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ABOj3 perovskites are a popular playground for both fundamental and applied
research due to their rich variety of structural and magnetic phase transitions. These
properties can be manipulated by interfacing different perovskite systems, where ef-
fects like epitaxial strain, mode decay, quantum confinement, magnetic frustration,
and polar discontinuities emerge. In this study, we investigate the behaviour of
SrTiOsz (STO) and NdNiO3 (NNO), two perovskites exhibiting important proto-
typical phase transitions with decreasing temperature that can be influenced by
interfacial effects. STO is a quantum paraelectric in bulk, but becomes ferroelec-
tric under strain, while NNO undergoes a metal-insulator transition (MIT) with
decreasing temperature that can also be controlled with strain.

Using first principles calculations based on density functional theory, we first
determine how each material responds to strain in both [001]- and [111]-oriented
systems. We demonstrate that strain can induce ferroelectricity in STO and mod-
ulate the MIT in NNO in either orientation.

We then build and analyse [001]-oriented NNO-STO interfaced systems, where
we observe surprisingly large differences in the STO band offsets depending on the
interface termination, even when NNO is metallic and STO paraelectric. In a sto-
ichiometric system, this leads to a sizeable field across STO, which amplifies and
pins the polarisation in one direction. We also observe complex polar behaviour in
both STO and NNO near the interfaces.

Finally, we explore [111]-oriented interfaced systems of NNO and a wide range
of substrates, discovering an unexpected polar discontinuity that arises from charge-
ordering. This discontinuity offers a new mechanism for ferroelectricity via charge
transfer, and combined with other interfacial effects, can result in the pinning of the
breathing mode (which we propose amplifies the MIT temperature), the creation of
two distinct types of two-dimensional electron gas, and the emergence of polar-metal

phases.
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CHAPTER 1

Introduction

The modern age is often coined the ‘information era’, due to rapid improvements
in communication, and a world economy increasingly based on information technol-
ogy. The primary cause of this is the rapidly-evolving electronics industry, where
essential electrical components such as the transistor, diode and optical amplifier
are now orders-of-magnitude smaller, more efficient and cost-effective than decades
ago. In turn, we have been able to create increasingly powerful machines for com-
munication, computation and sensing. Perhaps the most important change of all
is the evolution of memory devices— electronic components that store information,
usually in the form of a binary on- or off-state. The most well-known memory
component is the simple FET (field-effect transistor), the building block of every
electronic device. Since the 1970s, the number of transistors in an integrated cir-
cuit has doubled approximately every two years, due to the development of smaller,
more-efficient, and less-volatile devices [1]. As FETs and other electronic devices
have shrunk in size, we have approached the realm of the nanometer, where quan-
tum phenomena dominate the properties of the system [23]. Though increasingly
complex and challenging to understand, this opens the door to a new realm of pos-

sibilities, not only for developing existing electronic devices, but also proposing new



ones. As theoretical condensed matter physicists, we are tasked with the exciting
journey of understanding this new realm. With high-performance computational re-
sources available, we now have the possibility to investigate nanoscale systems from
first principles, with accurate simulation of quantum-mechanical effects. Alongside
the rapid development of experimental techniques, the coming decades promise an
exciting journey for new discoveries in the realm of quantum materials and devices,
and in-turn the electronics industry as a whole.

In the first chapter of this study, we provide a technical introduction to nanoscale
systems— specifically those built from ABOj3 perovskites, a fascinating group of
materials with a vast range of properties and applications. This is followed by a
literature review of two particularly compelling members of this family: SrTiOj
and NdNiOs. These two materials have exhibited ferroelectric and metal-insulator
transitions respectively— properties that have garnered interest for applications in
memory and sensing devices. We then explore the physics of perovskite interfaces,
where additional effects come into play that can further manipulate the proper-
ties of materials. Finally, we review various heterostructures and devices consisting
of SrTiO3 and NdNiO3, where we highlight interesting behaviour and unanswered
questions surrounding each material. In the hopes of uncovering interesting new
phenomena, we propose to study how Sr'TiO3 and NdNiOj respond to various inter-
facial effects, and interact with each other when interfaced together. This is with the
aim of broadening our understanding of how these two materials (and any related)
act in device-like environments, in the hopes of inspiring new technology. Our study

objectives are summarised at the end of the chapter.

1.1 ABOj perovskites: theory and applications

Complex oxides undoubtedly remain the most popular avenue for discovering novel
electronic devices. The simple ABOj3 perovskite is perhaps the staple of the complex
oxides, where the smaller B cation lies at the centre of six O anions forming an
octahedra, and the larger A cation lies between twelve O anions, such that the A—

O bond lengths are approximately /2 times larger than the B—O bond lengths.



The simple cubic perovskite structure may be visualised in Fig. |1.1j(a). The stability
of a given combination of A and B cations may be estimated using the Goldschmidt

tolerance factor ¢ [4]:
rA+To (1 1)

V2(rg +10)’

(where 74 g o are the Shannon ionic radii [5] of A, B, and O respectively). The ‘ideal’

A and B radii yield a t of 1, where the system typically appears cubic. When ¢ > 1
or < 1, the perovskite is prone to structural distortions. This is a generalisation, as
many exceptions to this rule exist.

A high-symmetry, simple-cubic perovskite is extremely rare at room tempera-
ture or below. Subtle structural displacements occur which often lead to dramatic
changes in the macroscopic properties of the crystal. The cause of these distor-
tions, as well as their magnitude, is a complex question to answer, and typically
depends on a variety of factors. Some common perovskite distortions are shown in
Fig. |1.1b)—(g), and are discussed in more detail over the next few sections of this
chapter.

Understanding these distortions is essential for this project, so it is important
to define a rigorous, first-principles classification system for the orientation of ions
in a crystal. This can be achieved with symmetry analysis. A bulk crystal can be
expressed more simply as a unit cell repeating infinitely along the crystallographic
axes (the system can be described as having periodic boundary conditions (PBC)).
The unit cell contains all the information about the structure of the bulk crystal
excluding edges and surfaces. It can be described by a set of three lattice vectors
a, b, ¢ (the magnitude of which are the cell lattice parameters), and the ionic coor-
dinates written in terms of these vectors. The unit cell is assigned a space group—
a mathematical group of all the symmetry operations that leave it unchanged. The
elements (symmetry operations) of a space group include all point group symmetries
(identity, rotation, reflection, inversion, improper rotation), as well as translation,
screw axis and glide plane operations. There are 219 distinct space groups, where
bulk perovskites range from the highest symmetry simple cubic Pm3m to the lowest
symmetry P1 (international short symbol notation). A space-group representation

is a structure-preserving mapping of the symmetry elements onto a vector space.

3



| ﬁ

(b) M,*(0,0,a) (c) Rs(0,0,a) (d) M4 (0,0,a)

Figure 1.1: a) Simple cubic Pm3m perovskite unit cell, where gold spheres denote
the A-site cations, grey spheres within octahedra denote the B-site cations, and red
spheres denote oxygen anions. (b)—(g) Common perovskite distortions visualised
in a v/2 x v/2 x 2 unit cell. In order from (b)—(g): in-phase octahedral tilting, out-
of-phase octahedral tilting, B-site polar motion, A-site antipolar motion, breathing
distortion (By, g denote large and small BOg octahedra respectively), and Jahn-Teller
distortion.



For a given vector space, the representation can be made irreducible— meaning it
cannot be written as a linear combination of other irreducible representations (ir-
reps) in the group. Structural distortions can be described by ions moving along
a set of vectors, which together form a vector space. For a distortion allowed by
a space group, this vector space corresponds to one of its irreps. Each irrep thus
describes a specific type of allowed ionic distortion [6-§].

To more conveniently define ionic distortions, we consider our crystal unit cell
in reciprocal space (k-space). In reciprocal space, the primitive cell becomes the 1st
Brillouin Zone (1BZ)— the smallest cell in reciprocal space retaining all the struc-

tural properties. The three lattice vectors a, b, ¢ are converted to reciprocal lattice

bxc
a-bxc

vectors ay, by, cp, where a, = 27 and by, c; are cyclic permutations of the in-
dices. In reciprocal space, we consider ionic distortions by looking at the phonons—
collective vibrations of ions in a crystal. If the frequency of a phonon mode oscilla-
tion is zero or imaginary (the square of its frequency is less than zero), then there
is no restoring force for that vibration, meaning that the collective movement along
these axes of vibration reduces the energy of the system, and the mode of distortion
condenses. A mode of distortion can be defined by the high-symmetry point in the
1BZ that remains invariant under the distortion. Within the 1BZ there are various
high-symmetry points depending on the cell symmetry— we define modes with re-
spect to the high symmetry points of the simple cubic Pm3m perovskite unit cel]|I|.
We label the distortions of perovskites using Miller and Love’s notation, which con-
sists of the k-point corresponding to the mode, followed by a numeral subscript and
possibly a ‘4’ or ‘-’ superscript |7], which indicates whether the distortion modes
are even or odd under inversion. For example, the antiphase tilt mode is denoted
by the symbol Ry (Fig. |L.1)(c)). These are also known as irrep labels. Irrep labels
for perovskites also depend on the way the unit cell is drawn— the labels change
depending on whether A- or B-cations lie in the corners, as the high symmetry k-
points change. For this study, we use the former orientation, with A-sites lying at

the corners, as depicted in (a). The irrep labels of various common distortions

!The high symmetry points are defined differently for lower symmetry cells (besides the I'-point,
which always lies at the centre).



for this orientation are included in Fig. [1.1(b)—(g). A more detailed explanation
on the perovskite irreps can be found in refs. |[9-H11]. We also note the direction
of a distortion (known as the order parameter direction) using Mulliken symbols.
Commas separate the separate cartesian components of the irrep, while semicolons
separate different atoms occupying the Wyckoff positions in the structure [12]. For
example, R; (0,0, a) denotes the anti-phase tilt mode along only the c axis (Figjl.1
(c)), while X;(0,0;0,0;a,a) denotes the antipolar motion of the A-site cation along
both a and b axes (Fig{l.1| (e)). Mulliken notations for other common perovskite
distortions may be found in refs. [9-11]. Octahedral tilting can also be denoted
in a more concise form using Glazer notation, where the tilt pattern along each
dimension a, b, ¢ is either in-phase (superscript ‘4’), anti-phase (superscript ‘-’), or
non-tilted (superscript ‘0’) [13]. For example, an orthorhombic tilt pattern with
two anti-phase tilts of equal magnitude along two axes and an in-phase tilt pattern
along the third axis is denoted as a~a~c¢". Using mode irrep analysis we can also
define the magnitude of a given distortion by comparing the structure to a reference
high-symmetry cell (Pm3m for perovskites). For large interfaced systems where
structural distortions vary throughout the system (such that mode irrep analysis
is inappropriate), we measure structural quantities layer-by-layer (where possible).
Details on both procedures are discussed in the methods chapter.

In this section we have summarised a general approach for understanding the
structure of perovskites. In the following sections of this chapter, we go into the
details of the key perovskite distortions relevant to this project, discussing why they
occur in the first place, the macroscopic consequences of them, and how they interact
with each other. Generally speaking, to answer why they occur, we look to the
electronic structure of the system. Thousands of different combinations of ions can
be used to build stable perovskites, each with a distinct electronic structure giving
rise to unique structural and electronic properties. These features often accompany a
useful change in the macroscopic properties of a perovskite. Fundamentally, our goal
is to discover new structural phases with useful macroscopic properties, understand
why they occur, and use this knowledge to predict the appearance of these features

in other systems. In this study, we are concerned primarily with two well known

6



phenomena found in perovskites— ferroelectricity and metal-insulator transitions.
These are best explained after first discussing octahedral tilting, the most common

distortion in perovskites, which is heavily linked to these two effects.

1.1.1 Octahedral tilting

Schematics of in-phase and antiphase tilting are depicted in Fig. [L.I(b) and (c)
respectively. Perovskites with a tolerance factor ¢ < 1 often undergo tilting to ‘fill
the space’ left by the undersized A-cation |14}|15]. The choice of tilt pattern is only
indirectly related to ¢, though several general trends can still be identified. For
systems with ¢ slightly below 1 (~0.95), antiphase tilting often appears by itself
along one (a’a’c™) or two (a~a~c") axes, while for lower ¢ (~0.9) orthorhombic tilt
patterns consisting of two antiphase and one in-phase tilt (a~a¢') tend to appear.
The latter tilt-pattern is particularly common as it can further lower the energy
by allowing for the ‘antipolar’ A-site distortion [16]. This distortion is depicted in
Fig. (e) and consists of diagonal A-site motion along the a, + l;p direction (where
the in-phase tilt lies along ¢, direction). If ¢ is lowered further, a rhombohedral
phase can also appear, which consists of antiphase tilting along all three primitive
directions (a~a~a~ ), which further fills the excess space. When ¢ > 1 (corresponding
to an undersized B-cation), tilting is less common, and the ‘excess space’ is usually
instead filled by B-site displacement. Tilting is also often heavily coupled with other
crystal distortions, and can be the determining factor behind various phenomena
appearing or not. It is worth being clear at this point about the limitations of
the tolerance factor— it is an approximation based off ionic radii which are not
well defined. The Shannon radii referred to above are derived approximately by
measuring the bond lengths of various crystals. Regardless, the tolerance factor is
a convenient approximation for introducing and explaining the trends of common
perovskite distortions, while avoiding the details of the electronic structure in each
case.

