters may be employed
to create artificial spin and orbital ordering patterns and stabilize new phases. Our
results also demonstrated that DFT+U calculations are very reliable in describing
these compounds, and thus could be quite profitable in predicting the said new
phases. Such targeted manipulation may even be advantageous in the emerging
fields of orbitronics and spintronics, which rely on the control of orbital occupations
and magnetism in TMOs.

To summarize, in this thesis, we explored many intricate aspects of heterostruc-
turing in RVO3. Strain and interface engineering were found to significantly alter
the properties of these compounds and thus are a promising route to tailor their
properties. Our work exemplifies the varied uses of heteroepitaxy to manipulate the
properties of TMOs and paves the way for tuning the functionalities of quantum
materials in general.
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A. Appendix

A.1. List of abbreviations

ABF annular-bright field
DFT + U density-functional theory with Hubbard U
DSO DyScO3

FWHM full-width at half maximum
GSO GdScO3

LSAT [LaAlO3]0.3 × [Sr2AlTaO6 ]0.7
LAO LaAlO3

LVO LaVO3

MIT metal-insulator transition
NGO NdGaO3

pc pseudocubic
PLD pulsed laser deposition
REXS resonant elastic scattering
RSM reciprocal space map
RVO3 rare-earth vanadates, where R = La-Lu and Y
SCE strongly correlated electron
SL superlattice
STEM scanning transmission electron microscopy
TM transition metal
TMO transition metal oxide
uc unit cell
XAS x-ray absorption spectroscopy
XRD x-ray diffraction
XRR x-ray reflectometry
YAO YAlO3

YVO YVO3
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A. Appendix

A.2. Relations between orthorhombic/monoclinic
and pseudocubic crystal structures

• Lattice parameters

– Orthorhombic to pseudocubic parameters:

apc1 =
co
2

apc2 =

√
a2o + b2o
2

apc3 =

√
a2o + b2o
2

(A.1)

For (110)-orientation
apc1 and apc2 lie in the plane and apc3 lies out of the plane.

For (001)-orientation
apc2 and apc3 lie in the plane and apc1 lies out of the plane.

In the case of (110) orientation, the monoclinic angle γ, is likely to deviate
from 90◦, since it is the angle formed between the two parameters a and
b that have the freedom to distort in the out-of-plane direction. The
deviation of γ from 90◦ makes the film crystal structure transform from
orthorhombic to monoclinic. The monoclinic parameters are related to
the pseudocubic parameters (apc ∥ c, bpc ∥ a+ b and cpc ∥ a− b), through
the following relations [43],

– Monoclinic to pseudocubic parameters for (110) orientation:

apc =
co
2

bpc =

√
a2o + b2o − 2aobo cos γo

2

cpc =

√
a2o + b2o − 2b2c

2

αc = acos
(
b2pc + c2pc − a2o

2bpccpc

)
(A.2)
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A.2. Relations between orthorhombic/monoclinic and pseudocubic crystal structures

– Pseudocubic to monoclinic parameters for (110) orientation:

ao =
√
b2pc + c2pc − 2b2pcc

2
pc cos(αc)

bo =
√
b2pc + c2pc + 2bpccpc cos(αc)

co = 2apc

γ =
acos(c2pc − b2pc)

ao bo

(A.3)

Here, apc and cpc lie in the plane and bpc is out of the plane. αc is the tilt
angle of the pseudocubic unit cell [43].

• Miller indices

– Orthorhombic to pseudocubic indices for (110) orientation:

ho = −hpc + lpc

ko = hpc + lpc

lo = 2 kpc

(A.4)

– Orthorhombic to pseudocubic indices for (001) orientation:

ho = −hpc + kpc

ko = hpc + kpc

lo = 2 lpc

(A.5)

Here, subscripts ‘o’ and ‘pc’ stand for orthorhombic and pseudocubic,
respectively, and h, k, l are Miller indices, where hpc, kpc are in-plane
Miller indices, whereas lpc is the out of plane Miller index, with respect
to sample surface. Further, ho ∥ a, ko ∥ b and lo ∥ c.

