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Résumé

La physique des oxydes de métaux de transition est contrôlée par les orbitales
d du métal de transition. La nature de ces orbitales est telle que plusieurs de-
grés de liberté – charge, orbital, spin et réseau – coexistent à des énergies très
similaires. Cette proximité en énergie engendre une interaction entre plusieurs
phases électroniques en compétition les unes avec les autres. L’implémentation
d’oxydes de métaux de transition dans des hétérostructures permet de ma-
nipuler ces phases corrélées grâce aux effets de contrainte et à divers autres
effets dus aux interfaces. La famille des perovskites de nickelates avec la
formule chimique RNiO3, une série de composés connus pour leur transition
métal-isolant marquée et contrôlable, est le sujet de nombreuses études. Le
LaNiO3, en particulier, est un métal corrélé typique qui a un vaste potentiel
d’applications. Afin d’étudier l’effet de la combinaison de ce type de matéri-
aux en hétérostructures, des couches minces de LaNiO3, ont été réalisées par
pulvérisation cathodique et caractérisées en grands détails. Une des méthodes
de caractérisation utilisée dans cette étude, la mesure de pics de Bragg demi-
entiers déterminés par diffraction aux rayons-x a révélé la nature et l’amplitude
des distorsions de la structure atomique de ce matériau. Une étude basée
sur cette technique a mis en lumière l’importance des discontinuités aux in-
terfaces dans la détermination de la structure de ces couches minces. Cepen-
dant, lorsque l’épaisseur de LaNiO3 est réduite à une valeur proche de la limite
atomique, le matériau extrêmement fin entre dans un état électronique isolant
qui n’est pas encore bien compris. Une étude sondant cette dépendance en
épaisseur révèle une augmentation de la conductivité pour une gamme réduite
d’épaisseurs. L’étude détaillée de la structure de ces couches minces démon-
tre que cette augmentation de conductivité est due à une compétition entre
plusieurs structures locales présentes à différentes « profondeurs » dans les
couches de LaNiO3. Le comportement électronique fascinant du LaNiO3 à très
faibles épaisseurs peut potentiellement avoir d’importantes implications pour
la réalisation d’hétérostuctures basées sur des couches minces d’une épaisseur
de une seule cellule unité de LaNiO3 qui ont été proposées théoriquement
comme pouvant potentiellement révéler un état fondamental supraconducteur.
La dernière partie de cette étude décrit le concept de supraconductivité util-
isant le concept de « negative U » - l’idée que deux électrons ont tendance à se
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0. RÉSUMÉ

« grouper » sur un site - et comment ce concept pourrait amener à l’existence
de supraconducteurs basés sur les nickelates. Dans le but d’étudier cette possi-
bilité, la solution solide de Nd1−xLaxNiO3 a été caractérisée afin de déterminer
la composition pour laquelle ce matériau pourrait développer un état isolant –
disproportionné – un état pour lequel le NdNiO3 est bien connu – à une tem-
pérature de 0 K.
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Chapter 1

Summary

One of the biggest dreams in the physics of electronic materials is to be able to
engineer any property by design; a goal that is being approached from the side
of theory and from the side of experiment. Historically, the two approaches
have been fairly independent but, with continuing technological development
on both sides, there may eventually be a convergence. More advanced growth
and characterisation of samples in the laboratory is matched by more sophisti-
cated calculations and, as a result, feedback times between theory and exper-
iment are ever-shortening. Optimistically, a future where the workflow goes
from request a property → design a material to give that property → fabricate
the material to meet the specifications is possible. In the domain of metallurgy,
for instance, offering a specific set of material properties as a deliverable is
nothing new.

The transition metal oxides make up a family of materials that offers a huge
range of engineerable properties, perhaps none so famous as high temperature
superconductivity. The underlying mechanism for high temperature supercon-
ductivity has, so far, been difficult to pin down. This makes it challenging to
know how to tune the critical temperature higher or engineer other properties
to coexist with the superconducting state. The best efforts so far have been
made by studying similar or analogous compounds and empirical observation.

The search for a synthetic superconductor serves as one of the motivations
in this work, which focusses on heterostructures of LaNiO3. Particular attention
is paid to highlighting the challenges associated with working on complex oxide
heterostructures and the ramifications these can have for future tailor-made
oxides.

This thesis begins, in Chapter 2, by introducing transition metal oxide per-
ovskites through describing their structure and properties and by establishing
the intimate link between the two. It then goes on to a discussion of the field
of thin film physics, in particular the challenges associated with such research.
The final section of Chapter 3 brings together the key points of the previous
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1. SUMMARY

chapter on perovskite oxides and the ideas of thin film physics just introduced
to describe the fascinating area of research that is thin film perovskite oxides.
Chapter 4 brings to the forefront a particular family of these materials; the
rare earth nickelates, RNiO3. First, the physics of nickelates is summarised and
the phase diagram is introduced with a discussion on the various transitions
therein; metal-insulator, Néel and structural. Secondly, some physics specific to
LaNiO3 is discussed; namely the possibility of magnetic ordering and the idea
of engineering superconductivity into nickelate-based heterostructures. Chap-
ter 5 contains descriptions of all the experimental techniques carried out as
part of this thesis work. One of the techniques in particular warrants a chapter
of its own so Chapter 6 is dedicated to the study of oxygen octahedral dis-
tortions in perovskites by x-ray diffraction and is rounded up by the results of
this analysis on two different oxide heterostructure systems. Chapter 7 begins
with a curious trend seen in electronic transport on ultrathin films of LaNiO3

and the rest of the chapter is devoted to unveiling the origin. Then, the chal-
lenges in heterostructuring in a predictable way are discussed in the context
of property-by-design materials science. The penultimate chapter, Chapter 8
introduces the concept of valence skipping elements and negative U insulators
and the possible implications for designing a nickelate-based superconductor
in a novel way. To this end, the solid solution system Nd1−xLaxNiO3 is charac-
terised and the results are shown in the second part of that chapter. The thesis
is brought to a close by Chapter 9 where the work discussed in the preceding
chapters is summarised and some conclusions drawn. The final word will be
perspectives and some outlook for potentially exciting future projects.
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Chapter 2

Introduction to Perovskite
Oxides

2.1 Structure

Perovskite, with the chemical formula CaTiO3, was discovered in 1839 in the
Urals. It has a structure consisting of a cage of six oxygen anions surrounding
the titanium cation in an octahedron. In the spaces between the octahedra, the
calcium cations are found. There are many other compounds that share the
same basic structure, sometimes referred to as “perovskite-like” to distinguish
from the mineral itself but usually just called “perovskites” [1]. Generalising
from CaTiO3, the calcium can be replaced by almost any alkali metal, alkali
earth metal or rare earth lanthanoid and this atomic site is denoted the A-site.
The titanium, on the B-site, can be exchanged for some post-transition metals
but usually it has its place taken by another transition metal, making up the
transition metal oxide (TMO) perovskite series [2]. The A-cation primarily
determines the valence of the B-cation and plays a structural role while the
B-cation itself typically defines the physics.

The perovskite structure can be simplified to a network of corner-sharing
oxygen octahedra, where a single octahedron constitutes the pseudocubic unit
cell. The use of the pseudocubic unit cell is for convenience only as it is seldom
the primitive unit cell, not even for the original perovskite mineral itself: Due to
the mismatch between the ionic radii of the A- and B-site cations, the oxygen
octahedra are, in almost all cases distorted, leading to a reduced symmetry
and, therefore, larger primitive unit cell. This symmetry-lowering distortion is
sometimes related to the position of the cations, as in ferroelectric compounds,
and sometimes to a distortion of the octahedral shape itself, for instance a Jahn-
Teller distortion or a breathing mode distortion. More often in the perovskite
oxides, however, the distortion takes the form of octahedral tilts or rotations,
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2. INTRODUCTION TO PEROVSKITE OXIDES

A-site cation

O
6
 octahedron

B-site cation

Oxygen

Pseudocubic unit cell

Rhombohedral unit cell R3c Orthorhombic unit cell Pnma

a
pcb
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c
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a
pcb
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c
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a) b)

Figure 2.1: Two common structures of the perovskite oxides highlighting the
fact that they can be visualised as a network of corner-sharing oxygen octahe-
dra. In a) the rhombohedral unit cell and b) the orthorhombic unit cell.

which can be described by a shorthand notation introduced by A. M. Glazer in
1975 [3].

Fig. 2.1 shows two of the most common ABO3 perovskite structures, their
primitive unit cells as well as their pseudocubic (pc) unit cells.

Glazer notation consists of three labels that describe how the octahedra ro-
tate along each of the three crystallographic axes. Each label consists of a letter
and a superscript symbol. The letter can be a, b or c, corresponding to the crys-
tallographic direction in question but if the rotations are equal in magnitude
around more than one axis then the letter is repeated for the other labels start-
ing alphabetically. The magnitude itself is represented by the greek letter α,
β or γ for rotations around the a, b and c axes respectively. The superscript
attached to each letter refers to the manner in which the octahedra rotate. If
all the octahedra along the given axis rotate in the same direction then they
are said to be in phase and the superscript is a +. In the other scenario, where
an octahedron will rotate in the opposite direction to the ones either side of
it along the given axis, the distortion is called out of phase and this is denoted
by a superscript -. For consistency, even if there are no distortions at all, the
superscript is set to 0 and the full Glazer notation is therefore a0a0a0 where,
of course, α = β = γ = 0o. Fig. 2.2 attempts to clarify Glazer notation pictori-
ally. In panel d), for instance, is the common orthorhombic structure Pbnm (a
Pnma unit cell rotated by 90 o). Here, there is an out-of-phase rotation around
the c-axis, which ends up being the long axis in the orthorhombic unit cell, and
out-of-phase rotations of equivalent magnitude around the a and b axes. This
gives a Glazer notation of a−a−c+.

As schematised in Fig. 2.2b)-d), it is possible to move between certain per-
ovskite structures smoothly by slowly turning on the octahedral rotations. This
is not the case for all combinations of structures, however, and Fig. 2.3 sum-
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a0a0a0

Pm3m
Cubic

a0a0c+

P4/mbm
Tetragonal

a-a-c+

Pbnm
Orthorhombic

α
β

γ

x

y

z
a) b) c) d)

Figure 2.2: a) Diagram to show how the Glazer rotations of magnitude α, β
and γ relate to the crystallographic axes of the octahedron. Then an example of
how the gradual onset of octahedral rotations can lead from a cubic structure
(panel b)) to a tetragonal one (panel c)) to an orthorhombic one (panel d)).
For each step the associated Glazer notation and space group are provided.

marises all the possible space groups belonging to the perovskites that undergo
pure octahedral rotations as well as the subgroup relations between them.

The basic perovskite structure is demonstrably flexible, being able to adapt
to the different combinations of A- and B-site cations through numerous types
of distortions. Simply by changing one, or both, of the cations, a whole range
of structures can be accessed with varying symmetries and lattice parameters,
in other words, the lattice has a large degree of freedom. As we will now
see, this is not the only degree of freedom in the perovskite TMOs and the
richness of the crystal structure is reflected, and even multiplied, in the physical
properties [5].

2.2 Properties

Predicting the properties of a material can be done from a quantum mechan-
ical approach by analysing the energy scales of the various microscopic in-
teractions. If most of the interactions can be neglected due to their relative
weakness, the Hamiltonian of the system can be written with very few terms,
making calculation of the total energy rather straightforward. In this case, the
material properties are simple to determine by looking for the electronic con-
figuration that minimises the total energy. Transition metals and their oxides
are not so readily understood, however. They very often have several active
degrees of freedom and a correspondingly rich energy landscape. The funda-
mental reason for this lies in the feature that defines the transition metal block;
d-orbital physics, some key attributes of which will now be described.

Transition metals make up a block of elements consisting of ten groups and
four rows of the periodic table, those to the left are described as “early” and
those to the right are described as “late”, and are defined as having their va-

5



2. INTRODUCTION TO PEROVSKITE OXIDES
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Figure 2.3: All the possible space groups, along with the corresponding Glazer
description, arising from pure rotations of oxygen octahedra within the per-
ovskite structure. The solid lines indicate a smooth, second order-like transi-
tion between the two space groups whereas the dashed lines signify a require-
ment that the phase transition is first order. Where there are no adjoining lines
means that the two symmetries have no group-subgroup relation and no direct
transition is allowed. Adapted from Ref. [4]

lence electrons in the d-shell [2]. The d-orbitals can host up to ten electrons
between the five suborbitals, as illustrated in Fig. 2.4, which are degenerate
in free space. Upon the introduction of a transition metal into a solid, the in-
teraction with the surrounding lattice produces a crystal field that breaks the
d-orbital degeneracy. Inside the O6 cage of a perovskite, for instance, the or-
bitals split into three of lower energy that are directed between oxygen anions
(t2g) and two of higher energy that point towards the oxygens (eg). The crys-
tal field splitting energy is denoted 10Dq, the notation of which comes from
the quantum mechanical treatment of the electrostatics of crystal fields, see
Fig. 2.4.

The d-orbitals are particularly flexible when it comes to the valence state.
While alkali metals with their s-orbitals have only one or two oxidation ions,
transition metals can often be oxidised into four, five, six, or even more, unique
states. Furthermore, the energies of transition metal valences are typically
close to the energy of the oxygen charge state. The transfer of electrons be-
tween the transition metal and oxygen is, therefore, energetically feasible and
so is the transfer of electrons between different transition metal ions via the
oxygen. The charge degree of freedom is thus rather accessible in TMOs but
even when the valences are fixed, usually by the valence of the A-cation, there

6
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d
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2
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Figure 2.4: The shape of the d-orbitals relative to the O6 perovskite cage
grouped according to the reduced symmetry caused by the crystal field (t2g
and eg). The colours correspond to the two signs of the wavefunction.

remain the spin and orbital degrees of freedom.
The degeneracy-breaking brought about by the solid state environment

means that the t2g states will usually be filled preferentially over the eg ones,
as established by the aufbau principle. The ion should also follow Hund’s rule
of maximum multiplicity; that all states should be filled with electrons of the
same spin before being spin paired. This could potentially lead to occupation
of the higher energy eg states before the lower energy t2g states are full, if the
crystal field splitting is not too high. We now see one of the first interesting
features of the TMOs: The crystal field splitting energy, 10Dq, is often around
the same magnitude as the Hund exchange energy, J. This means that the spin
configuration is often very sensitive to external parameters such as pressure,
representing a coupling between the spin and lattice degrees of freedom, for
instance in LaCoO3 [6].

Sometimes, the orbital degree of freedom plays an important role in the
physics of transition metal oxides through the requirement of Hund’s rule of
maximising the orbital angular momentum [7]. This can induce a preferen-
tial occupation of a subset of the d-orbitals, leading to a situation described as
“orbital ordering”. With the ordering often comes an anisotropy in the macro-
scopic behaviour, for example, in electronic transport. Orbital ordering can
prompt a structural distortion, usually Jahn-Teller-like, to occur concomitantly,
indicating an orbital-lattice coupling [8].

As already shown in Fig. 2.4, the d-orbitals are highly directional and, in
an octahedral crystal field, point either towards (eg) or between (t2g) the oxy-
gens. The oxygens themselves have orbitals, however, that hybridise with the
transition metal. This ligand hybridisation between the transition metal d-
orbitals and oxygen p-orbitals is covalent in nature and occurs more strongly

7



2. INTRODUCTION TO PEROVSKITE OXIDES

between the eg-p than between t2g-p due to the geometry of the relevant nodes
(sketched in Fig. 2.5a)). This overlap is directly related to the bandwidth, W
and can be modified by structural distortions such as those described in Sec-
tion 2.1 or, in thin films, by heterostructuring (see the following chapter). In
fact, the bandwidth is roughly proportional to cos2(θ) where θ is the bond angle
between the B-cations through the oxygen (see Fig. 2.5b) and c)), a parameter
of great importance for the nickelate family [9,10].

W

θ

d
xy

d
x

2
-y

2

d
xy

d
x

2
-y

2

2p

2p

a) b)

W

140 150 160 170 180

0.6

0.7

0.8

0.9

1.0

B-O-B bond angle θ (º)

W
max

60%W
max

80%W
max

c)

Figure 2.5: a) Comparison of the hybridisation configurations between the
transition metal d and oxygen 2p states when the t2g manifold is valent (top)
and when the eg manifold is valent (bottom). b) Schematic of the B-O-B bond
angle θ and c) how the bond angle changes the bandwidth, W , by varying the
orbital overlap through structural distortions.

By their very nature, the wavefunctions for the d-orbitals are rather spa-
tially confined, so the electrons within are highly localised. This means that
the energy required to force two electrons to occupy the same site is much
higher for transition metals than for most other elements of the periodic ta-
ble. Those two electrons repel each other due to the Coulomb interaction by
the on-site repulsion energy, the Hubbard U. The fact that electron-electron
interactions are non-negligible in many TMOs leads them to be classed as “cor-
related” materials. The study of electronic correlations and the effect of U on
the physical properties has been extensive with much of this effort focussed
on TMOs. The “simplest” Hamiltonian to describe a single band correlated
material is the Hubbard Hamiltonian:

H = −t
∑

(i,j),σ

c†i,σcj,σ + U
∑
i

ni,↑ni,↓ (2.1)

where the first term represents the hopping of an electron from a site j to a
site i, in other words the kinetic energy of the system, and the second term

8



2.2 Properties

describes the onsite Coulomb repulsion, U. When the ratio U
t is increased, the

original single band is split into two separate bands, denoted the upper Hub-
bard (UH) band and the lower Hubbard (LH) band. If the system has exactly
one electron per site then the LH band is completely filled while the UH band
is totally empty. This prevents any transfer of electrons and results in an insu-
lator that would not be predicted by conventional band theory. The description
of Mott-Hubbard insulators was the first of several successes of the Hubbard
model and, since then, it has been extended to explain the properties of many
oxides of early transition metals, such as Cr2O3 and LaTiO3 [11].

Towards the late transition metals, however, the physics is not dominated
only by d-d excitations (both inter and intra-atomic) but the ligand oxygen be-
gins to play a role due to the alignment of the 2p lobes with the eg orbitals
in space as well as in energy, as shown in Fig. 2.5a). For oxides of late tran-
sition metals, then, the Hubbard model is often found to be insufficient and a
model that takes into account the ligand oxygen was proposed instead [12].
Within this model, there can be an electron transferred from the oxygen p- to
the transition metal d-shell, opening a gap termed the charge transfer gap and
denoted ∆. Many insulating materials, such as CuO, can be understood within
this picture, rendering them charge transfer insulators where the relevant insu-
lating gap is not the Mott gap itself but rather the energy between the p-band
of oxygen and the UH band.

There remain, however, some insulating ground states that still cannot be
explained in the context of either Mott or charge transfer physics. Some high
valence TMOs are, in fact, calculated to have a negative charge transfer energy, -
∆, despite their measured insulating properties. This was eventually explained
by considering that the strong hybridisation between the transition metal d-
and oxygen p- states can open a gap of purely p character between states that
have two holes on the oxygen and states that have none [13]. This will be
discussed further in Section 4 when we delve into the family of oxides of nickel,
a late transition metal.

Fig. 2.6 shows the energy diagrams for the purely d-character Mott-
Hubbard insulator, the mixed p-d-character charge transfer insulator and the
purely p-character negative charge transfer insulator.

We have seen here that the orbital, charge, spin and lattice degrees of free-
dom of correlated transition metal oxides have associated energy scales (usu-
ally on the order of eV) that are very close to one another, leading to an inter-
competition and strong coupling between them. This complex interplay gives
rise to a plethora of fascinating phenomena such as metal-insulator transitions,
exotic magnetism, orbital ordering, ferroelectricity, colossal magnetoresistance
and high temperature superconductivity. Many compounds can exhibit sev-
eral of these phenomena depending upon the external conditions, giving them
a rich phase diagram. The scope of applications of TMOs is correspondingly
wide-ranging. From bolometers, resistive switches and “smart windows” to
water-splitters, batteries and memristors; the potential for commercial use is
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Figure 2.6: Energy diagrams of a) a Mott-Hubbard insulator, b) a charge trans-
fer insulator and c) a negative charge transfer insulator. In each, the red and
blue lines represent the d-character and p-character densities of states respec-
tively and the onsite Coulomb repulsion, U and charge transfer energy ∆ are
marked. Adapted from [13]

great. All this could be possible with further study of TMOs and their available
degrees of freedom.

An interesting approach to studying TMOs is by taking the lattice degree of
freedom as a control knob to manipulate the other degrees of freedom. Tuning
the lattice can be done by chemical substitution, isotope substitution, dynami-
cal excitation with light or application of pressure, either hydrostatic, uniaxial
or biaxial. It is the latter in which we are most interested, the application of
biaxial pressure, or strain, through heteroepitaxy in addition to surface and in-
terface effects that are unique to thin films. The following chapter begins with
a general discussion on this.
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Chapter 3

Introduction to Thin Film
Physics

3.1 What is a Thin Film?

A thin film is simply a solid material but with the third (out-of-plane) dimen-
sion greatly reduced with respect to the first two (in-plane) dimensions. Per-
haps an important question to address is; how thin is a thin film? In the fun-
damental research of perovskite oxides, a thin film could be defined as one
where the film thickness starts to be on the same order of magnitude as the
relevant length scales for the physics, leading to a definition of the dimension-
ality that depends upon the phenomena in question and can vary. An example
would be a “3-D” conductor that becomes a “2-D” superconductor because the
elastic scattering length is shorter than the superconducting coherence length.
For heteroepitaxially-grown films, another definition could be that a thin film
becomes a thick film when the structure begins to relax to its bulk-like param-
eters, losing the effect of the epitaxial strain. In this work, however, thin films
are on the order of tens of nanometers. In Chapter 7 we also make reference to
“ultrathin” films, which can be thought of as films where a large portion of the
depth is taken up by boundary layers, generally less than 2 nm in thickness. As
will be discussed, the ultrathin regime still holds many mysteries.

Films take several forms such as exfoliated lamellae from single crystals or
free-standing films [14]. A common method of obtaining a thin film is to grow
it from scratch onto a substrate, as described in Section 5.1.1. A film could, in
principle, be deposited onto any substrate but in most cases this would result
in an amorphous or polycrystalline film with potentially poor properties. Far
more interesting are films grown epitaxially. This means that the structures of
the film and the substrate are sufficiently similar as to allow the film to grow
with its atoms in registry with the substrate atoms and the crystalline planes
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3. INTRODUCTION TO THIN FILM PHYSICS

parallel to those of the substrate. Epitaxial growth can be done in the situation
where the film is the same material as the substrate or where the two materials
are different; homo- and hetero- epitaxy respectively.