Structural phase transitions such as tilting may be modeled quantitatively with
Landau theory— a phenomenological ‘second-principles’ framework for understand-

ing phase transitions. In this model, the Landau free energy JF is expressed as
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a power series in order parameters \;, each of which characterises a phase tran-
sition [17]. This includes symmetry breaking distortions we have quantified with
mode irrep amplitudes. As an example, we can apply this model to a simple bulk

system with a single distortion such as antiphase tilting \g:
F = ap)i + BrA\p + A% + .. (1.2)

where ag, Br, Vg are coefficients that determine how the distortion affects the energy
landscape. The allowed terms in the expansion are constrained by the symmetry of
the (high symmetry) parent cell (the allowed terms can be determined via invari-
ance analysis, which is discussed in the methods chapter). Note that in this case the
odd-order terms (linear, cubic powers) have been automatically omitted from the
expansion, because tilting is energetically symmetric upon changing the amplitude
from Ag — —Ag in an ideal bulk system. The behaviour of this system in response
to tilting then depends on the signs and magnitudes of agr, Sg,vg. The quadratic
term determines the onset of the mode— if ap < 0 then tilting will develop sponta-
neously. If the quartic coefficient g > 0, Ag is a second-order (continuous) phase
transition, such that the onset of the mode gradually lowers the energy up to the
minima a. If g < 0, and vz > 0, the transition is first order (discontinuous), such
that there are minima for Ag = 0 and A\g = a, and the system must ‘jump’ from one
to the other as to navigate the energy discontinuity. Higher order terms can also
further characterise the behaviour, but are usually insignificant and negligible. In
our basic bulk system only with octahedral tilting in one axis, a second-order tran-
sition is allowed by symmetry, but often there are many other features that make
the transition first-order. Usually there are several other order parameters, such as
coupling to other modes or strain. In these scenarios, the free energy is not only
expanded in terms of each order parameter, but also in terms of the coupling terms
between different order parameters. Analysing complex systems allows us to quan-
tify how modes influence one-another. We discuss mode couplings in detail when

investigating specific examples relevant to the project in the following subsections.



1.2 Ferroelectricity

The idea of a dielectric material has been well understood since the 18th century
as an insulator that can be polarised by applying an electric field. A material is
electrically polarised if there is a net displacement of positive bound charges relative
to negative bound charges. Since then, we have uncovered other mechanisms for
inducing polarisation besides an electric field, including heat (pyroelectricity) and
mechanical stress (piezoelectricity). In the 1920s, perhaps the most groundbreaking
type of polarised material was discovered— the ferroelectric. A ferroelectric is a
material with a spontaneous and reversible polarisation. Ferroelectricity was first
discovered in Rochelle salt [18], but in the decades since we have discovered ferro-
electric phases in a vast range of materials. In the 1940s, BaTiO3 became the first
perovskite discovered to have this property [19,20], though many more have been
found since. To this day, the search for ferroelectric phases in perovskites continues.
Ferroelectricity is an extremely useful property that can be utilised in various de-
vices. Ferroelectrics have a polar switching path that typically resembles a hysteresis
loop, such that when the polarisation direction is reversed by an electric field (or
another change in environment), the system can remain in that state after removing
the applied field. Therefore, a ferroelectric may exist in two distinguishable states
under the same conditions. Therefore, any ferroelectric is a suitable candidate for
memory devices [21},[22]. The most primitive ferroelectric-based memory device is
the ferroelectric capacitor, consisting of a ferroelectric sandwiched between two elec-
trodes [23]. This system has been investigated extensively both experimentally and
theoretically, and is covered in more detail when discussing interfaces later in this
chapter. Other devices that have been built from ferroelectrics include field effect
transistors (FETSs) [24)25], tunneling transistors [26], and Schottky junctions [27].
Ferroelectric perovskites might be particularly excellent for device applications, as
they can be (relatively easily) interfaced with a wide range of other perovskites.
Fundamentally, a crystal can only be spontaneously polarised if its structure
breaks inversion symmetry, and is a ferroelectric only if this polarisation is reversible.
In the present day, we have discovered numerous structural and electronic pathways

through which a perovskite can be a ferroelectric. The most common and relevant to
9



this study is a net displacement of A- or B-cations (or both) relative to the oxygen
anions. This type of displacement is visualised in Fig. [I.I(e), and is referred to as
the polar mode in perovskites. The origin of the polar mode in perovskites has been
a topic of upmost importance over recent decades. The underlying electronic driving
force of the polar mode is system-dependent, but detailed explanations exist for the
titanate series, consisting of the most well-known ferroelectric perovskites BaTiOgz
and PbTiO3. The key feature of the titanates is how the unoccupied 3d orbitals of
the Ti** sites interact within the oxygen octahedra of the perovskite. In BaTiO3 and
PbTiOsg, ferroelectricity appears as a result of hybridisation between the unoccupied
Ti-3d" and occupied O-2p orbitals. As the O-2p orbitals are oriented toward the
B-cations (which are repulsive and therefore energetically unfavourable), and the
unoccupied dgy, d,., d,. orbital lobes lie between the oxygen sites, the hybridisation
of O-2p with d,,, d,., d,. reduces the short range Coulomb repulsion between Ti and
the octahedra. As a result of this, the polar distortion is softened, as the Ti cation
is increasingly able to displace towards the O-sites [28]. This feature is also known
as the second-order Jahn-Teller effect [29].

However, the appearance of polar modes in the titanate series is still dependent
on additional factors. The first of these is the competition with octahedral tilting.
For systems with smaller tolerance factors, octahedral tilting can ‘fill the space’
left by the smaller A-site radiuf] [30,132]. Since tilting is ubiquitous in perovskites,
there are only a small number of perovskite ferroelectrics. This is also the case
for orthorhombic tilt patterns, which condense for lower tolerance factors (~0.9).
Because of the coupled antipolar motion that appears with the A-sites, net polar
motion is naturally suppressed [16]. In the titanate series, BaTiOz and PbTiO;
overcome tilting due to the size and shape of the A-sites. The polarisation is largest
in PbTiO3 because of the lone 6s* orbital in Pb, which aligns along the direction
of polarisation, increasing the tetragonality of the cell and further softening the

Coulomb repulsion between Ti and oxygen sites [28]. Ba also has a sufficiently large

20n a side note, it has alternatively been shown that extremely large amounts of antiphase
tilting in certain perovskites can actually cooperate with the polar mode, due to the huge increase
in tetragonality [30}/31]. Generally however, tilt suppresses ferroelectricity.
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ionic radius such that ferroelectricity occurs.

1.2.1 SrTiO;

However, with other choices of A-site cation, the system remains unable to turn
polar. Sr is less chemically active than Ba and Pb, such that any Ti-d and O-2p
hybridisation is not sufficient to induce a polar mode in bulk. This is contrary
to predictions, as studies have shown that decreasing the tolerance factor actually
increases the polar instability [16]. The reason for this is instead the increased
stability of the tilting with decreasing ¢. In Strontium Titanate SrTiO3 (STO), the
tolerance factor is just small enough that octahedral tilting stabilises (along one axis)
rather than the polar mode. The polar mode is suppressed as the tilting reduces the
overlap between Ti-3d and O-2p orbitals preventing hybridisation. The tilt mode
(Ag) and polar mode (P) are therefore competitive— in a Landau expansion of a bulk
system with these two transitions, the coefficient dpr of the biquadratic coupling
term dprP?)\% is greater than 0, meaning there is an energy penalty for both modes
developing simultaneously [33,34]. Because of this, STO remains a paraelectric in the
ground state (demonstrated experimentally for temperatures as low as 1.5 K), but
only just— within the scale of quantum energy fluctuations [35-43]. It is therefore
classified as a quantum paraelectric. STO is also an incipient ferroelectric, meaning it
is on the verge of multiple polar transitions along different cell directions [34,44-46],
which can be induced under a variety of circumstances. Polar transitions have
been induced by chemical substitution [47}-49], isotopic *®*O-substitution [50], defect
engineering [51H53], mechanical stress [54,55], as well as interfacial effects such as
epitaxial strain [44,45]56,/57], mode mismatch [58-61], film thickness [51,/62], and
formal polarisation mismatch [63].

In this study, we seek to understand how various interfacial effects trigger or
interact with polar modes. Therefore, we require a material that is neither strongly
polar, nor strongly non-polar, such that the subtle softening or hardening of a polar
mode can be detected. STO is therefore a perfect candidate, as its transition to
a ferroelectric state immediately demonstrates that a given effect cooperates with
ferroelectricity (or at least polarisation, depending on the circumstance). We are
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able to investigate both polar and non-polar phases on an equal footing, such that
we can also test the reverse of this— how interfaced systems react to the presence of
the polar mode. At room temperature, STO occupies a cubic Pm3m phase, though
at 110 K undergoes a phase transition to the I4/mem space group [64] consisting
of antiphase octahedral tilting along one axis. As already stated, tilting is chosen
by the system over polar motion due to the insufficient size of the Sr cation. The
response of STO to various interfacial phenomena are discussed in length in the

‘SrTi0O3-NdNiOg interfaces’ section of this chapter.

1.3 Metal-insulator transitions

The second phenomenon of interest to this study is that of the metal-insulator
transition. The reasons for a given compound being insulating or metallic is system
dependent, though we can still make general statements on the origins of the opening
and closing of this gap, particularly for perovskites consisting of transition metal
ions on the B-sites. The existence and width of the band gap in transition metal
perovskites (and transition metal oxides more generally) depends on the energy levels
of three components— the highest occupied Oxygen state (O-2p), and the highest
occupied and lowest unoccupied transition metal (d) states [65,/66]. There exist two
types of insulator: charge-transfer insulators, where the O-2p states lie between the
valence and conduction bands of the transition metal, and Mott-Hubbard insulators,
where the O-2p states lie below the valence transition metal bands. We can similarly
say therefore that two types of metal exist in this model, firstly where O-2p states
overlap the transition metal conduction band, and secondly where transition metal
valence and conduction bands overlap. A more detailed explanation of this model
(known more generally as the Zaanen-Sawatzki-Allen (ZSA) model of transition
metal oxide band gaps), may be found in ref. [65], which correctly predicts the ground
state of many perovskites. The behaviour of the d-subshell is particularly interesting

in perovskites. Before including crystal distortions, the d,,, d,. and d,, orbitals (also

Y
known as the ¢y, states) have lobes pointing between the O-2p orbital lobes, while

the d,2_,2 and d,2 orbitals (also known as the e, states) have lobes pointing directly
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towards the O-2p lobes. This assists with crystal field splitting, where the energy
difference between the e, and ty, states is amplified [66,67]. Generally, high d-
electron count transition metal oxides such as Fe*t, Cu?t and Ni*T are predicted
to be metals as the e, states are occupied, while low d transition metal oxides
such as Ti** are predicted to be insulatorsﬂ. However, high valence systems do not
particularly want to occupy these states (or at least want to lower the energy of

them), which can often lead to interesting novel behaviour in many cases.

1.3.1 RNiO;

The ZSA scheme is not always correct however. In the case of the rare earth nicke-
late perovskites, with nominal Ni®* sites, the systems are found to be insulators in
the ground state for all choices of rare earth A-site besides La [68/|69]. In fact, these
systems all undergo a metal-insulator transition (MIT) with decreasing tempera-
ture. Taking NdNiOj3 as an example, the system is metallic at room temperature,
but opens a gap below 200 K [70,[71]. It turns out that these systems have a clever
alternative way of doing this. Nominally, as the rare-earth cations have a 3+ va-

lence, the Ni is forced into a 3+ state, with a 3d” filling. Due to crystal field splitting

6 1

the occupancies are 3, €;, corresponding to a low-spin configuration, where the e,

states have a mixed d,2_,2 and d,» character. Generally, the system preferring a

—y
low- or high-spin configuration (for a d” filling, the high spin configuration is 3, e2)
depends on the competition between the Hund’s exchange energy [72] (encouraging
the high-spin setting) and the crystal field splitting (encouraging the low-spin set-
ting). The size of the energy penalties from each effect depend on several structural
and electronic features of perovskites. Varying the B-O bond lengths— which are
shortened or lengthened by a larger or smaller A-site, respectively increases or de-

creases the effect of the crystal field splitting |65] (thus favouring or disfavouring the
low-spin state). Furthermore, if the B-site charge is greater, or the B-O bonding

3In this project, we regularly refer to perovskites in terms of nominal ionic charges. It is
important to note that these ionic charges are not consistently defined, because the ionic radii are
not well defined. The numbers cited are an approximation, but like the tolerance factor, are a
useful benchmark for introducing these concepts while avoiding the details of electronic structure.
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is covalent for another reason, the crystal field splitting is similarly amplified [73].
The nickelates are charge-transfer metals in the low-spin state, where the occupied
eq states overlap with the O-2p orbitals. However, the system can reduce this over-
lap by introducing octahedral tilting. The metallic states are already orthorhombic,
occupying the Pbnm state, though as this tilt is amplified upon lowering the temper-
ature, the bandwidths are continually decreased. It has been demonstrated through
first principles calculations that there exists a critical amount of tilting to induce
the MIT in the nickelates [74].