For all the relations given above, the orthorhombic parameters and Miller indices
correspond to a Pbnm setting. Cyclic permutations are required for conversion to
the standard Pnma setting (see Sec. 2.3.3).
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A.3. Lattice mismatch of YVO3 and LaVO3 thin
films

a b c γ a1,pc∥c a2,pc∥a+b a3,pc∥a+b

Bulk of film YVO 5.279 5.611 7.572 90 3.786 3.848 3.848

Substrate NGO 5.427 5.498 7.708 90 3.854 3.862 3.862
Lattice mismatch 

(110) cut (001) cut

Along a1,pc∥c Along a2,pc∥a+b Along a2,pc∥a+b Along a3,pc∥a+b

-1.76 % -0.28 % -0.28 % -0.28 %

Substrate DSO 5.449 5.727 7.911 90 3.955 3.953 3.953
Lattice mismatch 

(110) cut (001) cut

Along a1,pc∥c Along a2,pc∥a+b Along a2,pc∥a+b Along a3,pc∥a+b

-4.28 % -2.54 % -2.54 % -2.54 %

Substrate YAO 5.18 5.33 7.37 90 3.685 3.716 3.716
Lattice mismatch 

(110) cut (001) cut

Along a1,pc∥c Along a2,pc∥a+b Along a2,pc∥a+b Along a3,pc∥a+b

+2.67 % +3.65 % +2.67 % +2.67 %

a b c γ a1,pc∥c a2,pc∥a+b a3,pc∥a+b

Bulk of film LVO 5.279 5.611 7.572 90 3.924 3.927 3.927

Substrate GSO 5.486 5.749 7.934 90 3.967 3.973 3.973

Lattice mismatch (%)
(110) cut (001) cut

Along a1,pc∥c Along a2,pc∥a+b Along a2,pc∥a+b Along a3,pc∥a+b

-1.07 -1.16 -1.16 -1.16

Substrate NGO 5.18 5.33 7.37 90 3.854 3.863 3.863

Lattice mismatch (%)
(110) cut (001) cut

Along a1,pc∥c Along a2,pc∥a+b Along a2,pc∥a+b Along a3,pc∥a+b

+1.83 +1.67 +1.67 +1.67

Figure A.1.: Lattice mismatch (m) of YVO3 and LaVO3 for the substrates used in this
thesis, defined as m = (al−as)/as [200] in %, where al and as are the pseu-
docubic parameters of the substrate and bulk of film, respectively. The
highlighted values indicate the particular substrate facets used. YVO3

films were found to follow the substrate facet, whereas LaVO3 thin films
were found to have (001) orientation on the (110) facet. The parame-
ters of NdGaO3, DyScO3, YAlO3, and GdScO3 were taken from Ref. [163],
Ref. [217], Ref. [218] and Ref. [217], respectively.
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A.4. Determination of TOO2/SO2 in YVO3 thin films and TOO1 in LaVO3 thin films

A.4. Determination of TOO2/SO2 in YVO3 thin films
and TOO1 in LaVO3 thin films

For YVO films, the C-OO mode was utilized to deduce the TOO2/SO2 temperature,
which pertains to the first-order transition from G-SO/C-OO phase to the G-OO/C-
SO phase. Since the intensity drops rapidly across this transition, we identified this
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Figure A.2.: (a-d) Integrated intensity of C-OO mode (top) and its first order deriva-
tive (bottom) for YVO film on NdGaO3(110), DyScO3(110), YAlO3(110),
YAlO3(001), respectively. The inset displays the Voigt fit of the C-OO mode
at 20 K for each case. The vertical lines mark the TOO2/SO2.
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Figure A.3.: (a-b) Integrated intensity of G-OO mode (top) and its first order derivative
(bottom) for YVO film on NdGaO3(110), GdScO3(110), respectively. The
inset displays the Voigt fit of the G-OO mode at 20K for each case. The
vertical lines mark the TOO1.

temperature using the first order derivative of its integrated intensity.
The minimum of the derivative is a relatively sharp dip and thus requires a large

data point density for an accurate determination of the temperature. Thus, to reduce
the error associated with insufficient data point density, we roughly estimated the
temperature of transition by considering the center of the full width at half maximum
(FWHM) (Fig. A.2).

As mentioned in Chapter 1, LaVO3 exhibits a first order transition at TOO1 from
the G-OO phase to orbital disordered phase. Thus, similar to the YVO films, as
explained above, we deduced this transition temperature by using the derivative of
the G-OO mode intensity (Fig. A.3).
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