In Fig. 3.1 is illustrated how the unit cell lattice parameters of the film
match those of the substrate in-plane while out-of-plane the c-axis parameter of
the film, cfilm, adapts to conserve as much of the bulk volume as possible by
expanding (compressive) or contracting (tensile).

< >

Compressive Tensile

a) b)

ε
xx

 < 0 ε
xx

 > 0

a
bulk

a
sub

c
film

Figure 3.1: A simplified schematic of epitaxial strain when a) the lattice param-
eter of the substrate is smaller than the lattice parameter of the bulk material
to be grown as a film (compressive strain) and b) when the lattice parameter
of the substrate is larger than that of the bulk material to be grown as a film
(tensile strain).

Biaxial strain can be defined as:

εxx =
asub − abulk

abulk
(3.1)

where asub and abulk are the in-plane pseudocubic lattice parameters of the
substrate and the bulk material to be grown as a film respectively. As a response
to the in-plane biaxial strain, there is a uniaxial out-of-plane strain, εz. By
elasticity theory, the uniaxial out-of-plane strain is of opposite sign to and lower
in magnitude than the biaxial in-plane strain. Since almost all materials obey
conventional elasticity theory, unit cell volume is typically not conserved in
the heterostructuring process and this is captured by the Poisson ratio, ν. The
connection between the in-plane and out-of-plane strains is given by eq. 3.2.

εzz =
2ν

ν − 1
εxx (3.2)

Strain, imposed by heterostructuring, is therefore an effective tool to modify
the structure of the thin film. In materials with highly directional orbitals,
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such as the transition metal oxides, strain can have a profound effect on the
properties of the film.

In addition to strain, and perhaps more difficult to describe, are interfacial
effects, inevitable in growing a thin film on a substrate. These can involve,
for instance, structural texturing, magnetic coupling or charge transfer [15,
16]. The boundary between two materials is a strange place indeed, usually
featuring chemical, structural or charge discontinuities and it is often here that
the strangest phenomena are uncovered. What is difficult is to predict how an
interface will develop and the subject is of great importance because sometimes
interfacial effects are desired. All electronic devices, for example, are built up
from transistors and a transistor is nothing more than a stack of interfaces.
Further discussion of interfaces in the context of transition metal oxides can be
found in Section 3.3.

To summarise, heterostructuring opens up a whole new parameter space
of materials engineering, allowing access to materials sometimes very distinct
from their bulk counterparts and often without a bulk counterpart entirely. The
possible configurations of substrate, thin film layers, doping, reduced dimen-
sionalities and symmetry make the potential “new” materials almost infinite.

3.2 Challenges

As the potential for thin film applications is seemingly endless, so too is the
potential for complications. Thin film physics can be a challenging area to
work in, both for theoreticians and experimentalists. With these challenges
come solutions and here we address some of these.

Already, growing a material as a thin film can be challenging. Due to the
growth conditions, see Section 5.1, some compounds may not stabilise easily
and finding the correct parameters to obtain a stoichiometric, epitaxial film can
be challenging but can often be achieved through a systematic optimisation.

Then, possibly the first challenge in characterising a new thin film sample
is to select the appropriate measurement technique. As the samples are thin
by design, the volume is also small. For scattering-based techniques where the
signal amplitude is proportional to the scattering volume, thin film scientists
must try to salvage intensity in whatever way they can. Tactics have ranged
from seeking out high intensity light sources in order to perform sophisticated
x-ray diffraction (XRD) to arranging multiple thin film samples together in an
attempt to record neutron scattering. The approaches are varied but there is
often the need for long integration times, which can really throttle the experi-
mental throughput.

A somewhat related issue is the influence of the substrate, which has a
scattering volume orders of magnitude greater than the film. The chemical
similarity among perovskite oxides means that often the substrate will produce
a signal in similar conditions to that of the film, sometimes completely obscur-
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3. INTRODUCTION TO THIN FILM PHYSICS

ing the feature of interest. Even if the film signal is visible it can be difficult to
extract information when it appears as nothing more than a broad shoulder on
a sharp and high intensity substrate peak. In Chapter 7, we discuss the Raman
spectroscopy measurements on thin films of only 1nm thickness, results that
were obtained using a depth-profile measurement coupled with sophisticated
numerical analyses to isolate the film signal from the substrate.

Even aside from the difficulties of deconvoluting the substrate effect from
the film, the fact that there is a substrate is enough of a problem already as it
means the film can only be accessed from one side. Experiments in transmis-
sion geometry can be performed but, in general, only with a careful polishing of
the back side of the substrate, which itself, of course, must be transparent and
insulating. Moreover, if there are structural defects in the substrate, these can
be easily carried over to the film so usually a film is only as good, structurally,
as the substrate upon which it is grown.

It is clear that thin film experiments come with a whole host of obstacles
but it is, nevertheless, possible to obtain high quality substrates, grow a high
quality film and go on to measure. This leads to the next challenge; how to
understand what is observed.

Often, the film will have a response to the biaxial strain that was not fore-
seen. It can, for instance, form defects or structural distortions instead of pure
changes in bond length. This is summarised for perovskite thin films, which
will be introduced in the following section, in Fig. 3.2.

The coupling of the film to the substrate structure is also non-trivial. Sub-
strate termination (in (001)-oriented perovskites, this means A-site or B-site
terminated) can drastically change the properties of the film. Chemical and
polar discontinuities as well as symmetry mismatches can all play a role in
determining the physics of the film. This means that reliably predicting the
measurable properties of a thin film is not as simple as calculating the effect of
a stretching or compressing of the unit cell.

Multi-component heterostructures are often desired and this adds more het-
erointerfaces to the situation, bringing more complexity. One challenge can be
that the heterointerface is not inversion symmetric, meaning that if material
X is grown on material Y the heterointerface will be different than if material
Y were grown on material X. For instance, a system where the sequence of
growth can change the magnetisation by an order of magnitude [18].

On top, quite literally, of the complications related to the heterointerfaces, is
the difficulty in understanding what is happening at the other interface; the one
with the vacuum on the surface of the film. It is rather a dramatic thing to do to
a material, to suddenly have a surface. There can be uncompensated charges
and unbonded atoms, which can produce reconstructions, either electronically,
chemically or structurally and even all three together.

It may seem that, by contrast, theoreticians working on thin films have it
easy. This could not be further from the truth. In order to produce useful
calculations, a theoretician must first choose the unit cell that they will use to
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Figure 3.2: How a perovskite structure may accommodate strain by inducing
bond length distortions, point defects or octahedral rotations. Adapted from
[17].

represent the material they would like to simulate. The lower the symmetry
of the material, the larger must be the unit cell and the more computationally
intensive the calculation becomes. To accurately represent an ultrathin film,
for instance, the unit cell should be taken as a column through the depth of
the film to allow for the fact that the lattice structure most likely evolves from
interface to surface. The need to account for the reduced symmetry, plus the
discontinuities at the boundaries, means that very quickly the limit of com-
putational power is reached. In Chapter 7, we report the results of density
functional theory calculations that take into account the full reduced symme-
try of the film as well as a coupling with the substrate and the effect of the
open surface. In those calculations, the maximum film thickness it is possible
to calculate is ten unit cells.

The challenges associated with simulating, measuring and understanding
thin films are daunting. There is, however, hope. On both the experimental
and theoretical sides, advances are continually being made, conceptual as well
as technical. It is only with further development along both these avenues
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3. INTRODUCTION TO THIN FILM PHYSICS

that the feedback between theory and experiment can be on the order of hours
rather than years and the ultimate goal of tailor-made functional materials can
finally be realised.

3.3 Thin Film Perovskite Oxides

As discussed in Chapter 2.1, the highly adaptable unit cell of perovskite ox-
ides means that there are hundreds of isostructural crystals all with very sim-
ilar lattice parameters. The modular nature of the pseudocubic cell means
that the structures, and therefore the properties, are highly engineerable as
heterostructures. The first step when growing a heterostructure is to select a
substrate either to apply the desired biaxial strain level, impose a specific sym-
metry at the interface or, if the substrate-induced effects are not critical to the
study in mind, as simply a means to an end. Fig. 3.3 shows some of the most
common single crystal substrates used for oxide heterostructures as well as the
bulk structures of LaNiO3 and NdNiO3 used in this work. Prompted by the
discovery of high temperature superconductivity in perovskite-like cuprates in
the 1980s, many perovskite oxides are commercially available as high quality
single crystals, marketed and sold as substrates for thin film growth with a
polished surface and known crystallographic orientation. In fact, the substrate
LSAT, used in this work frequently, was specifically designed to have a match-
ing lattice parameter to YBa2Cu3O7−x, the first superconductor found with a
critical temperature above the boiling point of nitrogen.

Upon integration in a thin film heterostructure, a TMO may take on rather
different properties with respect to the bulk due to the sensitivity of the orbitals
to the lattice, as described in the previous section. The primary mechanism by
which this is achieved is through the epitaxial in-plane strain. This can be
viewed as a tetragonal distortion imposed upon the pseudocubic unit cell of
the material. If the oxygen octahedra do not rotate and there are no defects
induced in the lattice then all of this tetragonality is accommodated by the
bond lengths in a Jahn-Teller-type distortion. The application of compressive
strain would decrease the length of the in-plane B-O-B bond while the out-
of-plane B-O-B bond is stretched. The increased proximity of the in-plane d-
orbitals to the negative oxygen ions serves to push the energy of these orbitals
up while, at the same time, stabilising the out-of-plane orbitals that now find
themselves with more space to occupy. If the compressive strain is large enough
it is reasonable to assume that we may achieve the situation where there is a
strong preferential occupation of the out-of-plane orbitals compared to those
in-plane, whereas the opposite would occur upon application of tensile strain.
This concept of breaking the orbital degeneracy is schematised in Fig. 3.4.

Manipulating the orbital occupations by heterostructuring, sometimes
called orbital engineering, has been suggested as a potential route towards
achieving superconductivity in oxides that are not superconducting in bulk.
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Figure 3.3: A selection of single crystal substrates for thin film oxide growth
arranged according to their pseudocubic lattice parameter and compared to
the bulk structures of some materials commonly grown as thin films, including
those of this work, LaNiO3 and NdNiO3. The colours indicate the symmetry.

See Section 4.6 for a discussion on how this is relevant for studies on LaNiO3-
based heterostructures.

Thin films of perovskite oxides are particularly susceptible to depth-
dependent variations of structure due to the rather liberal matching conditions
from each epitaxial layer to the next: In the (001) crystallographic orienta-
tion this consists of just one oxygen atom per octahedron, leaving a great deal
of freedom to distort. The propagation of structural distortions has been ob-
served in, for example, transmission electron microscopy measurements and
x-ray diffraction but is a computationally intensive effect to capture in theory
owing to the large unit cells that would be required [19,20].

It is not only the structure that can exhibit a depth-dependent profile but the
charge as well. O2− is a highly polarisable ion meaning that it can help accom-
modate significant local modulations of charge in the TM lattice by Coulomb
screening the field on a short length scale. Distributions of charge that would
otherwise be energetically unstable can build up. Particularly essential in thin
films of TMOs, short range modulations are often found at the interface and at
the surface [21].

These depth-dependent modulations of the charge and lattice degrees of
freedom, which are themselves often coupled to the orbital and spin degrees
of freedom, add another layer of complication to the design of functional ox-
ide heterostructures. On the other hand, they are part of the reason for the
rich and fascinating physics of this class of materials. For example, the inter-
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Figure 3.4: How the degeneracy of the eg and t2g manifolds should be lifted
from the non-strained (central) to the strained (on either side) octahedra. De-
pending on the sign of the strain, either the in-plane or out-of-plane orbitals
will be favoured.

face between the band insulators LaAlO3 and SrTiO3 is not only conducting
but superconducting [22,23]. As another example, LaMnO3, an antiferromag-
net, becomes ferromagnetic when grown as a thin film on SrTiO3 [24]. These
are emergent phenomena, which may only manifest because of the d-orbital
physics of transition metals coupled with the interface physics of heterostruc-
tures.

Fig. 3.5 summarises, in a simplified manner, the various mechanisms by
which heterostructuring allows the degrees of freedom of a complex transition
metal oxide to be manipulated.

We now see that we are working at the intersection of two intricate ar-
eas of physics. This means we must consider strain effects, interfacial cou-
pling and surface distortions, among many other subtleties of heterostructure
physics, convoluted with the immense field of complex oxides and the multi-
ple interplaying parameters and emergent phenomena therein. Many review
articles have been published on the subject of heterostructures of complex ox-
ides [15,16,25–29] and although in the following sections we will report only
on heterostructures of perovskite rare earth nickelates, many of the discussions
remain relevant for TMOs as a whole.
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Figure 3.5: A simplified, non-exhaustive schematic of the interplay between
heterostructuring and complex oxide physics. The blue ring on the outside
represents some parameters controllable by heterostructuring while the orange
lobes in the centre represent the correlated phases of transition metal oxide
perovskites. Between the two are the primary mechanisms responsible for the
manipulation of a given degree of freedom by heterostructuring. Adapted from
[15].
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Chapter 4

Introduction to the
Nickelates

4.1 The Rare Earth Nickelates

Nickelates are one of the central families of the transition metal oxides, serving
as a canonical example of the rich physics of TMOs. As perovskites, their chem-
ical formula is RNiO3 where the R represents a rare earth cation, mostly from
the lanthanide series, lanthanum to lutetium, with only cerium, praseodymium
and terbium unable to be substituted onto the A-site, probably due to their
preferential oxidation state of 4+. As the R substitution progresses along the
rare earths, the ionic radius decreases, which enhances the distortion of the
lattice structure, bringing the Ni-O-Ni bond angle away from 180 o. The most
fascinating aspect of the nickelate family is their rich phase diagram, charac-
terised by the crystal structure, that features several phase transitions, which
are described in detail in the following sections (Fig. 4.1) [30–32].

4.2 Electronic Configuration

There have been some challenges in capturing the physics of the nickelates the-
oretically and this has largely been down to beginning with an electronic con-
figuration that does not represent the nickelates realistically. The rare earths
very strongly favour the 3+ valence state, forcing the nickel (a late transition
metal atom with eight electrons in its d-shell) to also be nominally 3+ oxi-
dised. After losing the two electrons from the 4s level and one d-electron, the
nickel is nominally a d7 ion in the RNiO3 series. However, due to the charge
transfer with oxygen, it is most likely actually d8L with an extra electron on
the nickel and a hole on the oxygen (represented by the L) [34, 35]. This is
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Figure 4.1: The bulk phase diagram of the rare earth perovskite nicke-
lates showing the temperatures of the metal-insulator (circles), paramagnetic-
antiferromagnetic (squares) and structural transitions as a function of the Ni-
O-Ni bond angle or, on the top axis, the rare earth cation substituted onto the
A-site. The asterisk represents the recent report of antiferromagnetism in single
crystal LaNiO3, discussed later [33]. Adapted from [30]

crucial because it means that we must consider the nickel-oxygen complex to
fully understand these materials. One of the key outcomes is that the nicke-
lates may have not one but two electrons in the eg orbitals. The correct starting
point of the electronic configuration is critical for the kind of orbital engineer-
ing that was theorised to lead to superconductivity in LaNiO3-heterostructures,
discussed at the end of this chapter [36].

4.3 The Nickelate Phase Transitions

4.3.1 The Metal-Insulator Transition

Perhaps the most famous feature of the RNiO3 family is the sharp metal-to-
insulator transition (MIT) with decreasing temperature. The MIT occurs at pro-
gressively higher temperatures as the size of the rare earth ion is reduced and,
hence, the orthorhombicity increased, representing a bandwidth-controlled
transition, see Fig. 4.1. Fig. 2.5c) illustrates the dependence of the bandwidth
on the B-O-B bond angle, in this case the Ni-O-Ni bond angle. For the largest
rare earth, R = La in LaNiO3, the structure is not distorted enough to stabilise
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4.3 The Nickelate Phase Transitions

the insulating phase at a finite temperature but, if grown as a thin film, LaNiO3

will eventually become insulating at the lowest thicknesses, a state that is dis-
cussed thoroughly in Chapter 7. All the other nickelates enter an insulating
state that is, most likely, distinct from the ultrathin insulating state of LaNiO3

and cannot be described by conventional band theory since the system is elec-
tronically partially filled.

A great deal of theoretical work has gone into the understanding of the MIT
in nickelates [37–44]. Without providing a detailed account of these various
efforts, a brief description of the MIT will be given here.

The nickelate ground state can be explained in the context of the physics
of negative charge transfer insulators, introduced in Section 2.2. Taking into
account the starting configuration in the metallic phase of d8L, the symmetry
lowering process corresponding to the MIT is:

d8L+ d8L −→ d8L2 + d8 (4.1)

giving two distinct nickel sites, a disproportionation [45]. The d8L2 site draws
the oxygens closer to the nickel, resulting in a smaller O6 octahedral cage and a
stronger Ni-O hybridisation, while the d8 state has the opposite effect. Fig. 4.2
illustrates the 3-dimensional chessboard distribution of the inequivalent nickel
sites. Large and small octahedra represent the bond disproportionation that
takes place during the MIT. The MIT is thus concomitant with a structural
distortion based on this bond disproportionation, discussed in Section 4.3.3.
While both types of nickel host eight electrons, six in the t2g orbitals and two
in the eg orbitals, there is still a disproportionation of charge density between
the two sites, which may be important in the context of so-called negative U
centre superconductivity, see Chapter 8.

d8L2

d8

d8L

d8L + d8L                                 d8 + d8L2

Figure 4.2: A representation of the metal-to-insulator transition in nickelates
showing how the electronic configuration disproportionates within the ligand
hole picture.

Moving to the low energy picture, where only the nickel eg orbitals are
considered, the MIT can be described by:

d7 + d7 −→ d8 + d6 (4.2)
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where the d8 site is half-filled and Mott-like while the empty eg of d6-character
is pushed up in energy [40]. This scenario has been called a “site-selective
Mott insulator” and, compatible with the ligand hole theory, is associated with
both bond and charge density disproportionations. An alternative description
has the MIT driven by a structural instability [43].

The MIT is highly tunable by application of hydrostatic pressure [46], light
[47], isotope substitution [48] and, in heterostructures specifically, by strain
[49–52] and growth orientation [53]. All this highlights the strong coupling of
the charge and lattice degrees of freedom.

4.3.2 The Néel Transition

As indicated in the phase diagram of Fig. 4.1, there is a second transition occur-
ring with lowering temperature; the paramagnetic to antiferromagnetic transi-
tion.

Contrary to the MIT, the Néel transition temperature increases with the
straightening of the Ni-O-Ni bond angle. This trend continues until NdNiO3 in
bulk, where the decreasing stability of the insulating phase brings charge fluc-
tuations that suppress the magnetic ordering such that the Néel transition and
the MIT occur simultaneously for further increasing Ni-O-Ni bond angle. The
two transitions are finally quenched as the bond angle increases still further,
leaving only LaNiO3 without any transitions in bulk. However, recent reports
on high quality LaNiO3 single crystals find a static magnetic order at finite tem-
perature in this material that has not been observed previously [33]. This is
discussed further in Section 4.5.1.

As discussed in the previous section, the MIT involves a symmetry-lowering
to a bond- and charge density-disproportionated state. In the insulating phase,
the d8L2 shares two electrons from the surrounding oxygens that are very
weakly spin-polarised and the d8 has two electrons in the eg orbital but in high
spin configuration, in the extreme case, S = 0 and S = 1 respectively. The alter-
nating small and large octahedra stabilise what is known as a breathing mode,
resulting in a 3-dimensional chessboard structure, see Fig. 4.2. In such a struc-
ture, the [111]pc direction becomes one of the most highly ordered and each
plane in the (111)pc family consists only of one type of nickel. For this reason
it is perhaps not surprising that the AF order is established along the [111] di-
rection. More unusual, however, is that the antiferromagnetism stabilises with
a rather long periodicity, requiring four (111)-planes of nickels before repeti-
tion, giving a characteristic ordering of ( 1

4 , 14 , 14)pc [54]. Further studies showed
that the AF-order is not associated with any additional orbital ordering and it is
instead represented by a pure spin density wave [55]. Also demonstrated was
that, in bulk, the spin density wave is well-described by a non-collinear spin
arrangement and a possible structure is suggested in Fig. 4.3.
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Figure 4.3: A possible magnetic structure of the rare earth nickelates. The
two inequivalent nickel sites are illustrated by the blue and red balls and the
magnetic moments as arrows. The (111) planes are highlighted, also in blue
and red. In bold is the [111] vector.

4.3.3 The Structural Transition

In addition to rich electronic and magnetic phases, the nickelate family also
hosts at least two structural transitions.

Already mentioned is the one concomitant with the MIT in bulk. This cor-
responds to a symmetry lowering from Pnma, above the MIT, to P21/n, in
the insulating phase. Pnma is a space group of orthorhombic symmetry with a
Glazer rotation system of a+b−b−. Often the notation Pbnm is preferred as this
aligns the in-phase Glazer rotation with the out-of-plane direction for thin films
but the two space groups are otherwise identical and Pbnm is interchangeable
with Pnma. Once the system has undergone the MIT, and associated bond-
disproportionation, it is left in a monoclinic structure, P21/n. In this state
there are still two out-of-phase Glazer rotations and one in-phase rotation but
the rotation magnitudes are now all different; a+b−c−. This type of transition
takes place in a smooth, continuous fashion and can be described as a second
order transition.

The second structural phase transition appearing in the nickelate phase di-
agram is much less studied. The only bulk nickelate that is metallic at all
temperatures, LaNiO3, is also different to the rest of the family in terms of the
structure. It is not only the least distorted in bond angle but it belongs to a
separate room temperature space group altogether, R3c. This corresponds to
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4. INTRODUCTION TO THE NICKELATES

rhombohedral symmetry and a Glazer rotation system of a−a−a−. A direct
transition from R3c to Pnma is forbidden by the group-subgroup relations (re-
call Fig. 2.3) but this is a transition that is seldom relevant except in the study
of solid solutions of LaNiO3 and one of the other RNiO3 compounds. This will
be addressed further in Chapter 8.

These symmetry changes are readily probed. In this work we employ x-ray
diffraction and Raman spectroscopy and both techniques are described in the
subsequent chapter.