Beyond this critical amplitude of tilting, the system seeks to alter the electronic
structure in some way to open this gap, to avoid the partially occupied e, state.
The nickelates achieve this by charge ordering the Ni sites [75]. The exact valences
on the Ni sites in this charge ordered state are still heavily debated. Generally,
the valences are 2Ni*t — Ni*™ + Ni?79, where ¢ is a small amount of charge, but
recent experimental and theoretical studies suggest that the 3d fillings more closely
resemble 3d®,3d®L? (where a 3d® filling corresponds to Ni?+), where the L denotes
ligand bonds with the oxygen sites [76-{80]. The large 3d® (denoted Niy,) site results
in an expanded NiOg octahedra, while the small 3d®L? (denoted Nig) site results
in a contracted NiOg octahedra. As a result, the e, state remains filled for all Ni
sites, but there exists no overlap with the O-2p states in this new configuration.
The system occupies a monoclinic P2/c state, consisting of the all the features of
the Pbnm symmetry with an additional ‘breathing mode’ [81H84]. This distortion
is visualised in Fig. [1.1{(f). Within the Landau framework, the triggered mechanism
can be understood via the biquadratic coupling terms between the breathing mode
(Ag), the antiphase tilting (Ag) and the in-phase tilting (Ays): dgrARN%, OB AL,
and the quadratic terms agA%, agA%, and aprA3,. It has been demonstrated via first
principles calculations that ap > 0 while ag, aps < 0, such that both types of tilting
are developed (and are stabilised by positive quartic coefficients) and the breathing
is not [74]. However, the coupling coefficients dpg,dpy < 0, such that beyond a
critical amount of tilting, the energy gain of the coupling terms outweighs the cost
of the quadratic breathing term, leading to the development of the breathing mode.

Regarding the metal-insulator transitions, it is worth also mentioning orbital
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ordering. Transition metal perovskites typically want to remove the degeneracy in
the d states for a variety of reasons, so as a result, split their energies. This can occur
within the t5, and e, states separately. The result of this is distorted octahedra with
varying B-O bond lengths, due to the different d orbital shapes [85],86]. These are
known as the Jahn-Teller distortions, one type of which is visualised in Fig. (g)
This is also a more common method for gap opening in perovskites, as neighbouring
B sites can have the same valence but different orbital character. This has even been
achieved in rare earth nickelates under certain interfacial conditions [87], where the

ey states alternate between d,2_,2 and d,» character.

-y
The unique properties of the rare earth nickelates have also been utilised to
build devices. Various novel electronic devices consisting of nickelates have been
designed, including artificial neuromorphic systems utilising conductance switching
via Ni oxidation and reduction [88], artificial neural networks built from nickelate
memory capacitors (driven by rapid changes in resistivity at the MIT) [89], and
sensing devices reliant on Ni charge transfer [90]. As well as the metal-insulator
transitions, research into the rare-earth nickelates has greatly helped our broader
understanding of several other fundamental concepts, including the nature of poorly
conducting materials [91] and multiferroicity [92]. We explore the response of the
nickelates to interfacial phenomena in the ‘NNO-STO interface’ subsection.

In this study, we seek to investigate how the metal-insulator transition is affected
by interfacial phenomena. NdNiOj is a great choice for this, as it has a bulk MIT
temperature near room temperature (suitable for experimental realisation), and also
has a simpler magnetic ordering (alongside Pr, which has a lower MIT temperature)
compared to the rest of the series. The magnetic order of the ground state charge-
ordered insulating phase resembles a T, S-AFM ‘spin-density-wave’, consisting of
large moments on the Nij, sites and zero moments on the Nig sites [92-94]. The
spins are ordered along (111) planes, alternating between layers of moments and
zero moments. This is visualised and explored further in chapter 4 of this project.
For larger A-sites however, this magnetic state only appears at lower temperatures,
and after a Neél transition from a charge-ordered, paramagnetic state. We do not

pursue these systems further in this study, but much of the theory proposed in this
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project is directly comparable to the rest of the series besides LaNiO3 (LNO). We
do briefly also investigate LNO in chapter 4, which is an interesting exception with
a larger A-site, which leads to a rhombohedral a”a~a~ tilt pattern with smaller tilt

magnitudes that are not sufficient to trigger the MIT [69).

1.4 Perovskite interfaces

Though many perovskites are interesting in their own right as bulk crystals, a new
dimension of possibility is unveiled when building precise thin films and layered
heterostructures, as is typical of electronic devices. When grown in these ways a
perovskite is subject to interfacial effects— additional constraints that can heavily
alter its properties. Interfacial constraints are essential to take into account when
designing new devices, but also very interesting in their own right as a way to manip-
ulate systems. In the present day, we have access to experimental techniques capable
of building precise interfaced systems deposited layer by layer, such as pulsed laser
deposition (PLD) and molecular beam epitaxy (MBE) [2]. Regardless, some defects
are inevitable, and in some situations, these can vastly affect the properties of the
system. Meanwhile, using first principles calculations as in this study (discussed
in chapter 2), we usually build pristine interfaced systems. This is very conve-
nient for investigating precisely various interfacial effects, though some variation
should be expected upon comparison to experiment. The degree of comparability
of experiment to theory is very much system dependent— a given type of defect
or limitation may have major or minor consequences, or be more or less common
depending on the system. In some cases, defects can be included in first principles
calculations, though this is often computationally challenging (defects usually re-
quire the doubling or quadrupling (or more) of the unit cell in-plane). To be clear
however, the theoretical simulation of pristine interfaces remains highly applicable
to experiment— the interfacial effects that remain present regularly dominate the
systems properties.

Perovskite interfaces can be built along several crystallographic directions. The

most widely used choice is the [001]-direction, where the layers alternate between
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AO and BOj per formula unit (/f.u.). As well as this, systems built in the [111]-
basis (as well as the [110]-basis, which is not covered in this study) are becoming
increasingly commonplace, where layers alternate between AO3 and B. Each orien-
tation is interesting in its own right and applies unique constraints to any deposited
films. In this study, we consider the interfacial effects present in both [001]- and
[111]-oriented films and apply them to incipient ferroelectric STO and MIT-capable
charge-ordered nickelate NNO. The following subsections cover a general overview
of these effects, and the following section reviews relevant literature on interfaces

specifically involving or related to STO and NNO.

1.4.1 Epitaxial strain

The first energetic constraint encountered when depositing a perovskite film on a
substrate is caused by differences in the in-plane lattice parameters. As long as
the lattice parameters of a thin film and substrate are within roughly £4% of each
other, the octahedra of the substrate and thin film can align and connect. For this
to occur, the film must alter its in-plane parameters to match those of the substrate,
experiencing a biaxial strain as a result. This concept is known as epitaxial strain,
and is a key limit to interfacing many perovskites with one-another. Experimentally,
+4% strain is the absolute maximum before dislocations dominate the systenf] [2].
Despite this, even a small percentage of strain is enough to drastically alter the
properties of perovskites. Immediately, the symmetry between in-plane and out-of-
plane axes are broken, leading to cell tetragonality. In the [001]-basis, epitaxial strain
splits two of the primitive directions from the third lying out-of-plane, while in the
[111]-basis, strain splits the out-of-plane [111]-axis from the three other [111]-axes
which lie mostly in-plane. This effect is visualised in both bases in Fig. |1.2{a).
The effect of epitaxial strain on various distortions can be modeled generally

using a Landau-like energy expansion. Ginzburg and Devonshire helped extend the

4In first principles calculations, we could build a pristine interface at much higher strains, though
these would certainly be unfeasible experimentally. In chapters 3 and 4, when investigating strain
alone, we do regularly exceed £4%, but only do this for the sake of understanding various physical
trends with strain.
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Figure 1.2: Schematics of relevant interfacial effects in various perovskite orienta-
tions. (a) Biaxial strain due to film epitaxy displayed for both [001]- and [111]-bases,
where the yellow filter denotes substrate layer, and black and grey arrows denote
the change in cell dimensions under tensile and compressive strains respectively.
(b) Geometric differences between [001]- and [111]-interfaces that result in differ-
ent mode decay lengths (where oxygen octahedra are matched for one and three
oxygens respectively). (c) Magnetic frustration at the interface of a magnetic and
non-magnetic system (in the [111]-basis). (d) Demonstration of the polar disconti-
nuities between II/IV and III/III perovskite interfaces in the [001]-basis, for each
choice of termination (where A, is the in-plane area per formula unit that the
interface charges are averaged over).
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Landau formalism to take into account interfacial effects (alongside a range of other
factors), where the former extended the model to spatial variations in the order
parameters |95, while the latter considered real ferroelectric systems affected by
strain and depolarising effects. To model epitaxial strain in the Landau-Ginzburg-
Devonshire (LGD) formalism, we consider the two fixed in-plane strains €,,, €,,, and
a free-to-relax out-of-plane strain €.,. In some cases, we also consider the shear com-
ponents of strain €y, €,., €,., depending on the cell symmetry. Each strain compo-
nent has a quadratic term with an energy cost (with positive coefficients), coupling
terms with the other strain components, and coupling terms with the structural
modes present in the system [33]. The strain only terms in the free energy take the

following form (excluding higher-order terms):
fstrain - Z CjEJQ‘ + Z ij€j€m7 (13)
J J:m

where C;, C},, are coefficients of the strain and strain-coupling terms respectively.

The strain-mode coupling terms take the form of (excluding higher-order terms):

Ftrain-mode = Z 6@']’)\?5]' + Z Z 0ijINiNIE; (1.4)
ij il g

where )\;; are modes, 9;; are strain-mode coupling coefficients, and d;;; are strain-
mode-mode (trilinear) coupling coefficients. If 6;; < 0, then a positive (tensile) strain
favours the formation of the mode, and a negative (compressive strain) disfavours
it. Vice versa applies if d;; > 0. These models tend to get extremely complex, as
each mode is coupled to all the other modes, and all the strain components (in some
situations, higher order coupling terms also play an important role). Such models
have been built for relatively simple systems such as STO, where only antiphase
tilting and the polar mode (in each axis) are included alongside [001]-oriented strain.
The full model may be found at ref. [34], and is composed of in- and out-of-plane
tilting, in- and out-of-plane polarisation, as well as all six strain terms. In this
example the coefficients are determined from experimental data, and are used to

predict the strain phase diagram.
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As a general rule of thumb, [001]-oriented compressive strain suppresses in-plane
tilting and amplifies out-of-plane tilting in perovskites, while [001]-oriented tensile
strain has the inverse effect [96,97]. This is because compressive [001]-strain reduces
the ‘free space’ left by ionic radii along the in-plane axes (and thus lengthens the
out-of-plane axis), while tensile [001]-strain creates more ‘free space’ along the in-
plane axes (and thus shortens the out-of-plane axis). This also affects the softening
of polar modes in non-orthorhombic systems, such that compressive strain softens
it out-of-plane and suppresses it in-plane, and tensile strain has the reverse effect.
As the polar mode is still competitive with tilting, it often remains suppressed
(especially in orthorhombic systems which generally more tilted to begin with),
though predictions on [001]-strained paraelectric STO suggest that the polar mode
may be softened faster with strain than tilting [34].

General rules for the effect of [111]-strain on the common perovskite distortions
are less established. [111]-strain expands and contracts all three primitive directions
simultaneously, which we logically expect to suppress and support tilting along the
primitive directions accordingly. Compressive strain might equally suppress polar
distortions, while tensile strain might soften them. [111]-strain phase diagrams
are generally less diverse than [001]-strain diagrams due to the uniformity of the
constraint on each primitive axis [97]. Recent first principles studies suggest that
the softening of the polar mode due to [111]-strain is dependent on the tolerance
factor. For tolerance factors below 1 (that typically have orthorhombic tilt patterns),
compressive strain softens the polar mode out-of-plane and hardens it in-plane, while
tensile strain has the inverse effect. For tolerance factors close to 1 however (typically
resulting in antiphase tilting and tetragonal cells), compressive strain suppresses the
polar displacements both in-plane and out-of-plane, while tensile strain softens it in
both directions [96].