4.4 Thin Film Nickelates

There is a lot of interest in nickelates because they constitute a fascinating study
of phase transitions, of which the sharp and highly-tunable MIT is especially
appealing in the context of applications [56].

Hindering study for many years was the difficulty in obtaining high quality
single crystal samples, although, very recently, reports are beginning to appear
on this subject [33, 57]. This meant that, in the laboratory, nickelates could
only be developed as polycrystalline powders or grown as thin films.

As it happens, nickelate thin films are fascinating in their own right and ex-
hibit several phenomena that emerge from the interplay between heterostruc-
ture physics and the chemistry of transition metal oxides. It is found, for in-
stance, that the MIT and Néel transitions can be strongly modified by epitaxial
strain and crystallographic orientation [49–53].

4.5 LaNiO3

The central compound of this thesis is LaNiO3, the only nickelate that is metal-
lic at all temperatures in bulk. Much of the research interest in LaNiO3 comes
from the more applied side of science. Given its low resistivity (less than 100
µΩcm), it is often integrated as an electrode in oxide heterostructures [58–60].
As a more functional device element, LaNiO3 has also been used in the context
of catalysis [61] and gas sensing [62], amongst others.

LaNiO3 is also widely studied from a fundamental perspective as it con-
stitutes an archetypal correlated metallic oxide. This section will address two
open questions pertaining to the nature of LaNiO3 that have drawn a great deal
of interest from the physics community; namely, the possibility of magnetic or-
der and the potential to engineer a superconducting heterostructure.

4.5.1 Magnetic Order in LaNiO3

According to the established bulk phase diagram for the nickelates, which was
based on polycrystalline samples, LaNiO3 is the only member of the family
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that is paramagnetic and metallic at all temperatures [31]. Recently, however,
high quality crystals of LaNiO3 have been synthesised making it possible, for
the first time, to access macroscopic physical properties on bulk single crystal
samples [33,57].

While Ref. [57] finds crystalline LaNiO3 to be paramagnetic with a slight
susceptibility enhancement around 200 K, Guo and coworkers (Ref. [33]) ob-
serve a Néel transition at 157 K. This is the first time that static antiferromag-
netism has been reported in LaNiO3 in any form and this result is even more
surprising given that these samples also have a very low resistivity, on the or-
der of µΩcm. A likely explanation has been provided by Wang and cowork-
ers, who find a direct link between oxygen deficiency and magnetic phases in
LaNiO3−δ [63]. Oxygen vacancies would also go a long way to explaining the
unusually high conductivity as well. It is interesting, however, that AF order
appears to exist in quite close energy proximity to the paramagnetism that is
normally measured.

As part of this thesis, resonant soft x-ray diffraction was carried out on a
30 u.c. thin film of LaNiO3 on (001)-oriented LaAlO3, which was metallic, as
expected, with a 4 K resistivity of 60 µΩcm. No diffracted intensity was found
at the ( 1

4 , 14 , 14)pc Bragg peak despite a thorough search.
Magnetism in LaNiO3-based heterostructures has mostly been studied in

systems that place LaNiO3 beside LaMnO3 because interfacial charge transfer
brings the nickel towards a 2+ oxidation state [64,65]. Further, in superlattices
of La 2

3
Sr 1

3
MnO3 and LaNiO3 a non-collinear magnetic order was observed even

in layers of the LaNiO3 that should not be affected by the charge transfer [66].
The idea that LaNiO3 could become antiferromagnetic by heterostructur-

ing is not unreasonable. After all, as discussed in Chapter 7, ultrathin films of
LaNiO3 become insulating so an AF order could be envisaged in this state. In
fact, signatures of antiferromagnetism have been reported on superlattices of 2
u.c. of LaNiO3 alternated with a band insulator [67]. It is possible that growing
ultrathin LaNiO3 renders the material like the other RNiO3 compounds below
the MIT. The other nickelates, however, also appear to have an ultrathin insu-
lating phase, even at high temperature. Crucially, bond disproportionation of
the type that characterises the nickelate MIT and allows the magnetic wave vec-
tor to propagate is not observed for the ultrathin regime [68]. In other words,
this state may not be the right type of insulating state for antiferromagnetism.

Even if observations of a true AF state in isolated LaNiO3 have not been
confirmed, and were likely due to oxygen nonstoichiometry, there is evidence
that this material is not impervious to induced magnetic ordering. In (111)pc-
oriented superlattices of LaNiO3 and LaMnO3, an insulating antiferromagnet,
complex magnetic ordering was reported with a strong dependence upon the
LaNiO3 layer thickness [69]. The model proposed to explain this behaviour
suggests that the LaNiO3 is able to propagate the magnetic order from one
LaMnO3 layer to the next through an interfacially-induced magnetic moment.
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Crucially, the coupling between the neighbouring LaMnO3 layers is only anti-
ferromagnetic when the LaNiO3 thickness is 7 (111) monolayers. If the LaNiO3

stabilises the same non-collinear ( 1
4 , 14 , 14)pc AF ordering as the other nickelates

then this thickness corresponds to 1 3
4 of the wave vector. The long distance

antiferromagnetism of the LaMnO3 is then readily explained by the total mo-
ment of the first LaNiO3 layer being equal and opposite to the total moment of
the seventh LaNiO3 layer. The same situation should happen when the LaNiO3

thickness is 3 monolayers or 11 monolayers ( 3
4 and 2 3

4 of the AF wavevector
respectively) but one of the important outcomes of the study is that it does not.
The LaNiO3 can only propagate the magnetic ordering when the thickness is 7
(111) monolayers because, most likely, at 3 monolayers the system is too inter-
mixed and at 11 monolayers the LaNiO3 is already metallic and the delocalised
electrons probably disturb the antiferromagnetism.

It now seems unlikely that LaNiO3 is a rare example of a metallic antifer-
romagnet, at least when the oxygen content is stoichiometric, and it is not
known if its ultrathin state is analogous to the insulating, antiferromagnetic
ground state of the other nickelates. It does, at least when insulating, seem to
be a willing ally of antiferromagnetism.

4.6 The Motivation Behind LaNiO3-Based Het-
erostructures

High temperature superconductivity in copper oxides, since its discovery in
1986 (Ref. [70]), kickstarted a huge drive in research efforts towards pushing
the critical temperature (Tc) up, the ultimate goal being a room temperature
superconductor. To have all the applications of a superconductor with no ex-
pensive and cumbersome cooling system necessary would change the face of
technology.

Without a detailed understanding of the mechanism underlying high tem-
perature superconductivity, it is challenging to know how to engineer it. A
popular approach has been to systematically check for superconductivity in
compounds that are chemically and structurally similar to those that are al-
ready known to superconduct.

The cuprate high Tc superconductors have a structure that consists of layers
of perovskite or perovskite-like planes. As discussed in Section 2.1, perovskites
can accept a wide variety of cations and, when taking into account solid solu-
tions and double perovskites, there is almost an infinity of chemical configu-
rations. Given that the number of compounds synthesised and measured is a
very small subset of the possible materials, it is likely that there are still high Tc
superconductors waiting to be discovered. To guide in the search a little better,
studies have generally taken an empirical approach.

Undoped, cuprates contain Cu2+ ions, which puts the copper into the d9
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ground state. This means that there are three electrons in the eg orbitals; two
fill the d3z2−r2 leaving the dx2−y2 orbital half-occupied, the non-degeneracy
of these orbitals being discussed shortly. Just to the left of copper on the pe-
riodic table is nickel, which is nominally d7 in the perovskite oxides, leaving
one electron in the eg orbitals. There are some similarities between nicke-
lates and cuprates but also some differences. The cuprates, as mentioned, are
layered materials consisting of conducting copper oxide planes whereas the
nickelate structure is 3-dimensional. Furthermore, there is a substantial orbital
degeneracy-breaking in the cuprates, meaning that the d3z2−r2 orbital is lower
in energy than, and therefore occupied preferentially to, the dx2−y2 one. The
resulting single-band character may be related to the high Tc superconductivity.
The nickelates, on the other hand, exhibit no such orbital degeneracy-breaking
in bulk and no Jahn-Teller-like distortion is observed in these materials [31].
Lacking 2-dimensionality and a broken orbital degeneracy, the nickelates could
have been written off as potential superconducting systems were it not for ad-
vances in heterostructuring.

In 2008 it was suggested that superlattices of 1 unit cell (u.c.) layers of
metallic LaNiO3 alternated with a non-transition metal oxide band insulator
may provide the ideal environment for superconductivity [36]. The atomic
layers of nickel bring 2-dimensionality while the tensile epitaxial strain should
split the degeneracy between the two eg orbitals according to the schematic in
Fig. 3.4.

The suggestion of Chaloupka and Khaliullin more than ten years ago, unsur-
prisingly, prompted a lot of research effort on these types of heterostructures,
spurred on by calculations that seemed to add validity to this approach [71,72].
To date, however, no superconductivity has been reported, although the quest
has produced some exciting results [73–75]. In fact, all such heterostructures
are insulating. The reason for this lack of success may be fourfold:

To begin with, the starting assumption that the nickelates should have
single-electron character, similar to the cuprates, may be a bit off the mark.
As discussed at the beginning of this chapter, the electronic configuration of
the nickelates is not as expected. There is, very likely, not one but two elec-
trons in the eg orbitals, the second one coming from the oxygen 2p ligand.

A second possible explanation for the lack of superconductivity in nickelate
heterostructures is representative of one of the complications of heterostruc-
ture physics in general; that the structure may not adapt to the epitaxial strain
in the way expected. In this case, it is possible that the oxygen octahedra do
not accommodate the new tetragonality in the manner sketched in Fig. 3.4.
It is very likely that instead of simply stretching or compressing their bonds
to fit their new constraints, they also rotate and tilt, an effect that has been
documented in nickelates already [76]. A rigid rotation of octahedra does not
change the immediate oxygen coordination environment of the nickel and so
the orbitals would be expected to react minimally in this case. Chapter 6 is
dedicated to measuring these types of structural distortions.
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Another likely issue is that the single unit cell layers of LaNiO3 are found to
be insulating, despite the bulk metallicity of LaNiO3. The fact that these ultra-
thin layers are insulating, when thicker layers are metallic, discussed heavily
in Chapter 7, indicates that there is still a missing piece of the puzzle when
the film thickness approaches the atomic limit. If the building blocks do not
behave as expected it should come as no great surprise that the superlattice
that repeats these blocks does not behave as expected.

Finally, possibly the most subtle point: strain engineering a complete or-
bital polarisation has very been challenging in nickelates but has prompted the
development of advanced measurement techniques that can probe the layer-
resolved orbital polarisation [73]. The highest orbital polarisation that has
been achieved in bi-component superlattices of the type initially proposed by
Chaloupka and Khaliullin is 25 % [74].

Greater enhancement of the orbital polarisation than that brought by just
biaxial strain was suggested to stem from induced interfacial charge transfer
when the band insulator is replaced with LaTiO3, a Mott insulator [77].

Going up to tri-component superlattices was put forward as a possible route
towards an even greater orbital polarisation [78]. Indeed, 50% orbital polari-
sation was found in superlattices of 1 u.c. slabs of LaTiO3/LaNiO3/LaAlO3 that
reach this enhancement due to the combined effect of the interfacial charge
transfer and the broken inversion symmetry [75]. This remains the highest
orbital polarisation achieved in nickelates.

The reason for this apparent experimental limit to orbital polarisation is
not fully understood but may stem from the challenge in predicting the physics
of complex transition metal oxides. Particularly, the nickel d-orbitals are hy-
bridised with the oxygen 2p orbitals and may also be subject to strong Hund’s
coupling, making the electronic configuration preferentially high-spin shared
between the t2g and eg manifolds [79–81].

Chaloupka and Khaliullin’s synthetic superconductor that has yet to be re-
alised exemplifies the difficulties of materials design in both the fields of com-
plex oxides and of thin films, summarising neatly both the previous chapters.

Whether for lack of single crystal samples or to employ heterostructuring as
a engineering strategy, the research on nickelate thin films has been extensive
with detailed review articles being published on the subject [56, 82]. Making
all this possible is the rapid advancement of experimental and simulation tech-
niques adapted to thin film physics. The following Chapter will describe those
most relevant for the present thesis.
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Chapter 5

Experimental Techniques

5.1 Thin Film Growth

To meet the demand for high-quality epitaxial thin films, numerous growth
techniques have been developed. Most of them can be classified into one of
two categories; chemical vapour deposition (CVD) or physical vapour deposi-
tion (PVD). CVD is widely used in the semiconductor industry and involves a
chemical reaction directly on the surface of the substrate [83]. Perovskite ox-
ides, however, are usually grown by one of the PVD techniques; pulsed laser
deposition (PLD), molecular beam epitaxy (MBE) or sputtering.

In PLD, a high intensity laser is pulsed onto a target with the desired stoi-
chiometry of the final film (or off-stoichiometry to account for ion loss during
transfer to the substrate). The ions of the target are ablated into a high energy
plume of plasma. The substrate is generally positioned close to the tip of the
plume where the ionic species are deposited and gradually build up the thin
film.

MBE, on the other hand, requires separate sources of each element of the
final material, which are heated to sublimation inside an effusion cell or evapo-
rator. Upon reaching the substrate, the beams of material from each source are
deposited and interact with one another. In the correct conditions (substrate
temperature, pressure, oxygen atmosphere) the thin film will grow stoichio-
metrically and epitaxially.

Often, in-situ characterisation of the film growth is made possible by tech-
niques such as reflection high energy electron diffraction (RHEED), which can
provide information on the growth mode, surface quality and film symmetry as
well as give a live measurement of the film growth.

The nickelate films studied in this thesis were all prepared by radio fre-
quency (RF) off-axis magnetron sputtering, a type of PVD especially well-suited
to the growth of oxide thin films [84].
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5.1.1 RF Off-Axis Magnetron Sputtering

DC Sputtering

Sputtering involves bombardment of a target by a flux of particles. The bom-
bardment must take place in the correct energy regime for effective sputtering.
Fig. 5.1 illustrates the possible situations, depending upon the incident kinetic
energy. At around 10 eV, the incident particles (red arrow) lack the energy to
interact effectively with the target atoms (in blue). Between about 100 eV and
1 keV is the so-called “knock-on” regime. In this energy range, some surface
atoms of the target are dislodged and this has a knock-on effect on the sur-
rounding atoms. Eventually it is possible that a target atom is hit from below
and is ejected entirely, becoming a sputtered atom. It is in this regime of hun-
dreds of eV that sputtering deposition takes place. If the incident kinetic energy
is further increased, a significant portion of the target is vaporised via a cas-
cade mechanism. For bombarding energies exceeding 100 keV, the reduction
of the collision scattering cross section means that the incident particle enters
the target and is implanted [85].

Kinetic energy of bombarding particle

10 eV

Below sputtering 

threshold

10 keV

Vaporisation

100 keV

Implantation

100 - 1000 eV

“Knock-on” regime

Figure 5.1: The different regimes of sputtering, depending upon the kinetic
energy of the bombarding particles (red).

Typically the bombarding particles are argon ions, chosen because argon
is both heavy and inert. They are created by introducing argon gas between
two electrodes and applying an electric field sufficient to create a cascade of
ionisation of the atoms and form a plasma. In order to direct the Ar+ ions to
sputter the target, the system is designed such that the target is the negative
cathode and the entire rest of the sputtering chamber, including the substrate,
is the positive anode. At the right energy, atoms of the target will be ejected,
as described in Fig 5.1. Then, with a heated substrate placed in the chamber,
some target atoms will reach the surface and the film will begin to grow. It is
in this way that metal films are grown efficiently and on an industrial scale.
There is, however, an added complication when the desired material is not a
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metal.

AC Sputtering

Often, the films we want to grow are insulators, and so too will be the stoichio-
metric targets. In this case, there is no way to screen the build up of Ar+ ions
on the surface of the target. A strong electric field then forms inside the target
that will eventually cancel out the external electric field. The argon plasma will
be extinguished and the sputtering process will come to an end. To circumvent
this issue, the external electric field can be regularly switched, in other words,
we turn to AC sputtering to avoid the build up of charge on one of the two
electrodes.

There is a further difficulty to overcome, however. When the Ar+ ions are
being accelerated towards the target, sputtering happens as normal, but with
the other direction of electric field, the ions can bombard the growing film,
resulting in damage to the sample. To avoid this undesirable side effect, the
frequency of the AC field can be selected such that the (light) electrons can
respond to it but the (much heavier) argon ions cannot. It turns out that this is
in the radio frequency (RF) domain and a generator at 13.56 MHz is typically
used. The Ar+ ions then only respond to the average electric field, which
exists despite the AC due to the relative sizes of the two electrodes. When the
target is in the positive half of the AC cycle, the electron concentration is much
higher than during the other half of the cycle because, then, the same number
of electrons are spread over the entire sputtering chamber. This means there is
a net negative bias on the target and it is this bias part of the electric field that
the positive argon ions feel and respond to. After all that, the bombardment
particles are still drawn to the target yet there is minimal charge build up and
a reduced resputtering of the sample. This process is explained in Fig. 5.2

Atmosphere

To minimise contaminants, the growth chamber is kept at a base pressure on
the order of 10−7 mbar by a chain consisting of a ultra high vacuum (UHV)
pump, separated from the chamber by a valve, in turn pumped by a primary
pump. The pressure is monitored by a gauge inside the chamber. During the
growth, because sputtering involves a plasma, the atmosphere in the chamber
must contain the plasma element, here argon, and be at relatively high pressure
(tenths of a millibar). In addition, it helps for oxide films to be oxidised during
growth and so a mix of argon and oxygen is in fact the best atmosphere [86].
The two gases are introduced to the chamber through gas flow valves. Both the
pressure valve and the gas flow valves are controlled remotely in order to keep
the atmosphere inside the chamber stable. For the samples grown as part of
this work, the atmosphere was 2:7 oxygen:argon and maintained at 0.24 mbar.

Although oxide samples are better to be grown with some oxygen in the
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Figure 5.2: Schematics to show how the charged particles of the plasma behave
under the AC field during a) the half cycle where the target is positive and b)
the half cycle where the target is negative. The average over the full cycle is a
net negative “DC” bias on the target, which means that the positive argon ions
are attracted to it overall.

atmosphere, this can present a technical problem. The oxygen atoms, as well
as the argon atoms, will be ionised in the plasma. Unlike argon, however,
oxygen can be negatively ionised. These O− tend to be attracted to the positive
side of the DC bias, meaning the walls of the chamber and, more importantly,
the sample. This leads to the resputtering issue again. Fortunately, a solution
was found in changing the geometry of the sputtering system; to go from on-
axis (the substrate is facing the target directly) to off-axis (the substrate is
positioned at 90o to the target) [84]. This removes the substrate from the path
of the highest energy particles and drastically reduces resputtering. Despite
the decreased growth rate, typically on the order of tens of nm per hour, the
off-axis geometry remains the most popular for sputtered oxide films due to
the higher sample quality obtained.

Sputtering Guns

The sputtering gun is the piece of apparatus onto which the target is fixed. A
sputtering chamber can comprise multiple guns, more guns being useful for
the preparation of multilayer heterostructures as the entire structure can be
deposited in one growth without the need to transfer the sample from chamber
to chamber.

The targets used in sputtering deposition are usually stoichiometric with
respect to the desired sample. They typically take the form of high-density
pressed ceramic powders.

RF generators usually have a supply impedance of 50 Ω but, for the best
efficiency, the supply impedance should match the plasma impedance, which
is system-dependent and can drift. In order to maintain the efficiency of trans-
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ferred power, therefore, the power supply is connected via a matching circuit,
which is automated to continually adjust the capacitors inside.

The magnetron part of the name “RF off-axis magnetron sputtering” comes
from the fact that the target is fixed to a cylindrical magnet. Fig 5.3 shows
how the magnetic field lines produced from the magnetron work to keep the
electrons close to the surface of the target, increasing ionisation. This increases
the sputtering rate while simultaneously reducing the probability of negatively
charged ions reaching the substrate to resputter the growing film [87].

To protect the target, the magnet and the electronics, the sputtering gun
contains a cooling circuit. Finally, there is a shutter fixed in front of the gun,
which is only opened during sputtering of that target. This prevents cross
contamination between targets.

Target

NS

N S

N S

Cooling

circuit

e-

e-
e-

e-
Ar+

Ar+

Ar+
Ar+

Ar+

Sputtered target atoms

Plasma

Wall of the

chamber

Substrate

heater

Silver paste

Substrate

Magnetron

To RF generator

Figure 5.3: The main components of a sputtering gun to illustrate, in particular,
how the magnetic field created by the magnetron confines electrons close to the
surface of the target. Also shown is the substrate heater in off-axis geometry,
not to scale.

Substrate Temperature

With the substrate at room temperature, the film deposited would be mostly
amorphous or nanocrystalline. This can be useful, for example, in patterning or
in producing control samples. In general, however, we would like our thin films
to be of the highest quality and this can only be attained when the substrate
is heated to hundreds of oC. The nickelate samples of this thesis were grown
between 450 oC and 510 oC. As this is not particularly high, it suffices to paste
the substrate onto a resistive block heater with silver epoxy. Inside the resistive
block there is a thermocouple and the temperature can then be PID controlled
by computer.
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Characterisation of Sputtered Samples

Due to the strong permanent magnets of the sputtering guns, in-situ monitoring
of the film growth by RHEED is not possible except in highly specialised set
ups that carefully control the magnetic field [88]. This lack of live information
during growth is the primary disadvantage of magnetron sputtering. Although
it is generally not possible to know about the sample during the growth process,
post-characterisation can provide vast amounts of information. The following
section covers the various approaches to characterisation used as part of this
work. These methods, coupled with a high level of repeatability from a very
reliable growth technique, allow thin film heterostructures from RF magnetron
sputtering to be engineered down to the atomic scale.

5.2 Thin Film Characterisation

5.2.1 Atomic Force Microscopy

One of the first ports of call with a new thin film sample is to check the sur-
face quality by atomic force microscopy (AFM). Microscopy, itself, refers to any
technique that images objects that are too small to be seen by the naked eye.
AFM is a broad name for a family of surface-sensitive techniques performed
by passing a microscopic tip over a sample in a controlled way. In this work,
AFM was employed to record only topographic maps of the film surface but
it is a versatile technique with a lot of variants. AFM, in general, can provide
access to a wide range of physical information from electric polarisation to
magnetism [89].

To perform AFM topographies, the tip is tapped on or just above the sur-
face of the sample, close enough that the atoms of the sample interact elec-
trostatically with the atoms of the tip. This interaction causes changes in the
oscillation amplitude of a cantilever. Then, the amplitude is used as an input
into a feedback loop keeping the tip-sample distance constant, allowing recon-
struction of the sample topography when the tip is scanned laterally. Fig. 5.4
shows the AFM topography of a (001)pc-terminated DyScO3 substrate (in a)
and the same substrate now with a 30 unit cell thin film of LaNiO3 (bulk lattice
parameter = 3.84 Å) deposited on top of it (in b). In c) is shown the profile
of the step-terrace structure of the film. From the profile it can be seen that
there is a very low roughness and that the steps measure one LaNiO3 unit cell
in height, indicating a single-site terminated surface.

Commercially purchased substrates always come with a certain “miscut”
angle. This is a shallow angle, usually less than 0.1 o, that defines the sur-
face of the substrate with respect to the atomically flat termination planes. In
perovskites, for mixed A-site and B-site termination the miscutting produces
step-terraces of half unit cell height and for single site termination the steps
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Figure 5.4: AFM topographies of a) a (001)pc-oriented DyScO3 substrate and
b) a 30 u.c. LaNiO3 film grown on exactly the same substrate. The similarity
in topography highlights the topographically faithful nature of the growth. In
c) is the height profile across the unit cell steps.

are a complete unit cell. In Fig. 5.4, the film topography is the same as the
substrate topography.

If the topography of the film differs significantly from that of the substrate,
especially if the terraces are obscured or there are islands of material, this
points towards suboptimal growth conditions that may need to be readjusted.
In this way, AFM is valuable in the characterisation of thin film samples but it is
not the only method used and neither should it be; complementary information
on sample quality is normally obtained from x-ray diffraction.

5.2.2 X-Ray Diffraction

Like many experimental probes in condensed matter physics, x-ray diffraction
(XRD) is a “photon in - photon out” technique. It relies upon the phenomenon
of Bragg diffraction, which occurs when many physical obstacles are arranged
with some level of periodicity. Very generally, an incident wave is scattered
elastically from the obstacles. Since the scattered wave is emitted radially and
coherently from each obstacle, and the obstacles are regularly spaced, there
emerges a pattern where the scattered waves interfere with each other. The
condition for the waves to interfere constructively is when the path difference
between them fits exactly an integer number of wavelengths, see Fig. 5.5. Ge-
ometrically this gives a a condition of nλ = 2dsinθ, the Bragg law of diffrac-
tion [90]. The diffraction intensity can be measured in varying angle to obtain
a diffraction pattern. The resulting diffraction pattern is simply the square of
the Fourier transform of the array of scattering points. If the sample is large
enough that the scattering array can be considered infinite, then the Fourier
transform is a discrete spectrum of peaks. The case where this assumption
does not hold is discussed later.

Diffraction works whether the waves are sound, light or even water waves.
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Figure 5.5: Schematic of the Bragg law showing how an incident wave of wave-
length λ is diffracted from a family of diffraction planes, highlighted in blue.
The path difference between the wave scattered from two consecutive planes
is given by ∆ and coloured red.

The only difference is that the effect is dramatically enhanced when the scat-
tering points are around the same size as the wavelength being used. In con-
densed matter physics, the interest is in the structure of solid materials where
the scattering points are the electron clouds of individual atoms. Almost all
solids, from metals to ceramics, have a characteristic lattice periodicity on the
order of an angstrom, making x-ray light the ideal probe. It is for this reason
that XRD is so ubiquitous in this field.

In-house x-rays are produced in an x-ray tube, an apparatus, under vacuum,
consisting of a cathode and an anode. The cathode is heated until electrons are
ejected from it, then the electrons are accelerated in a high voltage up to the
anode, whereupon they emit a spectrum of x-ray radiation in the high energy
collision.

For some measurements, an in-house x-ray diffractometer is sufficient. The
majority of the XRD undertaken as part of this thesis was recorded on a Philips
X’Pert PANalytical Material Research Diffractometer. The x-ray source is a cop-
per anode and the x-ray radiation is selected by a monochromatiser to corre-
spond to the Kα1 core transition, λ = 1.5406 Å. In many instances, however,
it is advantageous to perform XRD using a synchrotron light source, that is,
x-rays that have been generated by electrons in a particle accelerator. In Chap-
ter 6, synchrotron XRD is used for the high beam intensity it provides. In
Section 5.2.3, the need to tune the photon energy arises in order to perform
XRD in resonance and this is an ability only synchrotron light sources have.

A highly versatile tool with a huge range of applications, XRD is used for
everything from checking the purity of a new sample to identifying structural
phase transitions. In this work alone XRD is employed in numerous ways.
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5.2 Thin Film Characterisation

Finite Size Oscillations

As mentioned earlier, when the scattering array can be considered infinitely
large in all dimensions, the diffraction pattern manifests as a discrete spectrum
of peaks. As discussed in Chapter 3, reduced dimensionality and the existence
of the boundaries give rise to finite size effects in thin films. In XRD, this means
that the diffraction pattern is the Fourier transform of the “infinite” crystal
convolved with the Fourier transform of a rectangular function representing
the thin film bound at the top and the bottom interface. This gives a pattern of
peaks modulated by oscillations that are described by a sine cardinal function.
The effect is most pronounced when the scattering vector, denoted Q and equal
to the difference between the outgoing and incoming wavevectors, is normal to
the substrate-film interface. A scan holding the Q vector in this direction and
only changing the length of it requires that the angle between the incoming
wavevector and the sample is kept equal to the angle between the outgoing
wavevector and the diffraction plane. This geometry of coupled scan is called
a symmetric, θ-2θ or Bragg-Brentano scan [91].

Fig. 5.6 a) illustrates schematically how the Q vector is varied during a
symmetric scan. In panel b) is the output of such a measurement, here showing
how the thickness of the thin film sample changes the pattern of finite size
oscillations. It is possible to simply count the number of oscillations to obtain
the number of unit cells of the film directly. It should be noted, however, that
the measurements shown in Fig. 5.6 were obtained using synchrotron light.
In-house, x-ray tube-based diffractometers are unlikely to allow measurement
of the oscillations furthest from the Bragg conditions, the intensity is simply
too low. The good news is that even if not all the oscillations are visible, the
effect is straightforward to simulate numerically and the film thickness can be
extracted from a computational fit to the data.

For thin film scientists, particularly those who do not have the option of
in-situ monitoring, one of the crucial uses of XRD is the determination of the
film thickness in this manner.

More generally, the presence of finite size oscillations indicates a high crys-
talline coherence between the individual unit cell layers of a thin film and so is
a measure of sample quality.
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Figure 5.6: a) Schematic of how a symmetric scan (kin coupled with kout)
works to probe the family of diffraction planes normal to the scattering vector,
Q, the difference between the incoming and outgoing wavevectors. b) Some
example symmetric scans along the specular direction of thin films of LaNiO3

on (001)-oriented LaAlO3 substrate. Visible are the sharp (001) and (002)
peaks of the substrate and the corresponding peaks of the film, more rounded
due to the lower scattering volume. Finally, between the specular peaks are
the oscillations produced from diffraction through a sample of finite size in the
direction of the Q vector. Each oscillation counts one unit cell of the thin film.
The scans have been shifted vertically for clarity.

Scherrer Formula

The width of the diffracted peak carries information about the coherence of
the array of scattering points. From the FWHM it is possible to calculate the
thickness of the sample that the Q vector is probing. This can be a way to
determine if the coherence length (lcoherence) contributing to a given Bragg
peak is equal to the size of the sample or not. For differentiated structures this
may not always be the case. The coherence length is given by the Scherrer
formula:
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lcoherence =
180o

π

λ

cosθB

1

FWHM(o)
=

c

FWHM(r.l.u)
(5.1)

where λ is the wavelength of the x-ray beam, θB is the Bragg angle being
measured and FWHM(o) is the full width at half maximum of the diffracted
peak in degrees. In reciprocal space, the real space coherence length is simply
the ratio of the real space unit cell to the FWHM in reciprocal lattice units
relative to that unit cell.

Because peak broadening can have other origins than the (de)coherence of
the sample, for example the intrinsic instrument line broadening, the Scherrer
formula determines a lower bound for the coherence length and the effective
lcoherence will be slightly larger.

Rocking Curve Analysis

While in the Bragg condition, the sample can be rocked around an axis normal
to the measurement axis. Fig. 5.7 shows how the width of the resulting rock-
ing curve (RC) peak gives information on the texture of the given diffraction
plane. Higher texturing may be due to mosaicity, granularity, dislocations or
inhomogeneities but does generally indicate a sample of lesser quality. In thin
film science, it is instructive to check that the film has not picked up any ex-
tra texture compared to the substrate. For this, it is useful to simply measure
the FWHM of the RC of the substrate and verify that the FWHM of the film is
similar. For perfectly epitaxial growth, the FWHM of the substrate and the film
should be very close.

Half-Integer Bragg Analysis

As mentioned in Chapter 2, perovskites have a pseudocubic unit cell that can
be described simply as an octahedral cage of oxygens. This convenient rep-
resentation allows us to visualise the entire structure as a network of corner
sharing O6 octahedra. XRD can be used to probe the structural distortions in
such a network. This approach requires a greater deal of experimental and
numerical effort compared to the XRD analyses described previously and the
entirety of Chapter 6 is devoted to this study.

5.2.3 Resonant Soft X-Ray Diffraction

Solid materials try to minimise their total energy by finding a regular way to
order the atoms, this structural ordering is what is probed in the standard,
non-resonant, XRD described above. In many materials, however, there exists
ordering beyond simply structural. The atomic orbital configuration, ionisation
state and magnetic spin can all be modulated throughout the crystal lattice with
a unit cell the same size as, or greater than, the chemical unit cell. These effects

41



5. EXPERIMENTAL TECHNIQUES

a)

b)

Incident angle, ω

In
te

n
si

ty

Incident angle, ω

In
te

n
si

ty

ω
1

ω

ω
2

ω
2

Figure 5.7: Illustration of the resulting rocking curve (RC) scan for different
sample granularities. In a) the diffraction planes are angled “coherently” and
so the Bragg diffraction condition is met only for one incident angle, ω, and a
very sharp RC peak is obtained. In b) the sample has a certain granularity and
the same diffraction condition can be met for a range of incident angles, giving
a normal distribution across a spread of ω; ω1 to ω3.

and, in fact, all physical phenomena in any material, are dictated by the valence
electrons. In standard XRD, the photons interact with the entire electron cloud
of the atoms, to which the valence electrons contribute negligibly. If we wish
to access information on these more exotic orderings, we must find a way of
being sensitive only to the valence states. This can be done by selecting an
incident photon energy that is resonant with an atomic transition up to the
valence level. In 3d materials such as the nickelates, this corresponds to a
transition to the d orbitals in the Ni on the order of hundreds of eV, rather low
energy for x-rays hence the soft part of the name resonant soft x-ray diffraction
(RESOXS) [92].

At these low energies, a large fraction of the x-ray beam is absorbed by the
K edges of oxygen and nitrogen meaning that RESOXS experiments must be
carried out in ultra high vacuum conditions. An additional complication of low
energy x-ray scattering is that the Bragg angle for a given reflection is much
larger meaning that the accessible range of Bragg reflections is very small.
Nonetheless, RESOXS is frequently successfully employed to detect orbital, spin
or charge ordering and to follow the order as a function of, e.g., temperature. It
is precisely this technique that has been used to determine the Néel transition
temperature in rare earth nickelate perovskite heterostructures [51].

In the antiferromagnetic (AF) phase, the magnetic ordering is directed
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5.2 Thin Film Characterisation

along the [111]pc crystallographic vector with a periodicity of four nickel lay-
ers. The AF state is therefore characterised by the ( 1

4 , 14 , 14)pc wavevector. The
( 1
4 , 14 , 14)pc Bragg peak is strongly resonant when the photon energy is tuned to

the nickel-L3,2 or rare earth-M transitions, confirming that the RNiO3 lattice is
the origin of the signal. In order to prove the magnetic nature of the peak, the
incoming beam was linearly polarised and the dichroism, that is the difference
in scattered signal between the horizontal (π) and vertical (σ) polarisations
has been determined. For a peak of magnetic origin, the scattering amplitude
should be greater if the light is polarised vertically and this is precisely what is
found for the RNiO3 compounds [93].

Depending upon the geometry of the diffractometer and the photon en-
ergy, when the films are grown in the conventional (001)pc direction (the axes
are shown in Fig. 4.3), the ( 1

4 , 14 , 14)pc reflection may be difficult to access. By
mounting the (001)-film (where the [100] and [010] vectors are parallel to
the sample edges) on a wedge inclined at 55o and then rotating the sample
in plane by 45o, the [111] vector has essentially been aligned such that it lies
in the plane of incidence of the experiment. This allows the measurement to
be carried out in a straightforward specular geometry. A schematic of this is
shown in Fig. 5.8.

45 º

55 º

[100]

[010]

Figure 5.8: Schematic of the mounting of (001)pc-oriented samples for RE-
SOXS measurement of the ( 1

4 , 14 , 14)pc Bragg peak.

On the other hand, if the films are grown in the (111) crystallographic
orientation then the magnetic ordering vector is already parallel to the surface
normal and there are no particular mounting requirements.

RESOXS has been used successfully for studying the AF ordering in RNiO3

thin films oriented both in the (001) and the (111) directions [51,53].
In this thesis, the technique was employed to verify the magnetic state of a

thin film of LaNiO3. No diffracted intensity was found at the ( 1
4 , 14 , 14)pc Bragg

condition, indicating that this sample of LaNiO3 is not antiferromagnetically
ordered in the same way as the other members of the RNiO3 family.
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5.2.4 DC Electronic Transport vs Temperature

To measure the DC electrical resistivity of a given material we need only to pass
a current through it and measure the electric field produced (or vice versa).
Straightforward measurements of the resistivity as a function of temperature
(ρ(T)) can provide a wealth of information about the material. At first glance,
the tendency of ρ(T) indicates the nature of the material, either metal (positive
slope), insulator or semiconductor (negative slope) or superconductor (zero re-
sistivity) [94]. Then, transitions between regimes are easily distinguished such
as at the critical temperature for superconductivity or the well-documented
metal-insulator transition in nickelates. Further, non-electronic transitions such
as magnetic or structural transitions can also have a signature in the ρ(T), most
often a kink or a change of slope. For a more detailed understanding of the un-
derlying scattering mechanisms, however, it is usually necessary to attempt to
fit a function to the ρ(T). This function generally takes the form of a sum of
power laws plus the residual resistivity term ρ0, meaning that the temperature
dependence of resistivity is only the sum of the contributions of the various
scattering channels particular to the material, which themselves are temper-
ature dependent [95]. For instance, the famous T 2 dependence from Fermi
liquid theory describing inter-electronic interactions, the T 5 of high tempera-
ture phonon-scattering and the linear temperature dependence (T 1) indicating
proximity to a quantum critical point.

Fitting ρ(T) curves, therefore, sheds light on the microscopic physical mech-
anisms of the sample and these measurements have the added benefit of being
relatively accessible.

In this thesis the majority of the ρ(T) measurements were performed in a
4He dipping station. This consists simply of a dewar of liquid helium into which
the sample rod (a small canister containing the sample plus a thermocouple)
is progressively lowered (to decrease the temperature) and raised (to increase
the temperature). This allows measurement, albeit without direct feedback on
the temperature control, down to 4.2 K.

5.2.5 Magnetotransport

Resistivity as a function of applied magnetic field, the magnetoresistivity, can
be used complementary to standard ρ(T) curves to uncover more details about
the microscopic behaviour of a material. This measurement can either be per-
formed with the magnetic field aligned normal to or parallel to the plane of
the sample, constituting either out-of-plane or in-plane magnetotransport, and
angle-dependent measurements that go between the two extremes are also
routinely performed. For a normal metal, the magnetoresistivity is positive.
Sometimes, however, a negative magnetoresistivity is found at low tempera-
tures, often indicative of weak localisation.

As magnetotransport measurements require reliable temperature control
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during the field sweeps, the 4He dipping station used for standard ρ(T) mea-
surements is unsuitable. For these, one of two dilution refrigerators was used,
capable of reaching temperatures of tens of mK and magnetic fields of up to
8.5 T or 14.7 T, depending on the system.

5.2.6 Hall Effect

The final configuration of transport measurement described here is that of the
Hall effect. As for out-of-plane magnetotransport measurements, the magnetic
field is applied normal to the plane of the sample. Unlike the set-ups mentioned
previously, however, the Hall resistivity is measured transverse to the current
and is caused by the charge carriers reacting to the Lorentz force from the field.
From the Hall effect, an estimate of the 2-dimensional density of mobile charge
carriers can be extracted by eq. 5.2, which shows that the 2-D carrier density,
n2D is given by the slope of the Hall resistance, Rxy as a function of applied
magnetic field, B.

n2D = − B

Rxye
(5.2)

Hall effect measurements in this work were performed in the dilution re-
frigerators described in the previous subsection.

5.2.7 Photolithographic Patterning

Having described the most common types of transport measurements it is clear
that much can be learned from the global transport behaviour, there is, how-
ever, great benefit in knowing the absolute value of the resistivity with a high
precision. This can be done through the van der Pauw method (see Ref. [96])
or with an accurate measure of the sample geometry. It is one option to bond
wires directly to the thin film sample and measure the distances between them.
A more reliable approach, however, is to actively define the sample geometry
by photolithographic patterning. All the transport measurements reported in
this work were performed on samples etched into a 100 x 680 µm Hall bar
and contacted via aluminium wire bonded to sputtered platinum pads. The
photolithographic process involved in making such patterns is briefly outlined
in Fig. 5.9.

5.2.8 Raman Spectroscopy

Raman spectroscopy is another example of a “photon in - photon out” technique
where the photons are scattered by the sample atoms. Almost all the scattered
light is elastic in nature and falls into the category of Rayleigh scattering, this
corresponds to the excitation of the atomic energy of the sample up to a virtual
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As-grown thin film

Added spin-coating of photoresist resin

After exposure to UV under a 

mask of the desired pattern

Sputtered platinum on top

Removal of the photoresist

More photoresist spin-coated

After UV exposure and development

The outside of the pattern is etched away 

by bombardment of argon ions

The patterned film with contacts,

cleaned and ready to be measured

Figure 5.9: The process of photolithographically patterning a thin film sam-
ple. On the left, the cross section and in the middle a top-view microscope
photograph.

state and back down into the initial state. Much more interesting is the very
small fraction of the scattered signal that is inelastic and corresponds to the ex-
citation up to a virtual energy state and back down to an excited state different
to the initial one, or vice versa. This is the Raman scattering signal and it carries
information about the various excitations available to the atoms [97,98].

The Raman intensity is usually plotted as a function of the energy change
Eout − Ein called the Raman shift and expressed as a wavenumber or a fre-
quency. Because it is thermodynamically less probable that the system is ini-
tially in an excited state, this means a higher intensity for negative Raman, or
Stokes, shifts. All the Raman spectra in this work (Chapters 7 and 8) are plot-
ted on a positive Raman shift axis but this is done for presentation purposes;
almost all Raman spectroscopy measurements, in general, are on the Stokes,
photon energy loss, side of the spectrum. Of course the Stokes and anti-Stokes
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(positive Raman shift) signals are symmetrical so the reason for this inversion
is simply to gain intensity.

A simplified visual of the mechanism of Raman scattering and an example
spectrum are shown in Fig. 5.10.
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Figure 5.10: a) Simplified schematic of the difference between Rayleigh and
Raman scattering. b) An example of a possible Raman spectrum, omitting the
very strong Rayleigh intensity at zero Raman shift and including both Stokes
and anti-Stokes scattering signal.

The Raman spectrum is unique for any given material and the number of
peaks corresponds to the number of Raman active modes in the sample. Typ-
ically, the lower the symmetry of the material, the more Raman active modes
are available. Raman active modes can take the form of structural, electronic
or even magnetic excitations. For perovskite oxides, Raman spectroscopy is pri-
marily used to probe the vibrational excitations, in other words the phonons of
the system [99, 100]. This readily gives information on the structural symme-
try, phase transitions, and, with a little extra work, on more subtle structural
detail.

The application of Raman spectroscopy to thin films brings forth challenges
not present in bulk studies. In addition to the familiar problem of reduced
scattering volume from thin films, there is the issue of signal dominance from
the substrate. Since the measured spectrum will be the sum of the (small)
thin film signal and the (much larger) substrate signal, it is prudent to select a
film/substrate combination such as to reduce as much as possible the overlap
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of the Raman peaks. Unfortunately very many of the commonly used substrates
are low symmetry, such as NdGaO3, and so generate a vast number of Raman
peaks spanning a large range of frequencies, rendering deconvolution of the
thin film signal extremely difficult. Despite these limitations, however, Raman
spectroscopy on thin films has become a well-established field [101].

Depth-profiled Raman spectroscopy coupled with a sophisticated principal
component analysis has recently allowed the Raman spectrum for a LaNiO3

film of only 1nm thickness to be obtained. This result, as well as a thickness-
dependent study on these films and further details on the measurements, will
be presented in Chapter 7. Further on, in Chapter 8, Raman spectroscopy
proves an extremely effective tool to probe the structural phase transition when
working with the solid solution Nd1−xLaxNiO3.

The Raman spectroscopy measurements that make up part of this work
were carried out at the Luxembourg Institute of Science and Technology on a
Renishaw inVia Reflex Raman Microscope using a He-Ne light source.

5.2.9 Scanning Transmission Electron Microscopy

One of the most powerful measurement techniques available to solid state
physicists is electron microscopy. The resolution achievable by a microscope
is dependent upon the wavelength of the probe. For visible light microscopes,
this gives a resolution limit of not much less than a micrometer. Using the
wave-like property of matter, however, can decrease this limit immensely.

In a scanning transmission electron microscope (STEM), a beam of highly
focussed electrons is shone through a sample and the transmitted beam is col-
lected by a detector on the other side. The sample must be cut, polished and
etched down to a very thin slice in order for the beam to be transmitted suffi-
ciently. The scanning part of the name comes from the feature that the beam
can be moved over the sample to generate a raster image. Nowadays STEM res-
olution can be as low as tens of picometers. In other words, atoms themselves
are visible.

STEM is a sophisticated and very powerful technique that has been em-
ployed to image even light elements such as the oxygen in transition metal ox-
ides [19]. Despite being limited in throughput by the extensive sample prepa-
ration times, this technique allows an unprecedented insight into the atomic-
scale physics of materials.