Strain is an essential feature of interfaced systems, and is carefully investigated
in chapters 3 and 4 of this study. From first principles, we are able to isolate the
effect of strain from other interfacial effects by considering it on a bulk system, which
is very useful for understanding complex interfaces. This is discussed further in the

methods chapter.
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1.4.2 Mode decay

The next problem a film encounters when deposited on a substrate is how to distort
the interfacial ions. Across the interface, it is energetically unfavourable for these
ions to immediately revert to a completely different structure within a layer, so
usually the modes of the film and substrate average out at the interface to some
extent. Moving away from the interface, the distortions gradually return to bulk-
like properties. However, particularly for thinner films, sometimes this mode ‘decay’
from the interface is long enough to influence the properties of the entire film. In
the [001]-basis, mode decay is important for in-plane tilting, because the displaced
oxygen sites connect to adjacent octahedra at the interface [2]. Meanwhile, the effect
of mode decay on tilting in the [111]-basis is even more extreme, where three O sites
lie at the interface per octahedra, resulting in a stronger interfacial connectivity.
For example, LaAlO3 substrate tilts decay over at least six layers in interfaced
nickelate films in this basis [98]. This is without mentioning the mode decay of
other distortions, which remain less understood. The concept of mode decay in each
basis, using tilting as an example is shown in Fig. (b) Mode decay can also
be included in the LGD framework, where we can consider spatial variations in the

order parameters via a Ginzburg term |V \;|? [95,99]. In an interfaced system along

d)\;
dz

2 where &; is the

out-of-plane direction z, there is an energy penalty term r;]|
stiffness of A;. This term penalises rapid changes in \; across the interface. In the
case where a mode is not active in a neighbouring film, such that the quadratic
coefficient (of a given mode A;) ; > 0, the decay length of the mode in this region
& = \/2:1, and the mode follows an exponential decay: \;(z) = )\i(O)efﬁiz’.

1.4.3 Quantum confinement

The properties of films can also be heavily impacted by the finite film thickness. For
ultrathin films only a few nanometers thick, the thickness approaches the scale of
the De Broglie wavelength of the electronic wavefunction, such that the electrons ex-
perience confinement [100]. This leads to the discretisation of the energy landscape.

This can influence the charge mobility and has been shown to induce insulating
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behaviour in metallic perovskites such as LNO [87].

1.4.4 Magnetic frustration

Magnetism is not discussed in length in this project, though detailed approaches
exist for considering magnetic symmetry and structure for perovskites. Though
the magnetic order of the rare-earth nickelates (including A-site moments) is non-
collinear, the properties can be accurately reproduced through only considering
collinear magnetic orders on the Ni-sites [74,[80]. Nonetheless, it has been shown
that obtaining the correct collinear order is essential for tuning the ground state
properties [101]. For any given magnetic order, an immediate termination at the
interface is not usually energetically favourable. Moments become frustrated at the
interface, which often results in varying moment sizes or directions. As we consider
only collinear orders in this study, we are not concerned with the latter, though
moment sizes are heavily linked to Ni-site occupation in the rare earth nickelates,

so are a concern [80]. This effect is visualised in Fig. [1.2]c).

1.4.5 Polar discontinuities

The final interfacial effect relevant to this study is the polar discontinuity. Polar
discontinuities occur not only when two systems have different amplitudes of polar-
isation due to cation displacements (which we refer to as ferroelectric polarisation),
but also differences in the ‘formal’ polarisation, which depends on the layer charges
of each film. When two insulating perovskites with different layer charges are inter-
faced together, there will be a discontinuity at the interface (alongside discontinuities
caused by different inter-layer spacings and modes) [102-105]. The discontinuity in
the electric displacement field D results in a free surface charge (lying at the inter-

face) Ofree:

DL - DR = Ofree (15)

where Dy, g denote the displacement fields on either side of the interface. As VD =
eoVE + VP, and the change in polarisation results in an interfacial bound charge

VP = 0pouna, We obtain the following expression for the change in the field from
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film to film:
Ofree — Obound

VE =E; — Eg = (1.6)

€0
The fields resulting from the polar discontinuity lead to sizeable energy penalties
and can significantly influence the films. A more detailed proof can be found in
refs. [103,/106].

To minimise the energy of the system, the interfaced layers ideally want to screen
these fields in some way. This is not an easy task for insulators, which are encouraged
to polarise (by how much depends on their dielectric susceptibilities). In the LGD
formalism, when looking at a particular film, we include the term —FEP in the
expansion [33], where P is the size of the polar mode, and F is the magnitude of the
field across the film. This term lowers the energy when the polar mode is in the same
direction as the E-field. Of course, the appearance of the polar mode is still limited
by the other terms in expansion (quadratic, quartic, mode coupling, strain coupling,
mode decay). However, it turns out that there are also a number of special cases
where the films can come up with other clever ways to screen the fields (discussed in
the following section), which have been of great interest to us over recent decades.
Overall, the polar discontinuity applies an interesting constraint to the systems as

a whole. This effect is visualised for the [001]-oriented interface between insulating

II/IV (A% B*) and III/IIT (A3 B**) perovskites] in Fig. [L.2](d).

1.5 SrTiO;-NdNiO; interfaces

In this study, we are interested in how an incipient ferroelectric and a system that
may undergo a MIT react to interfacial effects. We seek to understand how ferroelec-
tricity in STO and the MIT in NNO can be induced or tuned by strain, mode decay,
magnetic frustration and polar discontinuities. As well as this, we are particularly
interested in how these two phenomena influence each other in an interfaced system.

We therefore include a literature review of all relevant experimental and computa-

>Though we can’t define ionic charges, we can find the formal polarisation of a crystal (though
it is multivalued, as discussed in the "Polarisation’ subsection of chapter 2), and state that a formal
polarisation corresponds to these ionic charges.
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tional studies already undertaken involving interfacial STO and NNO (/RNO), as

well as any related systems.

1.5.1 Interfaced STO

Starting with STO, the first ferroelectric STO phase was discovered after applying
approximately 1% tensile [001]-strain, which resulted in in-plane polarisation [44.56].
This is logical considering the arguments presented above regarding [001]-strain in-
creasing tetragonality, which is expected to soften the polar mode. Several years
later, a polar STO phase was also created at 2-3% compressive strain, with polarisa-
tion out-of-plane [45|57]. These experimental observations have been supplemented
with both DFT and LGD analysis (based on experimental data), which similarly
predict polar phases along these axes [34,107,108]. It is shown that the polar mode
becomes increasingly more stable with strain than octahedral tilting, such that the
polar transition temperature is predicted to exceed that of the tilts at roughly 1%
compressive and 0.5% tensile strain [34]. Interestingly, first principles calculations
also suggest that despite the competition between tilt modes and polar modes, ex-
tremely high tilts actually favour polar modes due to the rapid increase in cell
tetragonality [43]. Polar STO phases have not been realised experimentally in the
[111]-basis, but previous first principles calculations reveal a strong polar transition
under tensile strain, which has components both in- and out-of-plane [109]. As the
STO tolerance factor lies near 1 (such that it has only minor antiphase tilting in
bulk), polarisation appearing in both axes matches predictions based on other [111]-
strained perovskites [96]. However, the direction of the polarisation in this phase
is not well understood, as there exist several low energy states with both in-plane
and out-of-plane polarisation (in the [111]-basis). The ground state consists of po-
larisation with a large in-plane and small out-of-plane component, but metastable
states close in energy consist of polarisation only in-plane [109]. Experimentally,
STO has been grown in the [111]-basis, where high dielectric susceptibilities have
been observed, but there are no reports on ferroelectric phases as of yet [110].
Aside from strain, STO has been shown to generate polar phases under other
interfacial effects. Due to mode decay from interfaced ferroelectrics BaTiO3 and
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PbTiO3, a variety of polar STO phases have been induced [58-60], which have
even led to exotic polar ‘vortices’ under flexoelectric constraints [61]. The polar
mode can also be amplified at very low film thicknesses [51,/62], and attempts to
screen interfacial bound charges arising from the polar discontinuity in the LAO-
STO interfaced system [63].

The now well-studied LAO-STO interfaced system is important to mention for
a number of reasons. In 2004 it was shown that 2D electron gases (2DEGs) ap-
peared near the interfaces, an unexpected result considering both LAO and STO
are strongly insulating [63]. These 2DEGs have exhibited a number of interesting
properties that have prompted significant research into this system— it has been
shown that the 2DEGs are tunable [111], have magnetic properties |112,/113] and
are superconducting [114,115]. This is all thought to be a result of the polar discon-
tinuity between LAO and STO, which are III/III and II/IV insulating perovskites
respectively. The nominal charges and resulting formal polarisation discontinuity
has been proven rigorously by calculating Wannier centres, which resulted in layer
formal charges of £1e/f.u. for LAO and Oe/f.u. for STO in the [001]-basis [103]. In
a stoichiometric system, bound charges of opposite signs exist at each type of inter-
face (whether LaO-TiOy (o, = +0.5¢/A¢,.) or SrO-AlO; (o, = —0.5¢/A;,.) where
Ag. is the in-plane area. The system deals with this high density of charges first by
polarising out-of-plane in either LAO or STO (or both, depending on the boundary
conditions). Then, because of the field, the band offsets vary across the films, such
that if the film thicknesses are sufficient, the valence and conduction bands of LAO
and STO will overlap allowing for electrons to tunnel across the system. This prin-
ciple is known as Zener tunneling, and is a feature of insulating devices where the
conduction and valence bands overlap at opposite ends of a film [116,/117]. DFT
calculations have verified that there exists a critical film thickness for this effect to
occur [104]. In the [111]-basis, where films have a similar polar discontinuity, LAO-
STO interfaces have been similarly shown to have 2DEGs present |118], which also
appear to have superconducting and magnetic properties [119}/120].

On the topic of ferroelectricity (and also the instance where the interfaced film is

metallic), it is important to touch on ferroelectric capacitors, which have been built
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from perovskites [121]. A well-known example of this involves a ferroelectric BaTiO3
(BTO) layer sandwiched between metallic STRuO3 (SRO) electrodes. The electrodes
allow BTO to maintain polarisation, as they screen the polarisation charges which
otherwise lead to a depolarising field. Under closed circuit boundary conditions,
there still exist dipoles across the interfaces which lead to a finite potential gradi-
ent across the BTO layer. At small thicknesses, the resulting depolarising field is
too large and suppresses ferroelectricity [122H124], though beyond a critical thick-
ness, BTO can retain monodomain polarisation [125]. Further study on this system
additionally demonstrated that there also exists ionic motion within the metallic
electrodes near the interfaces between the metallic screening charges and BTO po-
larisation charges, which align with the ferroelectric polarisation direction and are
essential for reducing the interface dipoles [126]. The physics of the ferroelectric
capacitor are applicable to any metal-ferroelectric interface, including the scenario

where STO is polar and NNO metallic.

1.5.2 Interfaced NNO

NNO and other rare-earth nickelates have also been at the forefront of designing
novel perovskite devices. Under [001]-strain, it has been shown experimentally that
the MIT temperature may be suppressed in rare-earth nickelates [127-129]. First
principles calculations have shown that both compressive and tensile [001]-strain
can gradually close the gap and induce IMTs [101]. The origin of this phenomena is
still somewhat ambiguous, as these calculations additionally suggest that the net tilt
(which is understood to trigger the MIT) does not substantially change under strain.
Interestingly, in the [111]-basis, NNO films deposited on NdGaOgs (which applies
a [111]-tensile strain) have a substantially amplified MIT temperature |130,/131].
Alongside strain, this might also be attributed to substrate tilt matching, though
no first principles calculations have been undertaken to verify this. A particularly
interesting state was observed in [111]-oriented NNO-LAO films, which apply a
minimal strain, but due to octahedral tilt matching, force NNO to revert to a tilt
pattern approximately resembling a~a~c”. This tilt pattern suppresses Nd-antipolar
motion, which allows for NNO to break net inversion symmetry out-of-plane and
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turn polar in the metallic phase [98]. Additionally, orbitally-ordered phases have
been observed in ultrathin layered [111]-NNO-LAO superlattices [132].

The interfacial results listed so far mainly concern the insulating nickelate phases,
but for this project it is also important to mention some well-studied interfaced sys-
tems involving metallic nickelates, particularly LaNiO3, which may have comparable
features to metallic NNO (despite having a different symmetry). An interesting sys-
tem is that of LNO and STO, which are found to remain as a metal and a paraelectric
insulator respectively. From both theory and experiment, though the metallic LNO
layer fully compensates any interfacial bound charges, minor band offsets still oc-
cur at each type of interface due to periodic boundary conditions [133,/134]. This
effect has also been shown to occur in the [111]-oriented LNO-STO system [135].
Under certain conditions LNO can also behave similarly to NNO in the [111]-basis.
In ultrathin superlattices, LNO has been demonstrated to turn insulating [87], in
the exact same way NNO does in ultrathin [111]-interfaces [132]. This transition
is likely driven by quantum confinement, and causes LNO to orbitally order the e,
states (such that Ni sites alternate between d,2_,2 and d,2 occupations) to open a
gap. Orbitally ordered transitions are not observed in nickelates under any other
circumstance besides extremely high [001]-tensile strains in first principles calcula-
tions, where it is also observed to open a gap [101]. We do not investigate LNO
in detail in this study, as we were unable to build nickelate interfaces with it (for
reasons explained in chapter 4), though we still investigate its properties as a func-
tion of [001]-strain. The phenomena of LNO are still worth keeping in mind when
considering [111]-oriented NNO interfaces.

1.5.3 The STO-NNO interface and project overview

We are presented with several interesting possibilities when considering the interface
between STO and NNO. We can already suggest that STO may exist in a paraelec-
tric or ferroelectric state, while NNO may exist in a metallic or insulating state. In
the above review, we discussed interfaces between materials of each of these clas-
sifications, however none that combine a perovskite that can easily switch between
paraelectric and ferroelectric states, with a perovskite that can easily switch between
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metallic and insulating states. The superlattice built from these films may lead to
a unique novel electronic device applicable to industry. An idea proposed by our
experimental collaborators is that this could resemble a memristor— where resistiv-
ity follows a hysteresis loop. As both materials are insulating, it is likely that STO
either remains paraelectric or turns polydomain ferroelectric (possibly depending on
the amount of applied compressive strain) as to not create large depolarising fields.
Upon applying a field, we might be able to revert the STO film to monodomain
polarisation, which in-turn would encourage the NNO film to turn metallic (or at
least form 2DEGs or 2DHGs) and screen the polarisation charges.

Measuring the (in-plane) resistivity of the NNO film at interfacial region, we
might expect a rapid and sizeable change upon switching STO from polydomain
to monodomain, as this could effectively induce the metallic state (and vice versa
when switching from monodomain to polydomain). Switching a ferroelectric from
polydomain to monodomain and back with an electric field typically follows a hys-
teresis path. We predict that the NNO resistivity might follow a similar hysteresis
pattern, such that we could be able to easily flip between high and low resistivity
states. These systems have also been realised courtesy of E. Stylianidis and P. Zubko
(University College London).

Prior to investigating this system, to totally understand its properties, which we
can expect to be affected by all the aforementioned interfacial effects (strain, mode
decay, quantum confinement, magnetic frustration (NNO), and polar discontinuities
(whether due to intrinsic effects or polarised STO)) it is necessary to isolate as
many phenomena as possible and investigate them individually first. We are able
to disentangle strain effects via ‘bulk-strained’ calculations, which we undertake in
chapters 3 and 4 for STO and NNO (as well as LNO) respectively. We investigate
the effect of strain in both [001]- and [111]-orientations, which given the reviewed
literature, we expect to lead to vastly different phase diagrams.

With this established, we then extensively investigate the [001]-oriented STO-
NNO interfaced system from first principles, clarifying in detail the structural and
electronic properties in stoichiometric and non-stoichiometric orientations. The re-

sults of this are presented in chapter 5. In our final results chapter (chapter 6), we
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investigate [111]-oriented interfaces based on the STO-NNO system. For reasons
explained in the chapter, we focus on interfacing NNO with a range of substrates
rather than specifically STO-NNO. Given relevant literature, it is clear that this
orientation is capable of inducing different behaviour to the [001]-basis, whether it
be due to the different axes of biaxial strain, different interfacial matching, different
polar discontinuities, differing amounts of quantum confinement or the different axis
of magnetic frustration. These calculations open up a range of new possibilities not

accessible in the [001]-basis, and nicely supplement the rest of our study.

1.6 Summary and project aims

We can summarise the goals of this study into several concise questions we seek to

answer, which will be recapped in the final chapter of this report ‘Conclusions and

Outlook’.

1. Can we simulate STO and NNO using first principles techniques such

that the experimental ground states are accurately recreated?

The first goal of this study is to recreate experimental observations of bulk STO
and NNO using DFT, and understand any possible discrepancies. This is covered
for STO and NNO in chapters 3 and 4 respectively, prior to discussing the effects
of strain. For NNO, we also investigate how variation of a first principles correction
term known as the Hubbard-U potential (defined in chapter 2) affects the ground
state. This is also undertaken for LNO.

2. How does the ground state of STO change as a function of [001]- and

[111]-oriented compressive and tensile strain?

In the latter part of chapter 3, we present an investigation into the strain phase
diagrams of STO in both the [001]- and [111]-bases. Our focus is primarily towards
inducing polar phases, but also the modulation of the antiphase tilt mode. We also
measure how the dielectric susceptibility and polarisation (if condensed) are affected

by these constraints.
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3. How does the ground state of NNO change as a function of [001]- and

[111]-oriented compressive and tensile strain?

Mirroring objective 2, in the latter part of chapter 4 we investigate how [001]-
and [111]-strain influences the ground state of NNO, with particular focus on the
stabilisation of metallic and insulating phases. We directly measure both structural
and electronic properties to see how key features such as the band gap are linked to
tilting, charge-ordering, and strain. We also look for changes in the ground state of

LNO as a function of [001]-strain.

4. What happens when we interface an incipient ferroelectric with a

material that can undergo an MIT?

In chapter 5, we address the fundamental question of this study— what happens
when we interface STO and NNO (in the [001]-basis)? We investigate how the prop-
erties of each film vary layer-by-layer, and identify subtle structural and electronic

features undetectable experimentally.

5. How do rare-earth nickelates behave in [111]-oriented interfaced sys-

tems?

In chapter 6, we investigate [111]-oriented interfaced nickelate systems, similarly
detecting subtle structural and electronic properties not accessible through exper-
imental means. We simulate [111]-oriented NNO on a range of substrates, in the
hopes of inducing novel phases and answering unexplained experimental observa-

tions.
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CHAPTER 2

Methods

Finding the ground state properties of a solid from first principles is an ongoing
challenge for condensed matter physicists in the 215 century. This involves solv-
ing the many-body Schrodinger equation, which is not possible exactly for systems
larger than a few particles. However, to circumvent this we can make various ap-
proximations that make the process solvable (while retaining sufficient theoretical
accuracy), while also being computationally tractable for systems as large as crystal
unit cells.

Density functional theory (DFT) has been shown to be consistently capable
of correctly simulating the ground state properties of crystals such as perovskites,
making it a suitable choice for this project. To undertake DFT calculations, we use
the Vienna Ab-initio Simulation Package (VASP). In this chapter, we discuss DFT in
detail, laying out the theory behind it as well as any additional corrections necessary
for our systems. We also discuss the various post-processing options available for
further investigating the ground state, as well as any other tools used in this project,

such as those used for the group-theoretical analysis of crystals.
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2.1 Density functional theory

2.1.1 The many-body problem

A crystal is an ordered arrangement of electrons and nuclei. We can define a crystal
system quantum mechanically by writing out its total energy, which is expressed via

the time-independent Schrédinger equation [136]:
HU = B, U, (2.1)

where H is the system Hamiltonian, ¥ is the wavefunction, and FE\. is the total
energy of the system. The Hamiltonian is the sum of the kinetic Fx g and potential

energy Fpg of the system:
(EKE + EPE)qj - Etot\lj. (22)

For a system of electrons and nuclei, we can define these terms as follows. The

kinetic energy may be split into two expressions for electrons and nuclei:

N
Eelec _ Z h2 VQ (2 3)
i=1 N
nucl J h2 2
Exp = — Z 2MIVI’ (2.4)
I=1

where m,, M are the masses of electrons and nuclei respectively, N, M (not to be
confused with the nuclear masses M) are the total numbers of electrons and nuclei
in the system, and A is Planck’s constant A divided by 2.

The potential energy term contains all the Coulomb interactions in the system.
This is composed of three separate expressions— the sum of the electron-electron
interactions, the sum of the nuclei-nuclei interactions, and the sum of the nuclei-

electron interactions:

- (2.5)
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1 62 Z[ZJ

EZQ = , (2.6)
P.E 2471'60 T2 ‘R]_RJ|
(where factors 5 account for double counting),
e 62 Z[
EE = — : (2.7)

471'60 ; ‘I‘Z' — R[’

The symbol e is the elementary charge, ¢, is the vacuum permittivity, Z; is the
nuclear atomic mass, and r;, R; are the coordinates of electrons and nuclei respec-
tively. We can convert these expressions to atomic units, and write the generalised,

time-independent many-body Schrodinger equation as:

1 1
|: Z__ZQM[ §;|ri—r]~|

LiZy 4y }
— |V = E, V.
#ZJ IR — Ry ; r; — Ry| ot

Even for a system with a few atoms, the problem with trying to solve equation
quickly becomes apparent. Taking a 5-atom simple cubic Sr'TiO3 cell as an ex-
ample, the number of electrons is 38 + 22 + 3 x 8 = 84, and the number of nuclei is
5. It is analytically unfeasible to solve the many-body Schrédinger equation exactly
for this many particles. However, with several approximations, we can drastically
simplify the problem to make it tractable for systems of this scale. Thankfully, ap-
proaches exist that have been demonstrated to accurately simulate the ground state
properties of perovskites, while remaining computationally possible. Over the next
few sections, we review the various theoretical shortcuts that can be applied to the
many-body Schrodinger equation, which are the foundation for density functional
theory (DFT)— the method used in this project for finding the electronic ground

state of perovskites.

2.1.2 Born-Oppenheimer approximation

Because nuclei are so much heavier than electrons, they move far more slowly. We

can make the approximation that electrons effectively move instantaneously com-
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pared to nuclei, such that upon any change of the nuclear positions, the electrons
instantly respond. This is known as the Born-Oppenheimer approximation [137],
and it allows us to heavily simplify equation [2.8 If the electrons respond to nuclear
motion instantaneously, we can say that the electronic structure can be solved with
the nuclear positions held fixed. Firstly, this allows us to say that the kinetic energy
contributions of the nuclei is therefore zero, and thus omit the second term from the
LHS of equation [2.8). It also means that the potential energy between nuclei now
remains constant. This term may be moved to the right-hand side of the equation,
where it is convenient to write £ = Eiy — %Z 147 %. Lastly, as the variables
R; are now external parameters, the nuclei-electron interaction term may be con-
sidered in terms of only electronic spatial variables r;: —); uf—ﬁl\ = Vi(r;). To

summarise, the many-body Schrodinger equation may now be written as:

i vo R | 1
— —t 4= S V.(r;,)| U = EV. 2.9
ZQ +2;|I‘i—r3’|+; (ri) (2.9)

)

2.1.3 Independent electrons approximation

Solving equation has been a challenge for physicists since the 1920s, mainly due
to the complexity of the electron-electron interaction. In density functional the-
ory, we undertake several steps to reduce the complexity of this term. We start
by omitting it entirely, replace it with a rough but computationally tractable ap-
proximation, and then add back in the omitted physics as best we can to re-attain
theoretical accuracy (to a sufficient level). The omission of the electron-electron
interaction is known as the independent electrons approximation, where we simplify

the Schrodinger equation to
> Hy(r)¥ = EV, (2.10)

where

Hy(r) = —%VQ + Va(r) (2.11)
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are single-electron Hamiltonians. As the electrons are independent, the probability
|U(ry,...,rn)|? of finding each electron i at their positions r; must be equal to the
2.

product of the individual probabilities |¢;(r;)|*. Therefore, in this scenario we would

write the total probability as the square of the total wavefunction: |¥(ry,...,rn)|? =
H'fil | (r;) |2Where ¢;(r;) are the single-electron wavefunctions obtained by solving

the single-electron Schrodinger equations
Ho(r)gi(r) = €;0(x). (2.12)

A useful property of the independent electron approximation is that we can show

that the charge density n is equal to
n(r) =Y |oi)f, (2.13)

where we are summing the probabilities ¢;(r) of each electron appearing at a given

position r.