For Chapter 7 STEM measurements were carried out at the Université Paris-
Sud and the technique proves invaluable in shedding light onto what happens
in LaNiO3 ultrathin films.
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Chapter 6

Quantifying Octahedral
Distortions in Perovskites

6.1 The Importance of Structure

The principal role of the structure in determining the physical properties of
transition metal oxides is widely appreciated. In nickelates, the electronic and
magnetic properties exhibit a particularly clear lattice dependence. The nicke-
late phase diagram itself is almost always shown with the x-axis representing
the structural distortion in one way or another, for example, the Ni-O-Ni bond
angle that dictates the orbital overlap. See Fig. 2.5 for a reminder of this mech-
anism.

Determination of the structure is where challenges may arise, especially
for thin film systems due to low scattering volume and other effects outlined
in Chapter 3. The present chapter describes a methodology for obtaining de-
tailed structural information, about perovskites specifically, while making few
assumptions.

6.2 Octahedral Distortions

In Chapter 2 the idea of simplifying perovskites to a network of corner-sharing
octahedra was introduced as well as Glazer notation, the shorthand commonly
employed to describe such systems. In his original work, Glazer suggested a
way to determine the symmetry of perovskites by checking for the presence (or
absence) of half-integer Bragg peaks in x-ray diffraction (XRD) [3]. These half-
integer (HI) peaks, so-called because they appear, in reciprocal space, half-way
between the integer diffraction peaks arising from the pseudocubic unit cell,
correspond to a doubling of the unit cell in real space. The way in which the

49



6. QUANTIFYING OCTAHEDRAL DISTORTIONS IN PEROVSKITES

unit cell is doubled, that is, by which Glazer rotation system, causes differ-
ent peaks to be allowed or forbidden. The array of allowed HI peaks can be
reasoned by symmetry, following the recipe presented by Glazer, or it can be
predicted by directly calculating the diffraction pattern from a given structure.
For this study it was first necessary to be able to generate the atomic positions
from the input parameters of the Glazer rotation system and Glazer rotation
magnitudes, requiring some 3-dimensional geometry.

6.3 Geometric Considerations

The main assumption made in this procedure is that the octahedra are perfectly
rigid, although, in reality, some degree of bond length distortion is expected.
Fig. 2.2a) shows the definition of the rotation angles α, β and γ where, because
we are considering the rotation of a rigid body, it is important that these angles
are taken with respect to the internal symmetry axes of the octahedron and not
to the original, unrotated Cartesian axes. Fig. 6.1 illustrates how the axes are
defined for an order of operation of the Glazer angles α→ β → γ.

Unrotated α rotation γ rotationβ rotation

x

y

z

x

y

z

x

y

z

x

y

z

Figure 6.1: Schematic to show how the axes of rotation are defined with respect
to the unrotated Cartesian axes (in black). α rotations are around what started
as the Cartesian x-axis (magenta), β and γ rotations are around the former
y-axis (blue) and z-axis (green) respectively but have now been rotated by the
previous operations. After each partial rotation the axes are redefined.

A second geometric subtlety is that the group of 3-dimensional rotations,
SO(3), is non-Abelian, meaning that the order in which the rotations are ap-
plied will change the final atomic positions. We find, for small angles of distor-
tion, less than 10 o, the variation between the final vectors is minimal and the
rotations could be performed in any order for a very similar result. When the
rotation magnitude exceeds 10 o, however, the final positions begin to diverge
heavily with a change in the order of operation. A way to get around this issue
is to break the large rotation angle operation into several small rotation angle
operations.

The operation is performed by the Rodrigues formula (from [102]):
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 cosϕ+ u2
x(1− cosϕ) uyux(1− cosϕ)− uzsinϕ uzux(1− cosϕ) + uysinϕ

uxuy(1− cosϕ) + uzsinϕ cosϕ+ u2
y(1− cosϕ) uzuy(1− cosϕ)− uxsinϕ

uxuz(1− cosϕ)− uysinϕ uyuz(1− cosϕ) + uxsinϕ cosϕ+ u2
z(1− cosϕ)


which is applied iteratively around the three internal axes of octahedral sym-
metry in turn, each time by an increment of the total rotation angle for that
axis. The mth incremental rotation, ϕ, is performed around a unique vector
(ux, uy, uz)m, which has been defined by successive application of all the m-1
rotation operations before. To obtain a final set of vectors that is independent
of the order of operation, 50 iterations of the Rodrigues formula around each
axis is found to be sufficient for a convergence within 0.1 % when the Glazer
rotation magnitudes are very large (more than 15 o, meaning a very distorted
perovskite). Fig. 6.2 shows how the resulting atomic positions, which depend
upon the order of operation, converge to the same vector coordinates when the
number of iterations increases.
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Figure 6.2: The percentage mean difference between resulting atomic positions
calculated with the rotations applied in the order α → β → γ compared to in
the order γ → β → α. The insets are the graphical outputs of the simulation
when the angles are applied in their entirety (one iteration) and when there
are 60 iterations, each time by α

60 , β
60 and γ

60 . The angles input for this test
were very large; α = β = 16 o and γ = 17 o.

The process just described generates the positions of the corners of a rotated
octahedron, in other words; the oxygen atomic sites, for a given set of input
angles α, β, γ. Scaling up to the full unit cell requires another seven octahedra
to be generated (to account for the doubling of the unit cell in three dimen-
sions) with the same rotation magnitudes α, β and γ but with one or more of
the rotations being negative, according to the Glazer system of interest. The
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final result is a full reduced-symmetry unit cell consisting of 24 oxygen atoms,
the positions of which can be used to simulate the HI diffraction intensity.

6.4 Simulating diffraction patterns

At a given Bragg vector (h, k, l), the intensity of the diffracted x-ray signal is
calculated via the structure factor, Fhkl, given by:

Fhkl = fO2−

24∑
n=1

exp(2πi(hxn + kyn + lzn)) (6.1)

where the nth oxygen atom is situated at the vector (xn, yn, zn) in coordinates
relative to the doubled unit cell. The prefactor fO2− is the form factor for
O2− and represents the Fourier transform of the spatial electron density of that
particular ion.

The final intensity is simply the square of the structure factor(s) along with
some normalisation factors or corrections, if required. In the system of oxygen
octahedral rotations, it is necessary to consider four separate structure factors.
For rotation angles of (α, β, γ) there are three other sets of rotations that will
give geometrically equivalent atomic positions, (−α, β, γ), (α, −β, γ) and (α,
β, −γ). Of course when probed with a Bragg vector (h, k, l) these domains are
inequivalent and must be summed over to account for the four possible tilting
configurations. The overall intensity is therefore:

I =

4∑
p=1

dp[Fhkl]
2 (6.2)

where the dp are weighting factors that can be treated as further parameters in
the fit to the experimental data.

Fig. 6.3 shows two examples of the output of simulating diffraction inten-
sities on the plane l = 3

2 . To determine the Glazer rotation magnitudes it
is necessary to compare these simulated intensities to those measured exper-
imentally and find the best match. The integer Bragg peaks, that is, the ones
measured in conventional XRD, do not arise from the simulation of only the
oxygens so they do not appear in, for example, Fig. 6.3. In reality, however, the
integer Bragg peaks are produced by the cation sub-lattice, which, in this simu-
lation, does not undergo a doubling of the unit cell. For structures where there
is some cation displacement expected along with the octahedral rotations, the
cation position is another parameter to be optimised in the fit.

In order to achieve the best structural refinement, several HI Bragg peaks
must be measured, both from unique families and within the same family to
probe, for instance, the domain population fractions. Measurement of around
ten HI Bragg peaks, of which six are unique (in the sense that they share no
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Figure 6.3: Simulated reciprocal space maps of diffraction intensity corre-
sponding to the unit cell doubling due to distortions of the O6 octahedra on
the l = 3

2 plane. a) Is for a system of a0b−c− where α = 0 o, β = 5 o and γ =
10 o and all the geometric domains are equally populated. b) Is for a system of
a−a−c− where α = β = 5 o and γ = 10 o but only two of the four domains are
populated (simulating a “twinned” structure).

in-plane symmetry between them), typically gives a sufficiently high reliability
to the fit.

6.5 Measurement of Half-Integer Diffraction
Peaks

HI diffraction peaks are typically several orders of magnitude lower in inten-
sity than the integer ones. For low volume structures like thin films, usually
the only way to access these reflections is by using high intensity synchrotron
radiation.

All HI XRD measurements were performed at the Materials Science beam-
line X04SA, Surface Diffraction endstation at the Swiss Light Source, Paul
Scherrer Institut in collaboration with Professor Willmott [103].

The samples were mounted on a hexapod in a 6-circle diffractometer allow-
ing for a wide range of geometries. For these measurements the geometry was
set to have a fixed incident angle of 4o. This is a wider angle than is typically
used in surface diffraction but it was selected taking into consideration the
sample size and beam footprint area to ensure that the beam never overspills
the sample. It is essential that the sample volume being probed is indepen-
dent of the diffraction peak being observed because the absolute value of the
intensity is crucial for the analysis. Without this fixed geometry, the measured
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6. QUANTIFYING OCTAHEDRAL DISTORTIONS IN PEROVSKITES

intensities would need to be corrected, adding complexity to the treatment of
the data.

The samples were measured at room temperature, under flowing helium
(to minimise radiation damage to the sample) and at a photon energy between
13 keV and 15.5keV to avoid any absorption edges of the relevant elements.

Allowing efficient measurement is the 2-dimensional Pilatus-II pixel detec-
tor. The ability to capture the entire diffracted beam in one image means that
alignment is quick and intuitive and the integration time can be cut to seconds.

Alignment is done with respect to the substrate lattice due to the higher
intensity and the known structure and orientation. Then the measurements
themselves take the form of crystal truncation rods (CTRs), XRD scans normal
to the film surface. The CTRs are always expressed relative to the substrate re-
ciprocal lattice, even if the substrate produces no HI Bragg peak at that point.
Specular CTRs were recorded in order to extract the film thickness from the
finite size oscillations (see Fig. 5.6 for an example) but all the other CTRs were
off-specular and half-integer to access the doubled unit cell of the oxygen sub-
lattice. The parameter of interest is the total intensity of a given reflection,
found by integrating the signal. Two examples of the types of HI peaks mea-
sured are presented in Fig. 6.4. The function used to fit the data was of the
form:

y = A

[
exp

(
−(x−B)2

2C2

)]
+Dx+ E (6.3)

with the first term a Gaussian function, the second term a linear slope offset
and the third term a constant background. The final integrated intensity is
given by the integral of the Gaussian part, AC

√
2π. Fig. 6.4 shows two HI

diffraction peaks, one where the substrate contributes a diffraction signal and
one where it does not. In both cases the Gaussian fit is straightforward to
obtain and the integrated intensity can be extracted.

Once both the simulated and experimental intensities have been obtained
they are normalised to the same (h, k, l), usually the one corresponding to
the highest experimental intensity, giving two comparable sets. If the nor-
malised simulated intensity for the nth diffraction peak is Isim(h, k, l)n and the
normalised experimentally measured intensity for the nth diffraction peak is
Iexp(h, k, l)n then the residual sum of squares (RSS) is defined such that:

RSS =
∑
n

|Isim(h, k, l)n − Iexp(h, k, l)n|2 (6.4)

and, from this, the input parameters (α, β, γ and the dp) can be varied until
the RSS is minimised, determining the best fit structure.

The programming for the procedure outlined here was written on Wolfram
Mathematica and is more advanced than the methods previously reported [76,
104, 105]. Here we have simulated the full 3-dimensional structure, taking
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Figure 6.4: CTR scans of HI diffraction peaks showing the fit function used to
calculate the integrated intensity for a) a 5 unit cell (u.c.) LaNiO3 film on a sub-
strate that has no room temperature octahedral rotations of its own (SrTiO3)
and for b) a 10 u.c. LaNiO3 film on a substrate of the same rhombohedral
symmetry as LaNiO3 (LaAlO3) but a different lattice parameter meaning that
the two peaks are separated sufficiently to allow the film signal to be treated
independently.

care with how the rotation operations are applied, whereas a simplification
is to only consider rotations projected onto the initial Cartesian planes. This
streamlines the computation but begins to be unreliable with larger (> 10o)
rotation angles, a problem not encountered here.

With all this we are now prepared to measure real thin film perovskite
samples.

6.6 Application to Perovskite Films

Experiments in the theme of what is described in the previous sections have
been undertaken on various perovskite systems. The HI Bragg peak approach
has provided insight into, for instance, the structure of perovskite films grown
on different substrates, highlighting how readily the oxygen octahedra rotate
to accommodate biaxial strain [76,104,105] or a substrate-film symmetry mis-
match [106]. More complex systems have been studied as well, such as super-
lattices of two alternating perovskites where, by playing with the length scales
of interfacial structural coupling, a specific structure can be engineered [107].
Simulations that take into account cation displacements as well have also been
developed [108]. More advanced analysis techniques based on phase retrieval
also exist such as coherent Bragg rod analysis (CoBRA), which has been used
to achieve layer-resolved structures in perovskites [109–114]. Studies com-
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bining the half-integer Bragg technique with transmission electron microscopy
show a good agreement between the two [115]. The interest in determining
the octahedral rotations is also reflected by the growing appreciation of their
importance from the theoretical side [116–120].

When a perovskite material is grown as a thin film, its structure largely re-
flects the imposed tetragonal distortion brought by the biaxial strain with the
substrate. Adaptations to this new unit cell can take the form of bond length
modifications, octahedral rotations or defect formation (see Fig. 3.2). Beyond
this, as discussed in Chapter 3, the structure close to the surface and near the
heterointerface with the substrate may look quite different to the rest of the
film. This can be due to polar discontinuity, cation discontinuity, symmetry
mismatch and so forth [15,20,121]. The contribution to the overall film from
these boundary layer structures is small when the film is thick but as the film
is made thinner, the relative influence of these layers increases. Due to this, it
is reasonable to expect a quantitative change in structure with changing film
thickness. To our knowledge, there have been no studies explicitly focussed on
the thickness-dependence of the octahedral rotations determined by HI Bragg
peaks. For the work reported here, the main interest was in pushing the thick-
ness as low as possible.

6.6.1 LaAlO3/SrTiO3

The (001)-oriented LaAlO3/SrTiO3 system is famous for the 2-dimensional
electron liquid, which is also superconducting, formed at the interface, de-
spite LaAlO3 and SrTiO3 both being band insulators [22, 23]. Here, however,
we are not concerned with the electronic properties as LaAlO3/SrTiO3 provides
the ideal test system for the type of analysis described in this chapter.

At room temperature, SrTiO3 is purely cubic and so there are no HI reflec-
tions. Bulk LaAlO3, on the other hand, belongs to the space group R3c and
exhibits Glazer rotations of a−a−a− with α = β = γ = 5.6o. This Glazer sys-
tem produces every peak (h, k, l) where h, k and l are all half-integer except
the reflections where h = k = l, which are symmetry forbidden. SrTiO3 has a
room temperature lattice parameter of 3.905 Å, which imposes a tensile strain
on the LaAlO3 (lattice parameter = 3.789 Å) of 3 %. Taking the strain into ac-
count, the expected Glazer system of a LaAlO3 film on SrTiO3 substrate would
be a−a−c−. It is also expected that γ is smaller than α and β due to the tensile
strain and this is discussed later. Further simplicity is brought by the fact that
the domain population fractions, dp, should be equal with a cubic substrate.

The LaAlO3 films were grown on (001)-oriented, TiO2-terminated SrTiO3

substrate by pulsed laser deposition, described briefly in Section 5.1. The sam-
ples were grown in a pressure of 8 x 10−5 mbar at a temperature of 800 oC
and a laser repetition rate of 1 Hz. The films were then post-annealed in 200
mbar of oxygen at 530 oC for an hour. One film was grown with a thickness
of 10 u.c. and the other with 5 u.c. After a standard sample characterisation
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(see Section 5.2), the samples were then measured at the Swiss Light Source
as described in the previous section.

The symmetry of the films was confirmed to be at least a−a−c− where the
equivalence of the α and β was assumed due to the in-plane symmetry and
then confirmed by comparing the intensities of peaks from different quadrants
within the a-b plane. To find the rotation magnitudes it is necessary to proceed
with the simulation described previously.

Fig. 6.5 shows the output of the simulation for a (001)-oriented LaAlO3 film
of 10 u.c. thickness grown on a SrTiO3 substrate. Panels a) and b) are density
plots of the sum of the squares of the differences between the measured and
simulated intensities (RSS). Panel b) is calculated with a higher level of preci-
sion in the parameter space. Panels c) and d) show the input angles that give
the lowest RSS values when the optimisation is repeated hundreds of times,
each time with a random noise of ± 5 % (c) and ± 1 % (d). The optimised
α, β and γ remain within the same range of values with the application of ar-
tificial experimental noise, indicating the robustness of the simulation to the
input data. This is a known method of checking that a simulation is not over-
fitting [108]. Eq. 6.5 describes how, for each measured intensity Iexp, a new
intensity I ′exp can be calculated. In this process, the parameter Rn is a ran-
domly generated number between, for instance, −0.05 and +0.05 for a 5 %
artificial error.

I ′exp(h, k, l)n = Iexp(h, k, l)n +RnIexp(h, k, l) (6.5)

Over 350 repetitions give a mean of α = β = 6 o and γ = 2.3 o (panel d)),
which corresponds to the minimum RSS in the density plot (panel b)) and all
the scattered values coming from the artificially-added experimental noise lie
within the contour delineating 1 % of the minimum RSS. Therefore the mean
of the scattered data is taken as the final result.
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Figure 6.5: a) and b) are density plots in the parameter space of the input
Glazer angles showing the RSS of the optimisation. The darker colour indicates
a lower residual and, hence, a better fit. Shown by the dashed white line is the
contour marking the values within 5 % (a) and 1 % (b) of the minimum RSS.
c) and d) are scatter plots showing the values of α (=β) and γ that produce
the lowest RSS, in other words the best fit, when the process is repeated 350
times with a random noise added to the experimental data that is within 5 %
(c) and 1 % (d). The mean of the 350 runs (all the black points, many of which
are superimposed) is shown by the red mark and the error bars correspond to
the standard deviation on this mean.

With the same statistical analysis performed on the second sample, the re-
sults can be summarised as follows:
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α=β (o) γ (o)
10 u.c. LaAlO3/SrTiO3 6.0 ± 0.8 2.3 ± 1.1
5 u.c. LaAlO3/SrTiO3 0.7 ± 1.0 0.2 ± 1.0

The Glazer angles determined for the 10 u.c. sample reflect the tetragonal-
ity of the tensile strain in that the out-of-plane tilts are greater in magnitude
than the in-plane rotation, the latter of which is considerably reduced. The
out-of-plane effect does not appear to be extreme, however, as the out-of-plane
tilt magnitude, α (=β) is found to be 6 o, only slightly enhanced from the bulk
5.6 o. This may be due to the low thickness of the film and, as suggested by
the results in the following section on the similar LaNiO3/SrTiO3 system, the
pure tetragonality effect may not stabilise until the thickness exceeds around
12 - 15 u.c.. At only 5 u.c., however, the rotations are strongly suppressed both
in-plane and out-of-plane. This is in concordance with a transmission electron
microscopy study that finds the out-of-plane tilt, α (=β), to be around 5 o for a
7 u.c. LaAlO3/SrTiO3 sample [122]. This distortion suppression may possibly
be due to the proximity to the cubic SrTiO3 substrate, an effect that will be
discussed in the section to follow.

It should be noted that the signal on the HI Bragg peaks remains measur-
able, even when the film thickness is only 5 u.c. (2 nm). It seems likely that
this does not yet represent a lower thickness limit for the feasibility of these
measurements and so a more extensive thickness study can be carried out.

6.6.2 LaNiO3 Thickness Dependence

A series of LaNiO3 samples was grown by radio frequency off-axis magnetron
sputtering at a temperature of 510 oC and in a 7:2 Ar:O2 mix at a pressure
of 0.24 mbar. For more details on the growth see Section 5.1. The (001)-
oriented LaAlO3 and TiO2-terminated (001)-oriented SrTiO3 substrates were
both supplied by CrysTec GmbH. Structural parameters of the substrates as
well as bulk LaNiO3 are provided in the following table [123,124].

Room temperature bulk structures LaNiO3 LaAlO3 SrTiO3

Pseudocubic lattice parameter (Å) 3.838 3.789 3.905
Space group R3c R3c Pm3m
Glazer system a−a−a− a−a−a− a0a0a0

Octahedral rotation α = β = γ (o) 5.2 5.6 0

The samples are of high quality with atomically flat step-like topographies,
as demonstrated by atomic force microscopy, enduring epitaxial coherence,
as evidenced by transmission electron microscopy and a high degree of crys-
tallinity, as seen in the XRD shown shortly as well as in Fig. 5.6. The results
that follow were all obtained by the procedure described in this Chapter and
are summarised in Fig. 6.6.
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The film thicknesses and c-axis parameters were obtained by analysing the
specular CTRs and the results are shown in Fig. 6.6a). Due to the compressive
strain applied by the LaAlO3 substrate (εxx = -1.3 %), the LaNiO3 is expanded
out-of-plane with respect to the bulk structure and the opposite effect is seen
for the samples on SrTiO3 - out-of-plane compression due to the tensile biaxial
strain state (εxx = 1.7 %). There is a further, intriguing discrepancy between
films on the two substrates; the c-axis parameter of LaNiO3 depends strongly
on the total film thickness when grown on SrTiO3 but does not depend at all
on total film thickness when grown on LaAlO3. Possible reasons for this are
discussed at the end of this chapter.

Fig. 6.6b) shows the coherence length as a function of total film thickness
for all the samples in this study as calculated by the Scherrer formula (eq. 5.1).
The interpretation of this quantity is the minimal thickness of the lattice struc-
ture that produces the diffraction peak in question, projected onto the probing
(Q) vector, which, in the case of these CTR scans, is simply normal to the sam-
ple surface. If lcoherence corresponds to the total film thickness, as determined
by counting the fringes in the specular CTRs produced due to the finite size ef-
fect, this suggests that the films adhere to the same symmetry at all depths and
there is no extra contribution coming from the substrate. This seems to be the
case here except for the thinnest samples where the coherence length starts to
exceed the film thickness, indicating that perhaps the topmost few unit cells of
the substrate are influenced by the film above, an effect that has been observed
in, for example, transmission electron microscopy on similar systems [19]. This
implies that the unit cell doubling distortion propagates deeper into the sub-
strate when the film is thinner and could possibly be due to the proximity to
the film surface, where extreme structural distortions can manifest and may
penetrate downwards.
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Figure 6.6: a) The c-axis lattice parameter as a function of LaNiO3 film thick-
ness on both SrTiO3 (orange) and LaAlO3 (blue). Bulk values for all materials
are indicated by the dashed lines. b) The coherence length calculated from
the Scherrer formula as a function of total film thickness for all samples on
both substrates. The dashed line marks the points where the coherence length
would be equal to the total film thickness. c) The tilt or rotation angle from the
Glazer description as a function of total film thickness on SrTiO3 substrate. d)
The tilt or rotation angle from the Glazer description as a function of total film
thickness on LaAlO3 substrate. In c) and d) the bulk rotation angle for LaNiO3

is denoted by the dashed line.

Panels c) and d) of Fig. 6.6 show the results of the optimisation to the
experimental HI Bragg peak intensities by the simulation detailed in this chap-
ter. Panel c) corresponds to the best fit angles (α = β and γ) for LaNiO3 on
SrTiO3 substrate while panel d) shows the best fit angles for LaNiO3/LaAlO3.
The squares represent the out-of-plane tilts, α and β whereas the circles in-
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dicate the in-plane rotation magnitude γ. The data on LaAlO3 substrate has
little thickness dependence while the data on SrTiO3 is more complex. Fig. 6.7
shows a visualisation of these results in the parameter space of the rotation
magnitudes along with some schematics of the structures found.
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Figure 6.7: The best fit α, β and γ angles for all the samples investigated. The
arrow directions indicate increasing film thickness of LaNiO3/SrTiO3 (orange)
and LaNiO3/LaAlO3 (blue). The data is the same as Fig. 6.6 c) and d) but here
plotted on the (α=β)-γ plane, mapping the parameter space.

For the thicker (> 14 u.c.) samples, the angles reflect what would be ex-
pected from only considering the effect of biaxial strain. On SrTiO3, the strain
is tensile so the LaNiO3 oxygen octahedra would be expected to straighten
their in-plane Ni-O bonds to maximise the in-plane space, this means a rota-
tion around the c-axis and smaller γ of nearly 0o. The α and β, on the other
hand, are much larger at almost 9o. The octahedra reduce their out-of-plane
extension by increasing α and β to account for the tetragonal distortion stem-
ming from tensile biaxial strain. This is schematised by the inset on the bottom
right (high α and β but low γ) of Fig. 6.7. The opposite situation is observed
for LaNiO3/LaAlO3, a compressive strain state. Here γ is forced to around 10o

by in-plane restriction and the secondary result is that α and β decrease to
accommodate the new tetragonal distortion that is longer out-of-plane than
in-plane. At least until 40 u.c., the strain state of these films is retained, as
evidenced by reciprocal space maps that show the in-plane lattice parameter
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matching that of the substrate. These Glazer systems would therefore likely
be found for continually increasing thickness until strain relaxation, where the
bulk values would be preferred. Ref. [76] finds, for slightly thicker LaNiO3 on
both LaAlO3 and SrTiO3 substrates, Glazer angles that are in good agreement
with what we see here. Theoretical calculations on LaAlO3 films also repro-
duce these higher thickness, biaxially-strained structures and LaNiO3 would be
expected to be similar [105, 125]. It seems likely, therefore, that the modified
octahedral network structures determined here for films that are thicker than
15 u.c. but still biaxially strained are preferential.

In the case of the films on LaAlO3 substrate, the biaxial strained structure
holds until as little as 5 u.c., similar to how the c-axis parameter appears to be
independent of the total thickness, see Fig. 6.6a). By contrast, the octahedral
rotations in films on SrTiO3 depend much more strongly on the total thickness.
In particular, as the thickness is decreased, the α and β tilts seem to be tend-
ing towards 0o which, it should be noted, is the room temperature rotation
angle in the cubic SrTiO3 substrate. It is therefore likely that the film structure
is inclined to adopt the same out-of-plane rotations as the substrate through
octahedral coupling at the heterointerface. The effect of the interfacial octa-
hedral coupling reduces when the thickness approaches 12 - 15 u.c., the same
length scale over which the c-axis parameter also changes on the SrTiO3 sub-
strate. The actual interfacial coupling length could be much less than 12 u.c.,
however, as it should be kept in mind that these measurements are sensitive to
the entire film thickness and so give an average structure.

Notably, the angles obtained for 10 u.c. and 5 u.c. of (001)-oriented
LaAlO3/SrTiO3 found in the previous subsection compare favourably with
the thickness-dependence of LaNiO3/SrTiO3 here, suggesting that LaAlO3 and
LaNiO3 react to the SrTiO3 interface in a similar way. This is most likely as a
result of their structural similarities in bulk (for instance, both are rhombohe-
dral), as summarised in the table at the beginning of this part and also aids in
the understanding of the LaNiO3/LaAlO3 interface.

In the LaNiO3/LaAlO3 system, the two materials are much closer in lattice
parameter and the interface has, nominally, no polar discontinuity, no A-site
discontinuity and no symmetry discontinuity so the LaNiO3 can adopt a more
stable, low energy, structure. In the LaNiO3/SrTiO3 system, however, there are
many more discontinuities so it could be that the LaNiO3 is more frustrated
and has to respond to the interface in a more complex way; first by octahe-
dral coupling and then by accommodating the biaxial strain. Although strain
relaxation on the scale of the thicknesses measured here can be ruled out by
reciprocal space maps, there is still the possibility that the LaNiO3/SrTiO3 in-
terface has a higher propensity to develop point defects and this may be having
an effect as well. Regardless of the origin, the smooth evolution of the thick-
ness dependence of the octahedral rotations in the LaNiO3/SrTiO3 system may
have an application in atomic-scale structural engineering through integration
in a superlattice structure.
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6.7 Summary

In this chapter, a simulation designed to give the Glazer rotation system and
angle magnitudes through fitting half integer Bragg peaks in x-ray diffraction
was described. The simulation was then used to obtain structural information
on three thin film perovskite oxide systems; LaAlO3/SrTiO3, LaNiO3/SrTiO3

and LaNiO3/LaAlO3, all in (001)pc crystallographic orientation.
LaNiO3/LaAlO3 appears to be a system where the compatibility between the

two components leads to a film structure that is independent of the total film
thickness and the Glazer rotation angles reflect an almost pure biaxial strain
effect.

LaNiO3/SrTiO3 and LaAlO3/SrTiO3 are very similar, owing to the corre-
sponding similarity between bulk LaNiO3 and LaAlO3. In this thin film system,
however, the stark differences between the ideal film structure and the sub-
strate are such that the film appears to accommodate the heterointerface in
a complex and thickness-dependent way; first by octahedral rotation to match
the substrate and then, for thicker films, by octahedral rotation to fill the tetrag-
onality imposed by biaxial strain.

The simulation developed and used here can be further applied to other
perovskite oxide systems. It can be adapted to take into account cation dis-
placements and so studies on Pnma-type perovskite thin films are foreseeable.
More complex structures, such as multilayers and superlattices, can also be
readily measured with such a technique and future work will go in this direc-
tion.
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Chapter 7

Ultrathin LaNiO3

7.1 Motivation

As the only rare earth nickelate that does not exhibit the rich phases and tran-
sitions of the rest of the family, LaNiO3 has, in recent years, mainly been stud-
ied with the notion of high temperature superconductivity as the motivation.
As discussed in Section 4.6, it was predicted that superlattices that alternate
a metallic 1 u.c. layer of LaNiO3 with a non-transition metal perovskite ox-
ide band insulator may provide a welcome environment for superconductiv-
ity, analogous to the high temperature superconducting cuprates. Besides the
likely issue that the electronic configuration of the nickelates is not as similar
to the cuprates as it may first appear, there is also a challenge in understanding
the behaviour of LaNiO3 in the ultrathin limit.

7.2 Electronic Transport

Thin films of (001)pc-oriented LaNiO3 are metallic, in reflection of the bulk
metallicity. They do, however, begin to show a resistivity upturn when thin-
ner than 6 - 10 pseudocubic unit cells (u.c.) (2.3 nm - 3.8 nm) and become
completely insulating when their thickness is further reduced to 3 - 6 u.c.
(1.1 - 2.3 nm) [126–128]. The upturn regime at intermediate thicknesses has
been ascribed to a weak localisation phenomenon, described in detail in [128].
The threshold thicknesses for the upturn and insulating regimes depend upon
the substrate selected for epitaxial growth but are found to correspond to an
equivalent sheet resistance; the crossover to the insulating phase happening at
Rs = h

e2 ≈ 25 kΩ, the 2-dimensional quantum of resistance. At around the
same thicknesses, a dramatic change in the Fermi surface is observed by angle-
resolved photoemission spectroscopy, indicating that these ultrathin films of
LaNiO3 are physically distinct from their thicker counterparts [129,130].
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Figure 7.1: a) ρ(T) curves of (001)-oriented LaNiO3/LaAlO3 thin films of vary-
ing thicknesses. The thickness is indicated by the colour code. Three regimes of
behaviour are highlighted. b) The room temperature conductivity of the same
samples as panel a) plotted as a function of total film thickness. Published
in [131].

Fig. 7.1 shows in a) a collection of ρ(T) curves for different thicknesses of
LaNiO3 grown on (001)pc-oriented LaAlO3. The three regimes of behaviour;
metallic, upturned and insulating, are shown by the grey parts. For the metallic
films, we observed that the most conducting films belong to an intermediate
thickness regime, 6 u.c. - 11 u.c.. The least resistive film has a 4 K resistivity of
32 µΩcm. In panel b) the room temperature conductivities of these films are
plotted as a function of total LaNiO3 thickness. The error bars correspond to the
uncertainty of ± 1 u.c. in determining the thickness, which also contributes the
greatest error in determining the resistivity. Even within the sample-to-sample
scattering, there is a marked conductivity enhancement for film thicknesses
from 6 - 11 u.c. (2.3 - 4.3 nm). This enhancement is also observed up to room
temperature.

Similar, although less extensive, series were grown on NdGaO3 and LSAT
substrates, both (001)pc-oriented. The ρ(T) characteristics are shown in
Fig. 7.2. Between the LaAlO3, NdGaO3 and LSAT substrates it seems that
only the series on LaAlO3 shows the marked enhancement of conductivity for
LaNiO3 thicknesses between 6 - 11 u.c.

The metallic ρ(T) curves can be fitted at low temperature by an expression
of the form ρ(T ) = ρ0+ATn. The exponent, n, is in the range 1.8 - 2.0, close to
the well-known T 2 behaviour of Landau-Fermi liquid systems coming from the
quadratic scattering rate [132]. The A coefficient of the T 2 term is proportional
to the square of the effective mass, a quantity that describes how much heavier
a charge carrier feels in response to interactions. In these LaNiO3 thin films,
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of total film thickness taken from the ρ(T) curves of panels a) and b) and from
the LaNiO3/LaAlO3 ρ(T) curves of Fig. 7.1.

the T 2-coefficient appears to not vary with thickness, see Fig. 7.3a), suggesting
that the electronic correlations are not strongly thickness-dependent.

Impurities in these films could manifest in the form of point defects, va-
cancies, or, as seen in electron microscopy, cation stacking faults [131]. In
resistivity measurements, impurities mostly contribute to the residual resistiv-
ity. Removing the residual resistivity (or, in this case, the 4 K resistivity) from
the room temperature value and converting to conductivity provides a measure
of the thickness-dependent effect with the impurity contribution removed. As
shown in Fig. 7.3b), the conductivity peak is diminished slightly by this treat-
ment, but remains robust, indicating that the trend is not linked to defects and
that another temperature-dependent scattering mechanism must be dependent
upon thickness.

The 2-D Hall carrier density is plotted in Fig. 7.3c) along with a linear
fit to the data (dashed line). The sheet carrier density is found to be rather
linear with thickness, providing a 3D hole density of 1.5 x 1022 cm−3. The
linear fit almost intercepts the origin, suggesting that these films have no “dead
layers”. The perpendicular magnetoresistance at 4 K for three thicknesses of
LaNiO3/LaAlO3 is shown in Fig. 7.3d). The magnetoresistance is less than 0.1%
T−1, in both perpendicular and parallel field, the latter indicating that there is
negligible effect of magnetic impurities.

The importance of the lattice structure, specifically the Ni-O-Ni bond angle,
in determining the physical properties of the nickelates, is well-established,
see for instance the phase diagram in Fig. 4.1. It is possible that in these
LaNiO3/LaAlO3 samples there is a variation of the average structure with to-
tal film thickness, confirmed by Raman spectroscopy, as discussed shortly. Al-
though, as described in Chapter 6, for films of LaNiO3/LaAlO3, at least the
c-axis parameter and Glazer rotations, both film-averaged, are independent of
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of (001)pc-oriented LaNiO3/LaAlO3. Published in [131].

the thickness (c ≈ 3.92 Å, α = β ≈ 1 o and γ ≈ 10 o).
The structure of this system has been previously studied and a strong sur-

face distortion was observed by Kumah et al [112, 133]. Such a distortion is
not unexpected; as mentioned in Chapter 3, surfaces are often unstable and a
structural reconstruction is one possible route to minimise the energy. Added
to this general feature of surfaces is the polar nature of the LaNiO3 surface
in the (001) crystallographic orientation. The kind of surface buckling dis-
cussed in [133] results in a decreased Ni-O-Ni bond angle and, so, a decreased
orbital overlap and corresponding increase in resistivity. In the same study,
the structural distortion on the surface is found to be largely alleviated by the
addition of an insulating LaAlO3 encapsulating layer and the resulting film is
also found to be more conductive, lending further support to the bandwidth
argument [133].

A similar transport study was conducted here on LaNiO3 films of varying
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thicknesses capped with an in-situ-grown 1 nm layer of crystalline LaAlO3, the
results of which are shown in Fig. 7.4. Panel a) shows the dramatic effect of
LaAlO3-capping on the resistivity of the LaNiO3 where, for instance, a 2 u.c.
film can be made more than two orders of magnitude more conductive. While
the topmost layer of bare LaNiO3 is the highly unstable, distorted surface, the
topmost layer in LaNiO3 capped with LaAlO3 is protected. The LaAlO3 layer
likely accommodates the distortions that otherwise would have affected the
LaNiO3, providing continuity to the polarity as well as completing the oxygen
octahedra of the final nickelate layer. The effect of the capping layer on the re-
sistivity decreases as the film thickness increases, reflecting simply the reduced
contribution of the surface layers to the overall properties.
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Figure 7.4: a) ρ(T) curves of LaNiO3/LaAlO3 thin films of 2 u.c. (blue), 3
u.c. (red), 4 u.c. (green) showing the effect of adding a 1 nm LaAlO3 capping
layer in-situ. b) The 4 K conductivity of LaAlO3-capped LaNiO3/LaAlO3 as a
function of the thickness of the LaNiO3 layer. The error bars correspond to an
uncertainty of ±1 in determining the film thickness. Published in [131].

Fig. 7.4b) plots the corresponding data to Fig. 7.1b) showing that the con-
ductivity is still enhanced at around the same thickness even with the LaAlO3

cap, the only difference being the shallower decrease in conductivity on the
low thickness side of the peak. Worth noting is that even with the addition
of the encapsulating layer, a 1 u.c. LaNiO3 film is still too insulating for mea-
surement, indicating that either the structural distortions are not completely
suppressed or there is a different origin of the ultrathin insulating phase. Fur-
ther investigation of the structure is required for clarification.
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7.3 Raman Spectroscopy

Raman spectroscopy readily offers information on the symmetry of a given
material as well as any qualitative trends in structure. Because it is a scat-
tering technique, the Raman signal is proportional to the sample volume and,
for this reason, Raman measurements on ultrathin oxides have not been per-
formed extensively. With the expertise of A. Schober and Dr M. Guennou in the
group of Professor Kreisel at the Luxembourg Institute of Science and Technol-
ogy, we use Raman spectroscopy to gain further insight into the structure and
properties of the (001)-oriented LaNiO3/LaAlO3 system. In Fig. 7.5a), some
Raman spectra are shown for various thicknesses of LaNiO3, the thinnest film
measured being only 3 u.c. (1.3 nm), thinner than previous reports of similar
studies [134].

To obtain a Raman signal on such thin films is not trivial. To achieve this,
the focal point of the incoming light was gradually scanned in the z-direction,
from above the sample, through the film and into the substrate [135]. Because
the z-dependence of the signals from the substrate and the film are different, it
was possible to perform principal component analysis on these depth-resolved
spectra to isolate the film intensity from the substrate intensity.

The modes observed can be assigned the labels A1g and Eg in correspon-
dence with the observed modes in bulk LaNiO3 [136]. The structural excitation
relevant for the A1g mode takes the form of a rigid rotation of the oxygen octa-
hedron around the (111) vector and can be seen as a compound of the Glazer
α, β and γ rotations discussed in Chapter 6. On the other hand, the mode Eg
corresponds to a distortion of the octahedral shape itself, manifested in bond-
length changes. Both types of mode are seen to shift to higher frequency upon
reducing thickness, see Fig. 7.5b), suggesting that the structure of the LaNiO3

is pushed away from its most energetically favourable arrangement. This mode
hardening is likely an effect of increased substrate influence and seems to be-
gin under around 10 u.c., the same thickness where the enhanced conductivity
starts to appear. As will be discussed in the following sections, the film struc-
ture is found to be strongly modified in the region close to the substrate.

Such a mode hardening would suggest a thickness-dependent structure,
averaged over the film since Raman spectroscopy probes the entire sample.
However, as already discussed in Chapter 6, the c-axis parameter and Glazer
rotations are found to be independent of the thickness. Those measurements
were done by x-ray diffraction, which also probes the entire sample, so there is
perhaps a more subtle structural effect at play in these LaNiO3/LaAlO3 films.
This will be partially elucidated by the structural studies discussed in the fol-
lowing sections.
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Figure 7.5: a) Raman spectra for three thicknesses of LaNiO3/LaAlO3. High-
lighted are the Lorentzian line shapes used to fit the data. In orange is the mode
corresponding to the A1g of bulk LaNiO3 and in green is the mode correspond-
ing to theEg of bulk LaNiO3. The black dotted line represents additional modes
that are expected from the symmetry lowering caused by epitaxial strain, but
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an inset schematising the type of structural distortion relevant for the phonon
mode concerned. Published in [131].

7.4 Density Functional Theory Approach

To examine the structure in more detail, ab initio calculations were performed
by Dr J. Íñiguez at the Luxembourg Institute of Science and Technology. The
study took the form of density functional theory (DFT) calculations imple-
mented in the Vienna ab initio simulation package (see Ref. [137]) on the
LaNiO3/LaAlO3 system with various film thicknesses, giving an atomic resolu-
tion of the structure. The calculations take into account the distorted structure
of the substrate as well as allow the topmost unit cell of the substrate to re-
lax its atomic positions. These simulations, therefore, produce more than just
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LaNiO3 with its unit cell tetragonally distorted to reflect the biaxial strain from
the lattice parameter mismatch with the substrate. Some representative re-
sults of the DFT calculations for different thicknesses of LaNiO3 are shown in
Fig. 7.6.
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Figure 7.6: Results from DFT simulations. a) The layer-resolved equatorial Ni-
O-Ni bond angle in three thicknesses of LaNiO3 film on LaAlO3 substrate. The
dashed line represents the result of tetragonally distorting LaNiO3 to match the
in-plane lattice parameters of LaAlO3. b) The layer-resolved c-axis expansion,
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Fig. 7.6 shows the simulated depth evolution of the Ni-O-Ni bond angle
(a) and the c-axis parameter (b) for LaNiO3 films on (001)pc-oriented LaAlO3

substrate. Looking at Fig. 7.6a) and b), the topmost two u.c. see a 5 % out-of-
plane expansion, with an extreme change in bond angle from 163o to 170o. At
the heterointerface with LaAlO3, meanwhile, both the bond angle and the out-
of-plane parameter tend towards those of the substrate. In the interior region
of the film, the structure is free from boundary effects and the out-of-plane
expansion is stable at around +1 % while the Ni-O-Ni angle is 167.5o, which
is very close to that obtained from simply biaxially straining bulk LaNiO3 by
the lattice parameters of LaAlO3 (dashed line). At a lower film thickness of 6
u.c., this interior region has nearly vanished, but the same behaviour of the
Ni-O-Ni angle and out-of-plane parameter close to the substrate and on the
surface is seen, as for the thicker film. Finally, at 2 u.c., only the characteristic
surface structure is retained; it is this distortion that takes dominance towards
the atomic limit. The depth-averaged structure, overall, does not depend upon
thickness, consistent with the measurements in Section 6.6.2.

The calculations performed here are highly sophisticated, taking into ac-
count the reduced symmetry of the film, the structural distortions of the sub-
strate and allowing the atomic positions to relax freely. Studies of this type
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require intense computing power, increasing dramatically with the number of
atoms. It is for this reason that the thickest sample calculated here was 10 u.c.,
any thicker would be immensely computationally taxing. Fortunately, comple-
mentary information can be obtained experimentally.

7.5 Scanning Transmission Electron Microscopy

The powerful technique of scanning transmission electron microscopy (STEM)
was introduced in Section 5.2.9. In order to compare with the theoreti-
cal structures, STEM measurements were carried out on the (001)-oriented
LaNiO3/LaAlO3 system by G. Tieri and Dr A. Gloter in the laboratory of Pro-
fessor Stéphan at the Université Paris-Sud. Fig. 7.7a) shows some aberration-
corrected annular dark field (ADF) cross-sectional images of LaNiO3 films of
different thicknesses. Panel b) of the same figure is the result of geometric
phase analysis (GPA) on these samples, giving the out-of-plane (c-axis) lattice
expansion. There is no possibility to measure absolute distances in-situ so this
quantity is presented normalised to the c-axis parameter of the LaAlO3 sub-
strate below. Fig.7.7b) can therefore be directly compared to Fig. 7.6b). As
can be seen, both the DFT and STEM approaches yield similar results; a pic-
ture of a film differentiated into three distinct local structures corresponding to
the surface layers, interior layers and heterointerface layers respectively. Upon
thickness reduction, the bulk-like (but strained) interior layers are the first to
be compromised and there is a smooth transition between the part of the struc-
ture affected by the heterointerface and the surface structure. Finally, when
the atomic limit is approached, the structure of the remaining layers, as deter-
mined from both theory and experiment, resembles the characteristic surface
structure of the thicker films.