2.1.4 Mean-field approximation

Independent electrons is clearly an over-the-top approximation, as it assumes that
there is no electronic interaction taking place. In the lack of this, electrons can simply
bunch up and overbind to the nuclear positions. To appropriately model real systems
therefore, we need to modify the above formulae to include the electronic repulsion
and any quantum mechanical effects taking place. We seek to do this in a way that
retains the computational simplifications that the model of independent electrons
provides. Starting with the electron-electron interaction, we can approximate this
by considering the average electrostatic potential generated by the electron density:
—Vi. Vu is known as the Hartree potential, and may be found using Poisson’s
equation:

V2V (r) = —4mn(r). (2.14)

ITo be clear— this expression is absolutely unusable as it violates the Pauli exclusion principle
(we discuss this in the ‘Exchange and correlation’ subsection), but is here included to assist the
discussion.
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Solving this equation yields:

Vir(r) = / dr’ n(_r/) , (2.15)

which we add to our single electron Hamiltonians:

~

Fo(r) = —%W Vi (r) + Via(r). (2.16)

This is the mean-field approximation [138}/139]. It remains a poor approximation
on its own, as it assumes the system has a classical, continuous charge distribu-
tion, ignoring any quantum mechanical effects, which are key for understanding the
properties of most systems. Regardless, compared to where we started, we have
gone from a differential equation of 3N dimensions to one of N three-dimensional

equations, which is a far more reasonable task computationally.

2.1.5 Exchange and correlation

The next step therefore is to include the quantum mechanical character of electrons
as accurately as possible while retaining the computational tractability of this model.
The first quantum-mechanical effect not considered in the model is the consequence
of the Pauli exclusion principle, which states that no two fermions may occupy the
same quantum state, meaning that the many-body wavefunction ¥ must change sign
when we exchange the positions of two electrons [140]. Our previous expression for
U (in the ‘Independent electrons approximation’ section) clearly violates the Pauli
exclusion principle, as ¥ does not change sign when any two electron positions are
exchanged, as ¢; # ¢2. The solution to this is to re-express the wavefunction ¥
in terms of single-electron wavefunctions ¢; in a way that still satisfies the Pauli
exclusion principle, which can be achieved via the many-electron Slater determinant

[141):

U(ry,..ry) = — : ' : : (2.17)




If we consider the expectation value of the exact expression for the electrostatic
repulsion between electrons », ﬁ with the wavefunctions with the Slater de-
i~ Ty
terminant present, we can derive two contributions to the energy for each pair of
orbitals ¢;, ¢;. Firstly the Hartree term:
|6i(r")[”
Vo= | ———, 2.18

H v — /| ( )

(which is just a re-expression of equation [2.15)), and secondly the exchange interac-

tion term:

/dr'VX(r, ') (1), (2.19)

where the Fock exchange potential Vx [142] is expressed as:

V(r,r) = = —QS;'fjgbﬁ,(lr) . (2.20)

The sum j is over all occupied ¢; with the same spin. The exchange potential
corresponds to the repulsion experienced by electrons when approaching another
electron same spin. A proof of this result may be found in Appendix A of ref.
[143]. This is a computationally expensive term, but allows for the exact treatment
of exchange. Hartree-Fock (HF) theory, which includes the exchange interaction
exactly as well as the mean field repulsion, is a method well suited to finding the
ground state of highly localised systems such as molecules. However, the mean
field misses the dynamic fluctuations of the electronic potential that are key to the
properties of many systems. The repulsion between electrons of opposite spin is
dominated by this, as they have no exchange interaction. In the HF formalism,
electrons of opposite spin only experience the mean field repulsion, which often
causes electrons to over-localise. This is a big problem for systems such as metals
and transition metal oxides, which heavily depend on rapid changes in the electronic
potential.

The second quantum-mechanical feature to consider therefore is the electronic
correlation— where electrons experience a repulsion due to their Coulomb interac-

tion beyond what is predicted classically via the mean-field. The effect of correlation
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cannot be derived exactly for crystals, but can be approximated in various ways (dis-
cussed in the ‘exchange-correlation functional’ section below). Density functional
theory (DFT) is an alternative strategy to HF that takes into account the effects
of both exchange and correlation. We consider only single-electron wavefunctions
¢;(r) and not a total wavefunction. We replace the computationally expensive Fock
exchange with an approximate exchange term V;, and add in an approximate corre-
lation term V.. We combine these to form an (approximate) ‘exchange-correlation’
potential Vi.. The single-electron Hamiltonians in the DFT formalism are written

as

—%W V() + Vi(r) + Vie(r) | 65(x) = es6n(x). (2.21)

This equation is still an exact reformulation of the problem, though the exchange and
correlation V. is approximated. Finding a suitable approximate V,. that balances
scientific accuracy with computational tractability has been a continuous task for
theorists over recent decades, though expressions have been found that consistently
lead to the correct ground states of perovskites (within the DFT framework discussed
below). We decide on an optimal treatment of the exchange and correlation in
more detail in the ‘Exchange-correlation functional” subsection below, as it is best

explained after covering the preliminaries of DFT.

2.1.6 Hohenberg-Kohn theorem

The framework behind DFT arises from the following observations made by Hohen-
berg and Kohn (1964). The energy E of the many-body Schrédinger equation is
expressed as:

E = /drl...drN\If*H\If — (U|H|T). (2.22)

As the formula for H remains fixed for a given system, a change in £ must depend on
a change in the total wavefunction W. Specifically, a given many-body wavefunction
U uniquely determines the ground state energy E. Considering the all-electron
Hamiltonian of our system of electrons and nuclei (equation , we can also say
that W is uniquely determined by the external potential V; (which is determined by

the nuclear positions).

38



Finally, it can be shown that V,, can be uniquely determined by the electron
density n. This may be proven reductio ad-absurdum by considering the consequence
of having two distinct external potentials V;, V. generating the same density. The
potentials generate different Hamiltonians H , H , which will be identical besides
the external potential term. Each Hamiltonian in-turn must have different total
wavefunctions ¥, U'. As U is the true ground state wavefunction of system H, it
can be shown that the energy of this system for any other wavefunction ¥’ must be

higher than the energy than for the true ground state W [144]:
E=(U|H|¥) < (V|H|V'). (2.23)

This is known as the Rayleigh-Ritz variational inequality and can equivalently be

written for system H’ where ¥’ is the true ground state:
E = (V|H|¥) < (V]| H'|D). (2.24)

If we sum these two results and consider that H and H’ are identical besides the
external potential terms, we obtain the statement £ + E' < FE + E’, which is a
contradiction. Therefore, we can say that electron density n must uniquely deter-
mine Vj,. This is known as the first Hohenberg-Kohn theorem [145]. In-turn, we can
say that the density uniquely determines W, and therefore E. This is the second
Hohenberg-Kohn theorem, and it can be summarised by writing the ground state

(0 K) energy E as a functional of the electron density only:

E = Fln). (2.25)

2.1.7 Kohn-Sham equations

This is the underlying theory utilised in DFT— that the key quantities of a system
of electrons and nuclei can be written as a functional of the density. The next step
is to derive expressions for these quantities. We return to our system where we have
applied the independent electrons approximation, mean-field approximation, and

approximated quantum mechanical effects by including an ‘exchange-correlation’
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potential. In this theory, we do not consider the many-electron wavefunction, and
simply write the electron density as in equation [2.13 The total energy can be
expressed as follows:

E = Exgp+ Ey + Ey + Exe, (2.26)

where each component can be considered independently, and were derived by Kohn
and Sham in 1965 [146]. Starting with the external potential energy E,, considering
equation [2.13, and that we have already demonstrated via the first Hohenberg-Kohn

theorem that it is explicitly dependent on n:

Bl = 3 (64l Va 64) = / den(r)Vi(r). (2.27)

7

The kinetic energies and Hartree term may be expressed respectively as:

e = 3 (0 = 5Vl = =3 [aomSam

=5 Y oVl = 5 [ [ aeae 200 (2.20)

(where the 3 prefactor is added to circumvent double counting). The currently
undefined exchange-correlation term will be dealt with in the following subsection.
For now we assume that we can write it as a functional of the density: FE,.[n].

Overall, we can write the total energy as

_ Z / drqﬁf(r)g@(r) 4 / den(r)Va + / / drdr’%(w + Eyeln).

(2.30)

Returning briefly to the single-electron Schrédinger equations , we can
use these expressions to define V.. The Hohenberg-Kohn variational principle
[145] states that the ground state density ny minimises the total energy, such that
5F[n] lno = 0. Applying this to automatically yields and an expression for

exchange-correlation potential:

5Exc [n]

Vie(r) = on

|n(r)- (2.31)
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The equations are also known as the Kohn-Sham (KS) equations, and the
solutions ¢;(r) are known as the KS orbitals.

We almost have the tools needed to find the ground state electron density, KS
orbitals, and energy of a system of electrons and nuclei. The only remaining problem
is that the quantities desire are circularly dependent— the KS orbitals depend on
the potentials, the potentials depend on the density, and the density depends on
the KS orbitals. Therefore, we need an initial guess for one of these quantities, for
which we choose the density, as it is the easiest to estimate, and a natural starting
point (it is the fundamental variable of DET). There are several methods for this, in
VASP we guess this based on precomputed charge densities for each ionic species—
this is discussed in the ‘Pseudopotentials’ subsection. With this, and also a set
of ionic coordinates (an initial guess of these may be taken from crystallographic
data), we can build a self consistent field (SCF) cycle for finding the ground state
properties. The process is visualised in Fig. 2.1} First, the nuclear potential V}, is
calculated independently using the ionic positions. The initial density is then used
to find the initial Hartree and exchange-correlation potentials. With these, the KS
orbitals ¢;(r) may be found by solving the KS equations. Finally, the density may
be recalculated using these single-electron wavefunctions. We then repeat the cycle
until the calculated density matches the input within a specified tolerance. When

this tolerance is achieved, we have obtained the ground state density, energy, and

KS orbitals.

2.1.8 Exchange-correlation functional

Currently, no exact form of Ey.[n] exists, but many good approximations have been
developed over recent decades. We seek a form of it that balances scientific accuracy
and computational cost, which obtains the correct ground state for perovskites while

remaining computationally tractable for large interfaces of several hundred atoms.

Local density approximation

The local density approximation (LDA) assumes that the energy at any point is

the same as that in a uniform electron gas of the same density [147-149]. The
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Figure 2.1: Flowchart of the self-consistent field cycle, based on Fig. 3.3 in ref. [143].
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exchange correlation energy is expressed as the projection of the KS orbitals onto
the exchange-correlation energy density functional of a uniform electron gas (where
a gas of electrons is constrained in a box of volume €2 and the potential of the nuclei

are considered constant):

EPA n(r)] = / drn(r) e n(r)], (2.32)

unif
xc

where €2[n(r)] is the energy per particle of a uniform electron gas of charge density
n. The expression for ELPA[n(r)] is found from parameterised Quantum Monte-

Carlo calculations and is included in Appendix A.1.

Generalised gradient approximation

We can improve the local density approximation by rewriting Fy. as a functional
of both the electron density n and the gradient of the electron density |Vn| [150].
This is known as the generalised gradient approximation (GGA). Several GGA-
based functionals have been proposed over the years. A popular GGA functional
known as PBE (proposed by Perdew, Burke and Ernzerhof) [151], has been shown
to consistently improve total energies, atomization energies, energy barriers, and
structural energy differences for solids including perovskites [152]/153]. It is expressed

(spin-independently) in the following form:

EPBE[] / dr n ()™ n] Feo[n, [V (2.33)

unif
x

where €™ is the exchange energy functional of the homogeneous electron gas as
specified in Appendix A.1, and F. is an enhancement factor, expressed in terms

of both the density n and gradient of the density |Vn|. Though we already have

unif
xc

expressions for e an exact form of Fi. is unknown— various models have been
proposed for different systems. The form of F. in the PBE approach may be found
in ref. |151]. Generally, the main dilemma in building a GGA E,. is that only a
maximum of two of the following three conditions may be true for a given functional:

1. exact second order gradient expansion for exchange,

2. exact second order gradient expansion for correlation,
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3. retention of the LDA-like linear response of a uniform electron gas.

For our calculations, we choose an option most suited to tightly-packed crys-
talline solids, PBEsol (Perdew, Burke, Ernzerhof) [154]. PBEsol is a refinement of
the PBE functional for solids, using a modified F}. from the PBE approach. With
respect to the three conditions above, PBE satisfies the second and third constraint,
while PBEsol satisfies the first, and approximates the second and third. PBEsol
consistently obtains more accurate lattice parameters than PBE and LDA for bulk
perovskites [155,/156]. A detailed description of the PBEsol functional can be found
in ref. [154]. PBEsol is also computationally tractable for every system studied in
this project, including large interfaces. Other functionals such as vdW-DF [157]
or various hybrid functionals (which hybridise the exact treatment of exchange ex-
actly used in HF theory with the partial treatment of exchange and correlation used
in DFT |158]), typically generate more accurate lattice parameters and band gaps

respectively, but these are far more computationally expensive.