7.6 The Parallel Conductor Model

Still to understand is the nature of the conductivity enhancement shown in
Fig. 7.1b). Taking into account the ranges and relative dominances of the three
local structures observed in DFT and STEM, a model of parallel conductors was
constructed with the following form:

σtotal =
σsns + σini + σhnh

ntotal
(7.1)

where the σ are the conductivities of the surface (s), interior (i) and heteroin-
terface (h) layers and the n are the number of unit cell layers of each type of
structure. The total conductivity, σtotal, can then be calculated as a function
of the total film thickness (ntotal = ns + ni + nh). The result of the best fit is
shown in Fig. 7.8.
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Figure 7.7: a) Aberration-corrected ADF images from STEM of four films of
(001)-oriented LaNiO3/LaAlO3 of varying thicknesses. The interface is marked
in red. b) From the images, the result of GPA showing the La-La distance in
the film normalised to the same quantity of the substrate. Three characteristic
regions of behaviour are highlighted in red (surface), yellow (interior) and
green (heterointerface). Published in [131]

Fig. 7.9 summarises the best fit parameters for the three types of layer at
both 4 K and room temperature. The conductivity of the interior layers, pro-
vides a high thickness asymptote of σi = 1 MS/m at 4 K and σi = 0.25 MS/m at
room temperature, marked by the dashed yellow lines on Fig. 7.8. The conduc-
tivity of the surface layers, σs, is assumed to be the most resistive, at 1 kS/m, in
line with the results of the LaAlO3 capping experiment and Ref. [133]. These
layers, therefore, provide the slope of the decreasing conductivity towards the
lowest thicknesses. The sum of the thicknesses of the surface and heterointer-
face layers, ns + nh, determines the position of the peak and the thickness of
the interior layers, ni is simply what remains after subtracting ns and nh from
the total thickness. Therefore, the only fully free parameter in the model of
parallel conductors is the conductivity of the heterointerface layers, σh, which
is found to be five times greater than the conductivity of the interior layers, σi,
at 5 MS/m at 4 K and 1.3 MS/m at room temperature. The total film conduc-
tivity enhancement seen for thicknesses between 6 - 11 u.c. can therefore be
attributed to these heterointerface layers. The thickness of the enhancement
simply corresponds to the thickness with the maximum number of these layers
before dilution by the lower-conductivity interior layers at higher thickness.

Also shown on Fig. 7.8a), as blue dots, is the conductivity calculated di-
rectly from the ab initio structures by Professor Filippetti at the Università di
Cagliari. The ab initio conductivity, which is calculated by the Bloch-Boltzmann
approach implemented in BoltZTrap code (see Ref. [138])assuming a constant
scattering rate, reproduces the peak in conductivity at 8 u.c. but with a smaller
amplitude than the corresponding experimental data. Unfortunately, the ab
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initio conductivities, as with the DFT simulations from which they were de-
rived, could not be calculated above a thickness of 10 u.c. due to the high
consumption of computing resources in producing the original structures.

7.7 Discussion

Heterointerfaces can have chemical, polar, and symmetry discontinuities, on
top of the lattice parameter discontinuity that affects the entire film until strain
relaxation. Looking at the parallel conductor model, ab initio structures, and
the results of GPA, the film structure starts to match that of the substrate within
3–4 u.c. of the heterointerface. Similar length scales are found for other per-
ovskite oxide systems [19,20,121,139].

As shown in Fig. 7.6a), the structure of the LaNiO3 film attempts to mimic
the structure of the LaAlO3 substrate close to the heterinterface. It may be
that the specific structure imposed by the LaAlO3 is important as two similar
series of samples were grown on LSAT and NdGaO3 with no significant en-
hancement of conductivity between 6 - 11 u.c. observed (see Fig. 7.2c)). For
the LaNiO3/LaAlO3 system, the Ni-O-Ni bond angle is straighter in the het-
erointerface layers to match the less-distorted structure of LaAlO3, providing
a greater orbital overlap. Considering that the bandwidth is proportional to
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ature.

cos2θ (see Section 2.2 and, in particular, Fig. 2.5c)) a bond angle straightening
on the order of what is calculated here would result in, at most, a 10 - 15 %
increase in bandwidth. The bandwidth effect alone, therefore, cannot explain
a conductivity increase of 5x in the heterointerface layers compared with the
interior layers above.

What makes this discussion more complicated for nickelates is that the Ni-
O-Ni bond angle also affects the charge transfer between the Ni 3d and O 2p
orbitals, where the resulting insulating gap decreases as the orbital overlap
increases. This could add to the bandwidth effect but may still not be enough
to account for the 5x inflation in conductivity close to the interface, the exact
origin of which is not yet understood [140].

Not captured in the parallel conductor model is the insulating nature of
films of 1 - 2 u.c. in thickness as these films are predicted to exhibit the con-
ductivity fitted for only the surface layers of 1 kS/m.

As with the parallel conductor model, the ab initio conductivity, which suc-
cessfully reproduces the peak in conductivity at 8 u.c., does not adequately
describe the behaviour of 1 - 2 u.c. films, which are still very conductive in
the theoretical treatment. Add to this the fact that LaNiO3/LaAlO3 films of less
than 2 u.c. cannot be rendered metallic even with the addition of a LaAlO3

encapsulating layer, it is clear that these ultrathin samples that are so close to
the atomic limit are subject to effects not captured by any of the treatments
discussed in this chapter. Electron-phonon coupling, cation intermixing (which
is measured to have a spatial extent of no more than 1 u.c. from the interface
in these samples) or vacancies could have a role to play in deciding the physics
in this extreme thickness regime. This discussion is relevant for many metallic
oxides that become insulating upon reaching the ultrathin limit.

In the end, the parallel conductor model was based upon experimentally
and theoretically determined structures, the ab initio conductivity was calcu-
lated directly from the DFT structures and the LaAlO3-capping experiments
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most likely rely on structural modifications. In doing this, the conductivity
enhancement between 6 - 11 u.c. in LaNiO3/LaAlO3 films can be reliably re-
produced, highlighting the significance of, even subtle, lattice-charge coupling
in the nickelates.

7.8 Summary

In this chapter we described an unusual thickness-dependence of the electronic
properties of a series of LaNiO3/LaAlO3 films. The conductivity was seen to be
enhanced in a thickness regime of 6 - 11 u.c. and this behaviour was explained
by an astonishingly large increase of conductivity close to the heterointerface.
This region of increased conductivity is of unknown origin and a bandwidth-
based argument from the structural modulations is insufficient to account for
the increase of 500 %. Also not yet understood is what happens in the ultrathin
limit when LaNiO3 becomes completely insulating and none of the approaches
taken in this chapter can capture this.

These results would allow the design of heterostructures with a maximum
conductivity but also carry implications for heterostructures where single unit
cell layers are required.
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Chapter 8

The Nd1−xLaxNiO3 Solid
Solution

8.1 Motivation

At the beginning of this thesis, we introduced the concept of a property by de-
sign. In electronic materials, perhaps no property is as sought-after as high
temperature superconductivity as the applications are seemingly endless. The
exact mechanism of high temperature superconductivity is not yet fully under-
stood and there is a considerable research activity ongoing to try to pin down
the origin. Until this has been achieved, one of the most common approaches
to engineer superconductivity has been mostly based on empirical observa-
tions. That is, to look at a superconductor, note what may be special about
it, and attempt to recreate that feature in another system. This was the logic
behind searching for superconductivity in LaNiO3-based heterostructures; the
electronic structure was thought to mimic the high temperature superconduct-
ing cuprates [36].

In this chapter, we discuss a possible link between superconductivity and
the phenomenon of valence skipping and then describe a potentially analogous
system in the nickelates.

8.2 Valence Skipping Elements

Many of the high temperature superconducting cuprates contain heavy metals
such as lead, bismuth or thallium, all 6p elements. These elements are all
known to be valence skipping meaning that there is one valence state whose
formation is highly unfavourable; it tends to be skipped. Fig. 8.1 shows the
electronic configurations for these heavy metal valence states. The one in the
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8. THE ND1−XLAXNIO3 SOLID SOLUTION

middle is the one that is skipped for all three elements and corresponds to
Tl2+, Pb3+ and Bi4+. The reason this ionisation state is skipped is clear when
considering that the 6s orbital is half filled while the valence states with one
more or one fewer electron consist of closed shells, the 6s and 5d respectively.
This intermediate valence state is less energetically favourable than those to
either side.

[Xe] 4f145d10[Xe] 4f145d106s1[Xe] 4f145d106s2

Tl1+

Pb2+

Bi3+

Tl2+

Pb3+

Bi4+

Tl3+

Pb4+

Bi5+

5d

6s

6p

5d

6s

6p

5d

6s

6p

Figure 8.1: Sketches of the electronic configurations of the valence-skipped ion
(in the central grey box) and the two neighbouring valence states. The corre-
sponding valences of Tl, Pb and Bi are listed below the sketches.

The phenomenon of valence skipping has successfully described the be-
haviour of, for instance, BaBiO3 [141]. As with most perovskites, the valence
is set by the A-site cation and since barium can only oxidise into a 2+ valence
state, the bismuth must nominally be in its 4+ state. This would, as shown by
Fig. 8.1, give a half-filled band and BaBiO3 should thus be metallic. It is, how-
ever, an insulator. It is also found to be non-magnetic, suggesting that bismuth
is not in the 4+ (spin 1

2) state so the insulating behaviour cannot be explained
by Mott physics either. In fact, it happens that BaBiO3 is charge dispropor-
tionated in order to avoid the unfavourable 4+ state [142]. This means that
BaBiO3 is divided into two distinct interpenetrating sublattices; one where the
bismuth sites are 3+ oxidised and one where they are 5+ oxidised.

In free space, no spontaneous disproportionation will occur. In a crystal,
on the other hand, the electric field can locally screen the ionic charge and
change the onsite Coulomb repulsion, U. In some cases, the skipped valence
state is characterised by a negative U [143]. For this reason, valence skipping
insulators are also known as negative U insulators, a concept first introduced
by Anderson [144].

Negative U insulators can, in some ways, be seen as the “opposite” to a Mott
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insulator. While Mott insulators, with a positive U, prefer to have the electrons
localised with one per site, in negative U insulators it is energetically favourable
to have a double occupancy on one site and an empty site to compensate.

As mentioned, valence skipping elements are often found in high tem-
perature superconductors such as the Bi2Sr2Can−1CunO2n+4+x family [145]
or the TlBa2Can−1CunO2n+3 family [146]. The link between valence skip-
ping elements and superconductivity goes beyond this possible coincidence,
however; superconductivity in some non-transition metal-based materials has
been ascribed to a negative U-mediated pairing. TlxPb1−xTe, BaPb1−xBixO3,
BaxRb1−xBiO3 and BaxK1−xBiO3 are all found to be superconducting with
rather high critical temperatures (up to 30 K) and all contain one or more
elements known to skip valences [147–150].

8.3 Negative U-mediated Superconductivity

The mechanism for negative U-mediated superconductivity was explained by
considering fluctuations between the two degenerate valence states either side
of the skipped valence [143, 147]. These fluctuations may provide the nec-
essary interaction for an unconventional, real space, pairing of electrons that
leads to superconductivity and persists even in the normal state. It has been
described as a charge Kondo effect, in analogue to the original spin Kondo
effect [148,151,152].

So far, negative U-mediated superconductivity has mostly been discussed
in the context of the doped monochalcogenides and the BaBiO3 compounds as
these certainly contain a nominally valence skipping cation. Similar physics
may be achieved in systems that do not explicitly host valence skipping chem-
istry. For instance, Geballe and Kivelson suggest that oxygen vacancies may
serve as negative U centres in SrTiO3 [153].

A potential system in which negative U centres may be considered is the
nickelates. As discussed in Chapter 4, below the metal-insulator transition
(MIT), all the RNiO3 compounds with R 6= La enter a bond disproportionated
state [45].

Along with the bond disproportionation, there is also a charge dispropor-
tionation (d8 + d6 in the low energy description) or a disproportionation of
charge density (d8 + d8L2 in the ligand hole picture). This is not quite the
same scenario as valence skipping, as the Ni3+ state is not valence skipped
and, in the low energy picture, exists above the MIT. It can be argued, how-
ever, that the resulting charge arrangement in the nickelate insulating state
bears a certain similarity to the valence skipped compounds. What appears to
be important for the superconductivity in these valence skipping, negative U
compounds, is that there are quantum fluctuations between the two distinct
sites of the disproportionation. For this reason, it is possible that superconduc-
tivity will not be found simply by doping one of the RNiO3 compounds in the
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insulating phase. The nickelate disproportionation is static in nature and, per-
haps, too stable in energy. This is characteristic of such systems; if the negative
U is too large in magnitude then an insulating localised state will be favoured.
We therefore look for a material that has instabilities towards charge dispro-
portionation, rather than one that is fully localised already. This may still be
achievable in the nickelates.

In a solid solution of one of the RNiO3 compounds that has an MIT and
LaNiO3, which is metallic at all temperatures in bulk, there will be a material
with a particular composition that will be just on the verge of becoming insulat-
ing [30, 154–157]. At this composition, the system should be close enough to
being metallic that there is still a certain level of electron itinerancy and close
enough to the insulating RNiO3 that the system has a propensity to charge
disproportionate. This may be the optimal place to start looking for negative
U-mediated superconductivity.

The Nd1−xLaxNiO3 solid solution will be discussed in this chapter with the
motivation of finding the composition, x, which may serve as a negative U-
mediated superconductor or, perhaps, as the parent compound of one. Once
the composition has been determined, it may be necessary to add carriers by,
for example, electric field gating, in order to tune the degeneracy of the dis-
proportionated sites.

In the process of determining the optimal composition, which itself depends
upon the substrate, a systematic characterisation of the phase diagram was
carried out, as described in the remainder of this chapter.

8.4 Growth of Solid Solution Thin Films

Gradually replacing neodymium by lanthanum in the Nd1−xLaxNiO3 phase di-
agram proceeds according to the Hume-Rothery rules, which state that, for
a mixture to be considered a substitutional solid solution, the substituting and
substituted ions must have compatible radii, compatible electronegativities and
compatible valences. Neodymium and lanthanum should satisfy these rules
and, indeed, the Nd1−xLaxNiO3 solid solution has already been grown as bulk
polycrystalline samples [30,154–156,158]. Work has also been carried out on
Nd1−xLaxNiO3 thin films grown by molecular beam epitaxy [157].

Here, the films were grown by radio frequency off-axis magnetron sputter-
ing, see Section 5.1. Sputtering thin films of a solid solution compound can be
done by a standard growth where the target corresponds to the stoichiometry
of the desired film with the correct composition. If the study in mind requires
a systematic change of the composition, however, this may be inefficient as it
would require a brand new target for each desired composition. A more prac-
tical approach is to use two targets, representing the two end compounds, and
mix them during growth.

Two stoichiometric targets of NdNiO3 and LaNiO3 were set up in the same
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8.4 Growth of Solid Solution Thin Films

deposition chamber. Then, the solid solution thin film was achieved by a series
of sub-depositions from the two targets alternately, the length of time of de-
position from each target depending upon the desired composition. The ideal
solid solution sample would have a homogenous mix of Nd and La, even on
the smallest scale. To achieve the best mixture possible and avoid polysomatic
samples, the sub-depositions should be extremely short. On the other hand,
due to the time that the central control of the sputtering system requires to
verify the stability of the pressure, gas flow and temperature between depo-
sitions (around one minute), smaller unit cell coverages drives up the total
deposition time significantly.

In order to check if film properties are affected by this growth method and
by the choice of sub-deposition coverage, several samples were grown with
varying unit cell coverages per deposition. For the end materials, which can be
grown without target mixing, the sub-deposition films were compared directly
to the single deposition films. This is summarised in Fig. 8.2.
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Figure 8.2: a) The c-axis parameters of LaNiO3/LaAlO3 films (red),
NdNiO3/LaAlO3 films (blue), NdNiO3/NdGaO3 films (green) and the solid so-
lution Nd1−xLaxNiO3 films with x = 0.5 on NdGaO3 (purple) all as a function
of the unit cell coverage per sub-deposition. The dashed lines indicate the c-
axis for a film that was grown in a single deposition, where such a sample is
possible. All films within the same series have the same thickness, either 18
u.c. (7 nm) or 26 u.c. (10 nm), and were grown on (001)pc-oriented sub-
strates. b) The resistance as a function of temperature (warming up only) for
two “equivalent” samples of (001)-oriented NdNiO3/NdGaO3 where one film
was grown in a single deposition (blue) and the other in sub-depositions of 0.2
u.c. showing the MIT occurring at the same temperature.
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Fig. 8.2a) shows how the c-axis parameters of the films depend upon the
unit cell coverage per sub-deposition. For the end compounds, the dashed
lines indicate the c-axis parameter of a film grown by a single deposition (the
conventional method). What is clear is that there is no discernible depen-
dence of the film structure on the unit cell coverage and films grown by the
sub-deposition technique are not noticeably different from those grown in the
conventional way. What may even be the case in the sub-deposition growth
of LaNiO3/LaAlO3 (red points) is that the film quality is slightly higher than
the equivalent single-deposition film. This is suggested by the decreasing c-
axis lattice parameter with decreasing sub-deposition unit cell coverages since,
typically, a larger c-axis indicates a higher defect density in the sample [159].
It may be that during the time between sub-depositions, the newly deposited
layer of the film is able to stabilise and reach its lowest energy configuration
before the next sub-deposition begins.

Not only the structural properties but the physical properties seem not to
be significantly affected by the sub-deposition growth method. In Fig. 8.2b)
are two curves of resistance as a function of temperature, one for a single
deposition NdNiO3/NdGaO3 film and the other for a NdNiO3/NdGaO3 film
grown in stages of 0.2 unit cell coverage sub-depositions. The temperature of
the MIT, as well as its sharpness, is unchanged by this difference in growth.

To maintain time efficiency in the sample growth while still attempting to
maximise the sample quality, a sub-deposition time equating to a 0.4 unit cell
coverage was decided upon (although a larger coverage would not be expected
to significantly affect the film properties, according to Fig. 8.2). This means
that, for instance, for x = 0.5 there would be 0.2 u.c. of NdNiO3 deposited
followed by 0.2 u.c. of LaNiO3. This is then repeated for the appropriate
length of time to grow the desired sample thickness.

With the confirmation that the solid solution films can be prepared reliably,
the study on their properties across the composition range can proceed. The
La:Nd ratio is not easily verifiable by, for instance, Rutherford back scattering
as the films are thin and the two cations are very similar in atomic number.
Instead, the calibration of the separate growth rates of each compound is used
and this appears to be a reliable tactic as seen in, for example, the monotonic
change of the frequency of the Eg-like Raman mode (Fig. 8.7). All the films re-
ported in the following section were grown at 450 oC in an atmosphere of 0.24
mbar 7:2 Ar:O2 mix. Four (001)pc-oriented substrates were used; LaAlO3 with
a lattice parameter of 3.789 Å (compressive strain of -1.3 % on LaNiO3 and
-0.6 % on NdNiO3), NdGaO3 with a lattice parameter of 3.86 Å (tensile strain
of +0.6 % on LaNiO3 and +1.3 % on NdNiO3), LSAT with a lattice parameter
of 3.87 Å (tensile strain of +0.8 % on LaNiO3 and +1.6 % on NdNiO3) and
SrTiO3 with a lattice parameter of 3.905 Å (tensile strain of +1.7 % on LaNiO3

and +2.5% on NdNiO3).
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8.5 Probing the Phase Diagram

8.5.1 The Metal-Insulator Transition

While NdNiO3 (x = 0) has an insulating ground state, LaNiO3 (x = 1) is metal-
lic in bulk. Therefore the solid solution Nd1−xLaxNiO3 should have an MIT at
0 K for some composition. This composition would also be expected to depend
upon the substrate.
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Figure 8.3: Resistivity as a function of temperature for 18 u.c.-thick
Nd1−xLaxNiO3 of different compositions on (001)pc-oriented substrates of
LaAlO3, NdGaO3, LSAT and SrTiO3. The composition is indicated by the colour
code, see the key to the right. Only the curves on increasing temperature are
shown for simplicity but the transition, when it occurs, is first order with a
visible hysteresis.
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Fig. 8.3 shows how the MIT at x = 0 is lowered in temperature before being
suppressed entirely as the lanthanum content is increased. On NdGaO3, LSAT
and SrTiO3 substrates, this occurs at around x = 0.2. On the other hand, for
the series grown on LaAlO3, almost all the compositions are metallic to low
temperatures. Even pure NdNiO3 (x = 0) on LaAlO3 has only a small upturn in
resistivity at around 45 K. (001)pc-oriented NdNiO3/LaAlO3 is usually observed
to have an MIT at around 100 K or higher [53, 160]. It has, however, also
been reported to be fully metallic [50, 161]. This discrepancy may be due to
an oxygen off-stoichiometry as the RNiO3 compounds are found to be highly
sensitive to the oxygen concentration [159,162,163].
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Figure 8.4: The metal-insulator transition (MIT) temperature as a function of
the composition of Nd1−xLaxNiO3 on (001)pc-oriented LSAT,(001)pc-oriented
NdGaO3 and (001)pc-oriented SrTiO3. The MIT temperature was taken as the
temperature of minimum resistivity in the warming part of the ρ(T) curve. The
dashed lines are linear fits to each of the sets of data in the region x < 0.2.

From the ρ(T) curves shown in Fig. 8.3, the temperature of the minimum
resistivity of each was taken as the temperature of the MIT. This was then
plotted as a function of the composition to give Fig. 8.4, providing the first
points for the phase diagram of the Nd1−xLaxNiO3 solid solution under tensile
strain. The series on LaAlO3 was omitted from this figure as only one of the
compositions shows a finite MIT temperature at x = 0.

It is found that, upon increasing lanthanum content away from pure
NdNiO3, the MIT temperature reduces rather linearly, as shown by the dashed
lines that are linear fits to the points. Following this linearity, the MIT would
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be expected to be tuned to 0 K for compositions around x = 0.6 and this, then,
would be the region in which to look for negative U physics and, possibly, neg-
ative U-mediated superconductivity. The low-x linear trend, however, does not
persist as all samples with x > 0.2 are found to be metallic. A further curiosity
is that the linear decrease up until the sharp drop at x = 0.2 is seen on all three
tensile substrates. The reason for this drop is not well-understood but may be
related to the film symmetry and this will be discussed in Sect. 8.5.3.