2.1.9 Plane-wave basis

To compute the orbitals ¢;(r) it is necessary to specify a basis set. As we are
dealing with a crystal unit cell with periodic boundary conditions, we can apply
Bloch’s theorem [159], which states that any functions within the unit cell must be
equally periodic. This includes the KS orbitals ¢;, density n(r) and cell potentials
V(r). We can express the KS orbitals as:

$ix(r + R) = ¢ix(r)e™®, (2.34)

where the k is the reciprocal vector, i is v/—1 (not to be confused with the sub-
script ;), R is a periodic translation and subscript & is added to ¢;x to denote cell

periodicity (these are also referred to as Bloch functions). Given ¢; x(r) are periodic,

Dix(r) = uik(r)e™”, (2.35)
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where

Uix(r +R) = u; i (r) (2.36)

are the periodic components of the Bloch functions.

In a plane-wave basis, all periodic quantities are expressed as a set of Fourier
components. Due to translational symmetry, the expansion must only include plane
waves that have the periodicity of the lattice: k = G, where G = mjay+msbi+mscy

and indices m are integers. The KS orbitals are therefore expressed in the form:

1 )
ix(r) = N > Cauaxe! G, (2.37)
G
such that
1 .
Uix(r) = —= Z Caixe’®™, (2.38)

Vg

where 2 is the cell volume, and Cg ;x are Fourier expansion coefficients [160}/161].

The electron density and potential are expressed in the same format:
n(r) = Z nge'¢r, (2.39)

V(r) =) Vge'S™, (2.40)

where ng and Vg are expansion coefficients. It is also easy to switch between
reciprocal space and real space via the Fast Fourier Transform (FFT) [162], a com-

putationally inexpensive algorithm for converting the expansion coefficients:

) 1 )
Crﬂ‘,k - Z C(;,Lk@ZG'r g CG,i,k = — CrVivke_lG'r, (2.41)
Ng
G r
where Ng is the number of G vectors (in real space, R) included in the summation.
The summation over G is infinite, so must be truncated to be practical. To do this,

we specify a plane-wave energy cut-off, the maximum quantum mechanical kinetic

energy associated with the plane wave of the largest G vector:

G 2
o % (2.42)
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This defines our plane-wave basis set. In practice, it is essential to undergo a plane-
wave energy cut-off convergence test, where F.; is varied until the properties of the
system (such as the total energy, ionic forces, and stresses) converge to a suitable
tolerance. We desire a plane wave cut-off that obtains sufficiently accurate results,
while remaining computationally feasible. The plane-wave basis is convenient be-
cause it allows us to efficiently switch between real- and k-space using FFT’s. In
practice, VASP typically uses a cut-off of 2 x E. specified in our results chapters,
because many terms such as the density n depend on the square of the wavefunc-
tion (if the cut-off is not doubled, much of the information is lost— a factor of 2
is roughly enough to account for this). This precision is used for all calculations in
this study unless specified otherwise. The plane-wave cut-off energies used in our

calculations are specified in each chapter.

2.1.10 K-point sampling

The plane-wave basis is also highly convenient for dealing with the many complex
integrals in the SCF cycle that cannot be solved analytically. These may be con-
verted to integrals over the 1BZ in k-space, which can be solved numerically. We
assume that the cell quantities remain approximately fixed close to a given k-point,
and that we can obtain most of the information of the cell by only integrating over
a finite number of k-points.

For a given system, we can further simplify any integrals over the 1BZ by only
considering the irreducible Brillouin zone (IBZ), which only includes symmetrically
inequivalent points of the unit cell. For an integral over a given IBZ, we evaluate
only the inequivalent points and multiply by their weightings. Generally an integral

over a quantity F' (in k-space) can be expressed as

— | F(k)dk = > Ny x Fky), (2.43)

where k; are the inequivalent k-points, Ny; are the weightings of k;, and Ny o is
the total number of k-points in the 1BZ.

As with the plane-wave cut-off energy, the number of k-points and their distribu-
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tion must be optimised to balance accuracy and computational cost. Therefore, we
undertake a k-grid convergence test, where we vary the grid until the relevant prop-
erties (stresses, forces, total energy) converge. The k-grids used in our calculations
are specified in each chapter.

A moderately sized grid is acceptable for most insulators, where quantities tend
to vary smoothly across the 1BZ, though metals are far more volatile, especially
around the Fermi surface, and tend to require much denser grids. In our calculations,
we use an automatic meshing scheme as proposed by VASP, where we converge a
k-point density rather than a fixed grid for each cell (which would require separate
convergence tests for each and every cell shape we use throughout the study). The

specified density automatically generates a k-point grid for a given unit cell.

2.1.11 Pseudopotentials

Another helpful approximation for greatly reducing the computational cost of DFT
calculations is to simplify the effects of electrons near the cores of the ions. These
electrons are strongly localized, and usually interact in a simple, predictable way.
They also tend to rapidly oscillate near the core, such that they make up the majority
of the computational cost. To deal with this, we replace the hard nuclear potential
and the core electrons with a pre-computed potential known as a pseudopotential.
The remaining valence electrons are treated as normal by DFT.

In this project, we use the PBE-generated Projector-Augmented-Wave (PAW)
potentials [163}/164]. Rather than considering the KS orbitals |¢; k) in our calcula-
tions, we only calculate for the pseudised wavefunctions |q§i,k), which are equal to
|¢ix) outside the core but smoothed inside. The core is replaced with a predeter-

mined function of |¢; ). The Kohn-Sham orbitals are re-expressed as:
[Giac) = [Gie) + D (Jwy) = [@5)) (Bl di). (2.44)
J

where |w;) are partial waves— solutions to the all-electron Schrodinger equation for
an isolated atom, |10;) are pseudised partial waves equal to |w;) outside the core but

smooth within, and |p;) are projectors determining the weighting of |w;), |@;). The
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summation is over the j all-electron partial waves |w;), which are solutions to the
radial scalar all-electron Schrodinger equation for a given isolated atomic species. A
more detailed description of these quantities may be found in refs [163,|164].

The components |w;), |w;), and |p;) are all pre-computed. The only variable
term within the SCF cycle is |¢;), where the coefficients (with respect to the plane-
wave basis) are varied. Updated expressions for the SCF cycle may also be found

in refs. [163}/164].

2.1.12 Geometry optimisation

Though we now have a method for finding the energy of a given set of ionic co-
ordinates, we require an additional procedure for finding the ground state crystal
structure. At the ground state energy, the total force experienced by each nuclei will
be 0 (in practice, a tolerance of 1 x 1072 eV /A is used unless specified otherwise).
We can find the ground state structure by determining a procedure for computing
the forces on each ion, and for suggesting new ionic positions that minimise these
forces.

When applying the Born-Oppenheimer approximation we decoupled the elec-
tronic and nuclear motion. We can therefore make the approximation that the full
many body wavefunction ¥(ry,...,ry, Ry, ..., Ry/) can be decomposed into two equa-
tions, one for electrons and one for nuclei. As we already have the electronic ground
state for a given set of ionic positions {R}, we write the total wavefunction as a
product of the electron-only wavefunction ¥, gy and the nuclear-only wavefunction
X:

U(ry,...,rn, Ri, o, Ry) = Ve mry (11, ., rv) X (R, - Roy). (2.45)

So far, we have calculated W, (g, for a fixed set of nuclear positions. If we were to
allow the ions to move slightly, we can assume that the ¥, gy won’t change much,
as it only depends on {R} parametrically. Rewriting the many-body Schrdédinger
equation (eqn. in terms of the electronic wavefunction (with respect to {R})

48



we obtain:

[—Z—+Zv (ri; {R}) + Z

Ve ry = Eery Ve ry,  (2.46)

(2

where the terms in brackets make up the electronic Hamiltonian ]:167{1{}. The many-

body Schrodinger equation can therefore be rewritten as:

X = EiotX, (2-47)

717,
— —~r 4 - E E,
[ 2M1 <R, — Ry T Rem)

where the three terms in the brackets can be denoted as the nuclear Hamiltonian

H,. The second and third term make up the potential energy of the nuclei U:

Z1Zy

({R}) + E. Ry, 2.48
U{R}) = ;,RI_RJ‘ (R} (2.48)
which can be used to calculate the ionic forces. It can be observed that when
computing the nuclear and electronic wavefunctions for a given potential energy
profile, due to the heavier mass of the nuclei, the nuclear potential tends to be heavily
localised in a narrow region of space compared the electronic wavefunction [143]. We
make the assumption that the nuclei behaves more like a classical point particle, and

that we can model the ionic forces classically:

d’R;

ou
Fr=M—1j3H dt2 :_8_R1({R})’ (2.49)

where F; are the ionic forces. The derivative of first term in U can be easily deter-
mined, while the derivative of F, gy can be resolved using the Hellmann-Feynman
theorem [165,/166], which states that the derivative of the energy eigenvalue E with
respect to any variable, in this case the ionic position R;, can be written as the
expectation value of the derivative of the Hamiltonian (in our case, the electronic

one f[e,{R}):

OEc (v} o1, AR}
drU* (py ——2 0, Ry 2.50
OR; / AR} SR, OR; AR} ( )

Out of the expressions in the electronic Hamiltonian, only the external potential
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aEe’{R} .

depends on {R}. The general expression for is:

OR
6E6{R} I'—R]
—el® 7 [ d — 2.51
oz, / () R (2.51)

As we are using PAW potentials in our calculations, which are centered and thus
dependent on the ionic positions {R}, we also have to include a contribution FYAW,
for which expressions may be found in ref. [163]. We note that general Pulay con-
tributions to the forces are omitted, as we are using plane waves, which besides the
PAW contribution are independent of ionic positions [164]. With this considered,

we obtain a general expression for the ionic forces:

_ PAW
F; =27 /drn( |r_RI|3 ZZJ|RJ_RI|3 + FPAW, (2.52)

J#I

The ionic forces determine all the displacements within the unit cell. However,
they do not consider changes outside the unit cell. The elastic strain on the cell €44
must also be determined to optimise the structure, and is instead determined by the

stresses g,4:

10U
O'aﬂ = — =

Q 86(1,3 ‘

(2.53)

The strain tensor generally has nine unique components (in higher symmetry cells,

some terms become equivalent):

€ = | €u €y €ys |- (2.54)

An equivalent expansion exists for o,3. Generally, when we apply a strain €,z to

coordinate r,, it changes to:

o = > (0ap + €ap)Ts, (2.55)
B

where 0,4 is Kronecker’s delta. As with the forces, we require a general expression for

the stresses, as a functional of the electron density, which is achieved by evaluating
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eqn. [2.53] The resulting expressions may be found in Appendix G of ref. [167].

Lastly, we need a system for suggesting new ionic positions and cell parameters
based on the forces and stresses. For this we use the conjugate gradient algorithm—
the details of which may be found in ref. [16§]. In all, the ionic relaxation procedure
can be visualised in Fig In practice, the ground state can still be tricky to
obtain for systems with flat energy landscapes, where several local minima exist
that can be mistaken for the ground state. In this study, we regularly work with
large interfaced systems with very low cell symmetries and many local minima. To
find the ground state, it is therefore necessary to test a variety of input geometries.
All possible geometries for both substrate and film should be relaxed in order to
obtain a useful answer. To predict possible geometries, a prior understanding of the
films in bulk or under strain alone (in the form of ‘bulk-strained’ calculations) is
essential.

By ‘bulk-strained’ calculations, we are referring to the relaxation of bulk cells
with the in-plane lattice parameters fixed. The relaxation procedure is completed
as for any bulk system, except the in-plane stress components €,; vy 22w yyy- (a0d
therefore the in-plane lattice parameters) are all kept fixed (while €., ., .. may relax).
This constraint was included in the geometry optimisation procedure via the ‘vasp-

opt-axis’ patch [169)].

2.1.13 Further details and corrections
Hubbard-U and Hund-J corrections

The following subsections will cover any additional corrections applied to our first
principles calculations in order to improve convergence and accuracy. The first of
these involves dealing with the inexactness of the exchange and correlation interac-
tions, which can considerably affect the ground state of some systems. In LDA and
GGA functionals, inaccuracies in the correlation can be large enough to substantially
affect strongly correlated systems such as Mott-insulators, where the ground state
is sensitive to the electron-electron interaction [170]. The errors in Fy. result in the

under-localisation of the orbitals, which results in insulators incorrectly appearing
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Figure 2.2: Flowchart of geometry optimisation, based on Fig. 4.4 in ref. [143]

metallic. Alongside this, the imperfect exchange contribution means that the self
interaction of each electron is not completely cancelled, which further delocalises
the orbitals [171].

To mitigate these errors, we introduce an additional on-site Coulomb interac-
tion +U, which is equivalent to an additional Coulomb energy cost for placing two
electrons on the same site. This penalises partial occupancies in a subshell, encour-
aging localisation. This is known as the Hubbard-U potential [172-174], and is a
useful tool for systems with partially filled d- and f-states, such as the rare-earth
nickelates [175-178].