As no samples have been obtained with an MIT lower than 80 K, it is not
trivial to identify the optimal composition of Nd1−xLaxNiO3 in which to search
for negative U physics and even superconductivity. Nevertheless, several low
temperature studies, with and without an attempt at doping, have been per-
formed on various compositions between 0.19 < x < 0.45. Sect. 8.6 will de-
scribe some of these efforts.

In the following sections, we discuss the further mapping out of the phase
diagram.

8.5.2 The Néel Transition

At the time of writing, no measurements have been performed on the
Nd1−xLaxNiO3 thin film system to check for magnetic ordering. What might
be expected is that, in analogue to the bulk phase diagram, there is a Néel
transition concomitant with the MIT. Even if this is not the case, it is likely that
there is still a crossover of magnetic behaviour; while NdNiO3 (x = 0) has an
insulating and antiferromagnetic ground state, the LaNiO3 thin film (x = 1) is
metallic and paramagnetic. Interestingly, in the series of Nd1−xLaxNiO3 pow-
der samples reported in Ref. [154], they find not a sharp magnetic transition
but rather a smooth evolution of the magnetic susceptibility from x = 0 to x =
1.

Future resonant soft x-ray diffraction studies will uncover more about the
Néel transition in these films and the onset of, or continuation of, the antifer-
romagnetic state in nickelates.

8.5.3 The Structural Transition

In bulk NdNiO3 the metal-insulator transition is concomitant with both the
Néel transition and with a symmetry-reducing structural transition. Neither of
these two transitions that should occur with the MIT have been probed so far
in the Nd1−xLaxNiO3 thin film system. There is, however, a second structural
transition in the Nd1−xLaxNiO3 phase diagram that will be discussed in detail
here.

This second structural transition should be evident at room temperature
since the two end compounds are of different symmetries. The goal is to de-
termine the composition where the crossover from Pnma (orthorhombic at x
= 0, NdNiO3) to R3c (rhombohedral at x = 1, LaNiO3) takes place and follow
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its dependence upon temperature. In thin films, R3c rhombohedral symmetry
is, in fact, reduced to monoclinic symmetry with C2/c space group, which is a
subgroup of R3c, due to the biaxial strain. According to group theory, neither
Pnma - R3c nor Pnma - C2/c are allowed transitions but, nevertheless, the
two end compounds are well characterised and a crossover of structure must
take place. The group theoretical considerations are discussed further at the
end of this section.

To probe this Pnma to C2/c structural crossover in Nd1−xLaxNiO3 thin
films, studies were carried out using symmetric scans in x-ray diffraction (XRD)
and Raman spectroscopy. See Chapter 5 for a description of these two tech-
niques.
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Figure 8.5: The c-axis parameters extracted from XRD as a function of the
Nd1−xLaxNiO3 composition. Shown on three (001)pc-oriented substrates,
LaAlO3 (top), NdGaO3 (middle) and LSAT (bottom).

Fig. 8.5 shows the out-of-plane (c-axis) parameters for Nd1−xLaxNiO3 films
of 18 u.c. (7 nm) thickness. The room temperature c-axis parameters from
symmetric XRD scans (see Section 5.2.2) do not show a clear anomaly with
composition (such as a kink, jump or change of slope) as might be expected
upon encountering the structural phase transition. Nonetheless, the trends are
interesting.

The series on LaAlO3 (top panel of Fig. 8.5) gives a rather linear behaviour
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of the c-axis parameter with composition, seeming to adhere to the empirical
Vegard’s law, which predicts the lattice parameters of a solid solution from a
rule of mixtures of the end compounds [164]. This is surprising given the
expected structural phase transition. There does, however, seem to be a very
slight curvature that is also observed, to a greater extent, for the other two
substrates. A curved behaviour, rather than a linear one, may be expected given
that these are not bulk crystals but rather thin films that are constrained in two
dimensions and subject to an out-of-plane expansion that will depend upon the
Poisson ratio. The large curvature observed for films grown on NdGaO3 and
LSAT cannot be explained by this alone. There is also a considerable level of
sample-to-sample scattering on these two tensile substrates that may be due to
a variation of substrate quality. It is apparent, then, that in order to study the
structural transition, room temperature symmetric XRD scans may not be the
most ideal approach.

Raman spectroscopy

Collaborating with the group of Professor Kreisel at the Luxembourg Insti-
tute of Science and Technology, room temperature Raman spectroscopy was
then carried out on the same series of samples and the results are displayed
in Fig. 8.6. Only LaAlO3 and LSAT substrates were used for the study as
NdGaO3 is very Raman active and therefore impractical as a substrate for
thin films in Raman spectroscopy measurements. It is likely, however, that
Nd1−xLaxNiO3/NdGaO3 would give a similar outcome as Nd1−xLaxNiO3/LSAT
due to the similarity in the substrate lattice constants, and, therefore, the strain
they apply. Indeed, the Nd1−xLaxNiO3 c-axis lattice parameters and metal-
insulator transition temperatures already shown are very similar between the
two substrates.

Bulk LaNiO3 hosts five Raman active modes; four degenerate Eg modes and
one A1g mode [136]. Although it is not strictly correct to maintain these labels
for thin film LaNiO3, due to its lowered symmetry, the structural distortions
corresponding to these modes are still observed and labelled as A1g-like and Eg-
like accordingly, as sketched in Fig. 8.7. The Eg-like mode represents changes in
the bond lengths of the structure while the A1g-like mode is related to rotations
of the oxygen octahedra of the perovskite pseudocubic unit cell.

Being orthorhombic, bulk NdNiO3 has many more Raman modes than
LaNiO3; 24 to be precise [165,166]. As can be seen in Fig. 8.6, there is a mode
that appears at around 250 cm−1 on the NdNiO3 side of the Nd1−xLaxNiO3

phase diagram that is not present on the LaNiO3 side. This mode is most likely
A1g-like and also related to rotations of the O6 octahedra [167]. Very similar re-
sults were obtained for Nd1−xLaxNiO3/LaAlO3 as for the Nd1−xLaxNiO3/LSAT
series shown in Fig. 8.6.

Notably, the Raman spectra presented in Fig. 8.6 do not show any phase co-
existence and, rather, demonstrate a smooth evolution from NdNiO3 to LaNiO3.
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Figure 8.6: Raman spectra for 18 u.c. Nd1−xLaxNiO3 on (001)-oriented LSAT
substrate. The grey box outlines the area that is shown in close up on the
right. The A1g-like and Eg-like modes of LaNiO3 are indicated by the orange
and green dots respectively. For the x = 0 composition (pure NdNiO3) there is
an additional mode marked by the violet dot. Spectra are vertically shifted for
clarity by an offset proportional to the composition.

This suggests that the films represent true homogeneous solid solutions with
no polysomatic phase segregation.

Fig. 8.7 plots the Raman frequencies of the modes pinpointed in Fig. 8.6
as a function of the film composition from x = 0 (pure NdNiO3) to x = 1
(pure LaNiO3), now with the corresponding series on LaAlO3 shown in the
left panel. One of the first things to notice is that all the modes vary rather
smoothly and virtually no sample-to-sample scattering is observed, even for
the series on LSAT that produced a significant level of scattering when plotting
the c-axis parameter (Fig. 8.5 lower panel). This smooth evolution indicates
that the composition can be reliably controlled and that the growth rates used
for calibration are very stable.

The Eg-like mode (in green) is seen to decrease, or soften, almost linearly
as the composition x is increased. This softening is as a result of the increasing
unit cell size when going towards LaNiO3 and so increasing bond lengths. It
can also be seen shifting when comparing the samples grown on LaAlO3 (left)
to those grown on LSAT (right), which shows how the strain state affects the
phonon vibrations.

The A1g-like mode (orange) also softens as the composition goes from
NdNiO3 to LaNiO3. This mode, at least in LaNiO3, is well understood to be
related to the out-of-phase rotations of the oxygen octahedra. The fact that this
type of mode is harder in NdNiO3 is due to the fact that the oxygen octahedra
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(right). The probable structural distortions corresponding to the observed
modes are sketched on the far right.

are subject to a greater structural distortion. There is also a visible anomaly at
around x = 0.35, which may be the first indication of a structural transition.
Perhaps a stronger sign of the Pnma to C2/c structural transition is seen when
following the mode coloured in violet in Fig. 8.7. As this mode completely dis-
appears above x = 0.35, the same composition as the anomaly in the A1g-like
one, this already suggests that the structural transition has been uncovered.
Furthermore, this mode is understood to correspond to a rotation of oxygen
octahedra, similar to the A1g-like one, in bulk NdNiO3 [167]. Distinct from the
A1g mode of LaNiO3, however, this mode probably corresponds to an in-phase
rotation of O6 octahedra. Recall that the Glazer systems of NdNiO3 and LaNiO3

films are a+b−b− and a−b−b− respectively. The in-phase rotation-related mode
is therefore unique to the NdNiO3 side of the phase diagram and its disap-
pearance is indicative of the departure from the Pnma phase. Therefore, for
Nd1−xLaxNiO3 films, regardless of the substrate, the room temperature transi-
tion is taken to occur at x = 0.35.

Interestingly, the room temperature Raman spectra are very similar be-
tween Nd1−xLaxNiO3/LaAlO3 and Nd1−xLaxNiO3/LSAT despite the differences
in electronic transport, Nd1−xLaxNiO3/LaAlO3 being almost always metallic
to low temperature. As shown on the bulk phase diagram (Fig. 4.1), how-
ever, a metallic phase can exist with either the orthorhombic or rhombohedral
structure. It is only the structural transition not studied for the Nd1−xLaxNiO3

system yet, Pnma to P21/n, that is intimately tied to the MIT.
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The first point on the structural phase diagram has now been obtained.
In order to map out the rest of the phase diagram, it will be necessary to
move up and down in temperature and either repeat the Raman spectroscopy
measurements or measure, for instance, half-integer Bragg peaks in XRD (see
Chapter 6). Furthermore, in order to fully understand the structural phase
diagram, a structural refinement should be performed to verify the assumed
symmetries. Confirmation will come from calculation of the phonon modes,
allowing comparison with the experimental Raman data. Moreover, from a
group theory perspective, the symmetries in the Nd1−xLaxNiO3 phase diagram
are rather complex, as will now be addressed.

Group Theoretical Considerations

As mentioned, a direct transition between the space groups Pnma and C2/c
or R3c is not allowed by symmetry. This then raises the question of how the
crossover between the two end compound structures can take place.

Eventually, Nd1−xLaxNiO3 could be in a similar situation to what was re-
ported in the ferroelectric PbZr1−xTixO3 solid solution [168]. In the PbTiO3

side of the phase diagram, the structure is tetragonal, while, at the PbZrO3

side, it is rhombohedral. These two structures have no group-subgroup rela-
tion so a direct transition between them is not allowed. It was shown in [168]
that there is a narrow, almost vertical (weak temperature dependence) band in
the phase diagram, between tetragonal and rhombohedral, corresponding to a
monoclinic structure. The space group for this monoclinic unit cell falls into
a subgroup of both the tetragonal and rhombohedral space groups meaning
that the system has found a way to transition by passing through an allowed
intermediate phase.

If, like PbZr1−xTixO3, an intermediate phase exists for Nd1−xLaxNiO3, then
the most likely scenario can be reasoned by referring to Fig. 2.3. It is possible
that NdNiO3 (Pnma) may transition to LaNiO3 (C2/c in thin films) via the
higher symmetry tetragonal Imma space group, of which the space groups of
the two end compounds are subgroups. By considering the Glazer notation,
this two-step transition would be intuitive; the in-phase rotatation in Pnma
(a+b−b−) is gradually undone until the rotation magnitude along that axis is
zero (a0b−b− for the Imma structure) then the out-of-phase rotation is gradu-
ally introduced along the same axis to finish in the a−b−b− of C2/c. In bulk, the
higher symmetry R3c space group of LaNiO3 can be reached by the undistorted
Pm3m (a0a0a0) or, more likely, through the C2/c by simply equilibrating the
rotation magnitudes around the a- and b-axes with the one around the c-axis
to attain the final structure. As in the case of PbZr1−xTixO3, however, such an
intermediate phase may only be stable over a narrow range of compositions so
to observe it would require an extremely precise structural refinement on very
specifically-composed samples.

Recalling the sharp drop in the MIT temperature as a function of
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Nd1−xLaxNiO3 composition, a possible explanation for this is now appreciated.
It could perhaps be that the films with x > 0.2 are blocked in a metastable C2/c
structure, not able to transition to Pnma. Then, the typical bond dispropor-
tionated structure with space group P21/n is forbidden by symmetry and the
films remain metallic.

Uncovering the reason for the drop in the electronic Nd1−xLaxNiO3 phase
diagram, and whether or not it is indeed structural, will require more mea-
surement, either by Raman spectroscopy, XRD or by another means, and low
temperature data as well. Whatever the reason for this discontinuity in the MIT
temperature with x, it may have profoundly affected the search for supercon-
ductivity by negative U centres in Nd1−xLaxNiO3.

8.6 The Search for Superconductivity

8.6.1 Low Temperature Transport

As mentioned earlier, it is possible that, at a composition of Nd1−xLaxNiO3

where the MIT is incipient, negative U physics may be found. The further
possibility that such negative U physics may lead to negative U-mediated su-
perconductivity necessitates electronic transport measurements to lower tem-
peratures than those performed while obtaining the electronic phase diagram
shown in Fig. 8.4.

Preliminary low temperature transport checks for superconductivity were
carried out. Four films of (001)pc-oriented Nd1−xLaxNiO3/LSAT (x = 0.30,
0.35, 0.40, 0.45) and two films of (001)pc-oriented Nd1−xLaxNiO3/NdGaO3 (x
= 0.30, 0.40) were measured down to 30 mK in a dilution refrigerator. All six
samples have a finite resistivity at base temperature. They show a resistivity
upturn at around 7 K followed by a flattening below 200 mK, see Fig. 8.8.

Similar behaviour as shown in Fig. 8.8b) has previously been observed in
LaNiO3 thin films that display metallic behaviour at higher temperatures [169].
The upturn was ascribed to weak localisation while the resistivity saturation
below that was discussed in the context of spin fluctuations. Although, the
possibility that such behaviour is related to the proximity to a superconducting
state cannot be ruled out.

Further low temperature transport measurements will be performed. It may
still be the case that no composition of Nd1−xLaxNiO3 is superconducting on
its own and, if so, a different approach is required.

8.6.2 Efforts towards carrier doping

In all of the systems that are reported to be superconducting with negative
U pairing, there is a certain level of carrier doping required. It is possible
that in Nd1−xLaxNiO3, if this does indeed represent a negative U material, it
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Figure 8.8: Resistivity as a function of temperature for a (001)pc-oriented
Nd0.65La0.35NiO3/LSAT film of 18 u.c. thickness. a) Shows the data over the
full temperature range and b) shows a close up of the resistivity upturn. The
inset to b) emphasises the flattening.

will be necessary to do likewise. In this scenario, finding the composition of
Nd1−xLaxNiO3 in which the electrons are not fully localised but the system
still has the propensity to charge disproportionate amounts to identifying the
parent compound of a potential negative U-mediated superconductor.

Electric field effect may provide the necessary orthogonal axis along which
a superconducting ground state may be found. Nd1−xLaxNiO3 on, for instance,
SrTiO3 (with its high dielectric constant at low temperature) would allow field
effect experiments to be carried out in back-gate geometry [170]. To this end,
three samples of Nd1−xLaxNiO3/SrTiO3 were back-gated and measured in a
dilution refrigerator. The compositions probed were x = 0.19, 0.22 and 0.25,
in other words, both sides of the phase discontinuity at x = 0.20. The back-gate
field was swept between -200 V and + 200 V and no field effect was observed
for any of the compositions.

It could be that the carriers introduced through back-gating SrTiO3 are not
enough, in which case the effect could be effectively increased by structuring
a small channel of the film. Alternatively, back-gating relies on the potential
difference across the 0.5 mm thick SrTiO3substrate, diminishing the effect. An-
other option to utilise field effect is to employ ionic liquid gating and bypass
the need for a back-gate electrode altogether [171].

A more practical way of introducing carriers to Nd1−xLaxNiO3 may be
by interfacial doping. It was found that heteroepitaxial interfaces of LaNiO3

on LaMnO3 are prone to interfacial electron transfer from Mn to Ni. In
the hopes of benefitting from this charge transfer, four superlattices of
[LaMnO3/Nd1−xLaxNiO3]/LSAT(001) were grown and measured at low tem-
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perature with x = 0.22, 0.24 and either five or ten pseudocubic layers of the
nickelate. As in the undoped thin film samples, the low temperature transport
shows a small upturn before the resistivity saturates for all four superlattice
samples. Although, it should be noted, transport in LaNiO3 is found to be dom-
inated by a p-type conduction channel so the electrons transferred may in-fact
be reducing the carrier density. Further investigation, in particular Hall effect
measurements, is worthwhile.

8.7 Summary

To summarise, the phase diagram of Nd1−xLaxNiO3 under tensile strain has
begun to be mapped out. An unusual discontinuity in the metal-insulator tran-
sition temperature as a function of composition is seen at x = 0.2. We analysed
the structure of the solid solution films, so far only obtained at room tempera-
ture, and discuss the possibility of an interesting phase crossover from Pnma to
C2/c. Perhaps due to the film symmetry, we find no Nd1−xLaxNiO3 films with
a metal-insulator transition lower than 80 K. This obfuscates the 0 K incipient
MIT around which we expected to find negative U physics and, eventually, a
negative U-mediated superconducting state.

Future studies will be required to understand the complex structural phase
diagram and, in doing this, it may become clear why the low temperature MIT
appears to be blocked. In parallel, we will attempt to elucidate the possibility
of superconductivity through, for instance, further electric field gating experi-
ments, interfacial carrier doping or by ionic liquid gating.
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Chapter 9

Conclusions and Perspectives

Transition metal oxides very often have rich phase diagrams owing to the com-
parable energy scales of the relevant microscopic interactions. Heterostructur-
ing is one of the most tangible ways in which the correlated phases can be
manipulated. Emerging from this fascinating intersection of oxide physics and
thin film physics are often novel phenomena that can be turned into innovative
functionalities. On the other side of the same coin, however, is the challenge
in understanding the physics that governs these systems.

In this work, partly motivated by the possibility of finding a superconduct-
ing groundstate in nickelate heterostructures, we discussed interface-driven
phenomena and strove to further understand the complexity therein.

This thesis focussed on heterostructures of the correlated oxide LaNiO3,
which were grown by radio frequency off-axis magnetron sputtering. Samples
were then characterised primarily by x-ray diffraction, both in-house and with
synchrotron light, electronic transport and magnetotransport, scanning trans-
mission electron microscopy and Raman spectroscopy. These techniques to-
gether revealed the complex structures emerging from heterointerface-surface
interactions and their correlation with electronic properties.

A technique to obtain the oxygen octahedral rotations of perovskites from
simulating half integer Bragg peaks in x-ray diffraction was developed and
used to trace the structural distortions of LaNiO3 as a function of the total film
thickness. A stark difference in behaviour was seen for different substrates,
which is suggested to stem from more than just the lattice parameter mismatch.
Appreciating how the film lattice distorts to accommodate heterostructuring,
and how it often does so in a depth- and thickness-dependent way, will allow
future heterostructure projects to be carried out with a greater reliability in
the result. A further step could be to use the depth- and thickness-dependent
structures in order to create a tailor-made functional oxide. The specification of
the crystal structure could, for instance, be made by selecting the appropriate
thickness of repeating layer in a superlattice.
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With decreasing film thickness comes intriguing electronic behaviour. A
series of LaNiO3 films grown on (001)pc-oriented LaAlO3 substrate shows an
enhancement in conductivity when the films are between 6 - 11 unit cells thick.
This enhancement is proposed to manifest due to a complex interplay between
multiple types of local structure in the films, an effect that is corroborated by
both experimental and theoretical determinations of the atomically-resolved
structure. Knowing that there is a thickness at which the metallicity is opti-
mised has a great advantage in device fabrication where the conductivity is
important. In the same study, we found that the ultrathin insulating regime
of LaNiO3 cannot be explained by a lattice-charge coupling alone. The origin
of this state remains unknown but uncovering the underlying mechanism may
prove invaluable in heterostructure engineering.

In an approach that does not necessarily involve heterostructure engineer-
ing as such, we describe the Nd1−xLaxNiO3 solid solution system in the context
of superconductivity that is mediated by negative U centres. The first points on
the phase diagram were mapped out through a systematic study of composi-
tion. The metal-insulator transition is found to discontinuously drop at around
x = 0.2, behaviour that may derive from a blocked symmetry. The possibility
of an intermediate structure between the two end compounds, as group theory
would require, was also discussed.

With the purpose of searching for negative U physics, even if no compo-
sition with an incipient MIT was observed, electronic transport measurements
were extended down to 30 mK, along with efforts to carrier dope. No supercon-
ducting ground state was observed in any of the samples measured, however.

The scope for future studies on LaNiO3-based heterostructures is wide but
some of the more pertinent avenues to follow from the work of this thesis are
mentioned below.

On the Nd1−xLaxNiO3 solid solution side, the search for superconductivity
has just begun. The idea that pairing may be enhanced in a thin film super-
conductor grown on a Nd1−xLaxNiO3 sample will be explored. Also, as just
mentioned, investigating superconductivity along an orthogonal axis allowing
doping at this special composition, for instance by field effect through ionic
liquid gating, is an exciting route to follow.

Outside of the search for superconductivity, it remains to be determined
how the Nd1−xLaxNiO3 structure makes the crossover from orthorhombic to
rhombohedral, how this transition varies with temperature and whether or not
it has any bearing on the electronic phase diagram.

Around the composition of Nd1−xLaxNiO3 where the insulating and metal-
lic states are very close in energy, the material properties should be extremely
sensitive to external stimuli and the heterostructure environment. On the lat-
ter, changing the orientation of epitaxial growth from (001)pc to (111)pc may
establish a stronger interfacial structural coupling. With a well-selected sub-
strate, it may be possible to transform a metal into an insulator simply by mak-
ing this change in growth orientation, another promising research direction.
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Finally, with the recent synthesis of high quality single crystal nickelates
comes an opportunity to characterise these fascinating materials in a com-
plementary way to polycrystalline and thin film samples. It may be that the
nickelates still have some secrets waiting to be uncovered.
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