It is also worth mentioning the Hund-J correction. Because of the error in the
exchange interaction, systems tend to overestimate the effect of crystal field splitting
(due to underestimated exchange) and encourage pair bonding, forming low-spin
states. This is rather than forming high-spin states where electrons spread out
into higher energy orbitals [173],/179,{180]. The +.J correction applies an additional

energy lowering when electrons occupy different orbitals, which reduces the tendency

52



to relax low-spin configurations rather than high-spin.

There are several implementations of these corrections with DFT, for which
we test both the model of Dudarev |180], and Liechtenstein [173]. The former
involves the use of an effective U,g = U — J, while the latter allows for individual
determination of U and J. Further details on the practical implementation of these

methods may be found in Appendix A.2.

Magnetism

The rare-earth nickelates are spin-polarised. In this study, we found that collinear
spin structures sufficiently recreate experimental observations, so do not discuss non-
collinear theory (see chapter 4 for more details regarding this— the observed exper-
imental nickelate magnetic order is non-collinear, but it has been shown previously
and demonstrated again here that this is not necessary for recreating experiment).
To consider magnetisation we rewrite the key quantities to have distinct spin-up

(¢ =1) and spin-down (o =) components. The KS orbitals are re-expressed as

)
i) = :;; : (2.56)

such that we obtain separate spin-up and spin-down densities:
ne(r) =Y ¢io(r)”. (2.57)
i

The single-electron effective potentials become spin-dependent:

(5EXC [nT, m]

VES(r) = Vi(r) + Va(r) + , (2.58)

0Ny

such that we have separate many-electron Hamiltonians for spin-up and spin-down

components:

|:—%V2 + VO.KS(I'):| (bi,o- = ei(bi,cr (259)

The equations for spin-dependent F,. may be found for LDA, PBE and PBEsol in
refs. [151},/154,/181].
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We initialise spins in our calculations with a set of input magnetic moments
chosen at our discretion. We note that converging the desired magnetic order can
be very challenging given the many metastable orders present for most magnetic
systems, and typically requires some trial and error with the input moments, along-
side some tuning of the magnetic mixing parameters (useful controls included in
VASP that alter how the moments can vary within the SCF cycle). This is par-
ticularly true for interface calculations involving the nickelates— details on this are

mentioned throughout chapters 4—6.

2.2 Post processing tools

The above regard the computation of the ground state structure, energy, and mag-
netic order. However, there are several additional useful properties we investigate

that are calculated after obtaining the ground state.

2.2.1 Structural characterisation

To analyse our ground state structure, we require a tool that characterises the
symmetry and mode amplitudes from a set of ionic coordinates and lattice vectors.
For bulk and strained unit cells, we are able to do this from first principles using
mode irreducible representation analysis, provided by the ISOTROPY suite.

To find the symmetry of the cell, we use the ‘FINDSYM’ tool [182], which is able
to detect the space group of a cell from a set of ionic coordinates and lattice pa-
rameters. To measure the mode irrep amplitudes with respect to a high-symmetry
reference cell we use the ‘ISODISTORT’ tool [183,|184], which generates volume-
averaged amplitudes (structural distortions are in A, while strain modes are unit-
less). We have also used the ‘INVARIANTS’ tool [185] to generate the allowed LGD
expansion terms for given cell symmetries. Further details on each procedure may
be found in refs. [182-185].

For analysing large interfaced systems where structural distortions vary layer-by-
layer (where mode irrep analysis is not appropriate), we directly measure the main

structural quantities where possible. For this we use the python-based analysis tool
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‘Perovscripts’, courtesy of O. Diéguez [186].

2.2.2 Polarisation
Modern theory of polarisation

As we are investigating ferroelectrics and polar materials, we seek to measure the
polarisation of our ground state system. For this, we would need the charges and
coordinates of the electrons and nuclei. Though we can define the positions and
charges of nuclei, we must find a way to approximate the charge centres of an
electronic wavefunction. We already made a minor shortcut by choosing valence
and core electrons, where the total charge of the core electrons can be assumed
to average out at the nuclear positions (we can say that the charge at each ionic
coordinate is therefore the sum of the nuclear charges and core electrons specified
by our PAW potentials). The remaining valence electrons make up the delocalised
KS orbitals. We can find the average charge centres of the KS orbitals in real space
by finding the Wannier functions W; g (r) [187,(188], which are the inverse Fourier

transforms of the Bloch functions ¢; k:
Win(r) =~ 3 kR 2.60
R (r) = ; e ik (r). (2.60)

As the Wannier functions are localised, we can define an averaged centre of charge
r; for each, which we refer to as a Wannier centre. These can be obtained by taking
the expectation value of the position operator (= _ia% in momentum space) with

respect to W; r(r) [189]:

Q
(2m)?

= [ WinmiWadr =i [ dke M, o
BZ

ok

where u; ) are the periodic components of the Bloch functions as defined previously.
In our study, we use the Wannier90 package [190,191] to compute the Wannier func-
tions, which are maximally localised as to minimise their spread [192]. A detailed
discussion of this procedure may be found in ref. |[193].

The Wannier centres of the valence electrons and ionic coordinates may be used
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to calculate the polarisation using the formula:

Z aR;+ Z em] , (2.62)

where P is the polarisation in vector format, ¢ = Z;+ncore,; (Where Z; is the nuclear
charge, and neore 1 are the core electrons) and R are the ionic coordinates [194-197].

As the Bloch functions are only defined within a phase factor, the Wannier
centres individually are not well-defined, retaining gauge freedom. The maximal
localisation procedure minimises this freedom, such that the resulting sum of the
Wannier centres is well defined. The sum still remains multivalued however, meaning
the polarisation is also multivalued— differing by a fixed value @)p, known as the
polarisation quantum [194-197]. This condition is equivalent to the consequences
of being able to draw crystal unit cell in infinitely many ways due to translational
symmetry. This is the modern theory of polarisation, and must be considered when

comparing results to one-another.

Berry phase

We can also calculate this polarisation directly and avoid having to calculate the
Wannier centres via the Berry phase approach. For this we consider the change
in polarisation from an unpolarised state to our polarised electronic ground state

[195,196,|1984199], which using the above expressions yields:

AP =P/-P° =

qu i 9] oo Z/ SR zk|a““> (uf a;;in.

(2.63)
This is equivalent to the Berry phase obtained by the Bloch functions while evolving
the state along k, and remains modulo (Jp. It has been shown that we can measure
this quantity by only considering the Bloch states of our polarised electronic ground
state [195], such that the polarisation may be calculated directly in VASP from the

ground state structure and KS orbitals.
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2.2.3 Dielectric response

The dielectric response is the measure of how easily a system polarises under an
applied electric field. This is a useful quantity for predicting the softening of the
polar mode. The static dielectric tensor is simply the ratio of the applied field to
the polarisation:

P = ¢yE, (2.64)

where x = x. + X7 is the dielectric tensor, which in our calculations is composed
of electronic (x.) and ionic (x;) components respectively. We do not consider the
frequency-dependent dielectric response in this study.

To find the dielectric tensor, we use density functional perturbation theory
(DFPT), to measure how small periodic deviations in the electric field affect the
Bloch states u; k. This is achieved by first finding the derivative of the Bloch func-
tions (with respect to k) |Oxu; k) using a linear Sternheimer equation, which can be
used to compute the linear response to a periodic electric field |Opu; k) using another
Sternheimer equation [200,201]. A general Sternheimer equation for a perturbation

A is written as
|:I:I(k> — Ei,ki| ]8,\ui7k> == —8)\ [H(k) — 6i,k:| \ui’k> . (265)

Further details of the dielectric response in the LDA and PAW formalisms using this
methodology may be found in refs. [200] and [201] respectively.

2.2.4 Band structure, density of states and macroscopically

averaged potential

Though the electronic band structure and density of states are calculated from the
SCF cycle, it is necessary to mention a few details on their computation in this
study. The band structure is simply a visual plot of the KS-orbitals as a function of
k. To find the shortest possible k-path containing all the high symmetry points of
a given crystal unit cell, we use the ‘seekpath’ tool [202,[203]. To visualise the band

structure accurately, we recompute the KS-orbitals at a higher resolution along these
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paths, which allow for the accurate computation of the band gap E, in insulators.
We use the ‘pymatgen’ package for visualising the band structures and measuring
E, [204).

It is also useful to visualise the density of states (DOS), the number of states

per energy. The total DOS D(F) is simply
D(E) =YY 0(E - €x), (2.66)
ik

where E denotes energy, usually defined relative to the Fermi level Er. This can
easily be extended to the spin-dependent DOS by summing the spin-up and spin-
down orbitals separately.

Another useful quantity to plot is the projected DOS (PDOS) D;(F), which aims
to consider only the states associated with a given ionic site I. This can be achieved
by applying a weighting to the states equal to the projection of an atomic-like basis

function |w;) onto the KS orbitals:

Di(E) =Y ) [wildi)6(E — €x), (2.67)
i k

where the basis functions in VASP are based on the PAW formalism. These are
particularly useful for estimating the density of states per layer in interfaced systems,
where the PDOS may be summed for every species within a given layer. The DOS
and PDOS are also plotted using the ‘pymatgen’ package.

When investigating interfaced systems, we also look to the macroscopically aver-
aged potential (MAP) across the system, which makes any potential gradients easier
to identify and measure. The total potential (in real space) is already calculated in
the SCF cycle:

Viot = Vo + Vit + Vie. (2.68)

To visualise the potential gradient along the ¢ direction in an interfaced system, we
can take the average potential in-plane, then macroscopically average over the inter-
layer distance along ¢. The averaging procedure was completed using the ‘vaspkit’

package [205].
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CHAPTER 3

Bulk, [001]- and [111]-strained SrTiOg

Prior to studying complex interfaced systems, we seek a detailed theoretical descrip-
tion of SrTiO3 (STO) (and equivalently NdNiOs, which we discuss in the following
chapter) as a bulk crystal. The ground state bulk STO structure remains subtle. As
a quantum paraelectric, it is predicted that in the absence of quantum energy fluctu-
ations, STO may stabilise a polar ground state. We present a detailed investigation
into this bulk system, where we uncover a complex energy landscape alluding to
the near-stabilisation of several unique phases, both polar and non-polar. We then
extend our investigation to take into account the effect of epitaxial strain, where we
report the phase diagrams of STO under the application of compressive and tensile
[001]- and [111]-strain. In both orientations, phase transitions occur that lead to
strongly stabilised ferroelectric phases. We also report a detailed investigation into
the electronic properties of STO, where we find significant variation in the dielectric

response and Berry phase polarisation for bulk, [001]-, and [111]-strain.
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3.1 Introduction and methods

Strontium Titanate (STO) is one of the most fruitful perovskites to be discovered.
It remains at the forefront of research into complex oxides and novel electronic phe-
nomena, where the yearning for a deeper understanding of its properties has led
to seemingly endless new physics. In bulk, it is a quantum paraelectric [35-42],
meaning it is experimentally observed as a paraelectric down to temperatures as
low as 1.5 K [35/37], but only due to small quantum energy fluctuations (as well
as subtle thermal fluctuations), which if absent, the system would be able to turn
polar [38,43]. Quantum fluctuations are estimated to be ~2 meV at the ground
state and are strong enough to completely suppress the polar mode (estimated to
be roughly 20 K in classical models) while reducing the tilt transition temperature
from 130 K to 110 K [38,206]. The most striking feature of STO is its flat energy
landscape, where it exists on the verge of several phase transitions, whether it be to
polar, superconducting, or metallic states. In this study, we are most interested in
STO as an incipient ferroelectric, where it exists in bulk on the verge of multiple po-
lar transitions along different unit cell directions [34.|44H46]. Polar transitions have
been induced by chemical substitution [47-49], isotopic '#O-substitution [50], defect
engineering [51H53], mechanical stress [54,55], as well as interfacial effects such as
epitaxial strain [44,45,56/57], mode mismatch [58-61], film thickness [51,62], and for-
mal polarisation mismatch [63]. STO, alongside other popular perovskites BaTiO3
and PbTiOj3, has also provided great clarity to our fundamental understanding of
the ferroelectric instability in complex oxides [28]. Unlike the latter two materials
however, ferroelectricity in STO is reserved only to specialised systems involving
the constraints listed above. In relevance to this study are the constraints present
in interfaced systems— epitaxial strain, mode mismatch, and formal polarisation
mismatch. For this section of the study, we turn our focus to the effect of epitaxial
strain. We investigate this here for computational practicality— where first princi-
ples techniques allow us to apply it to bulk unit cells without the need for interface
calculations. This subsequently allows us to disentangle the effect of strain from
other interfacial effects in said calculations.

In this results chapter, we report a thorough first principles investigation into
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STO as a bulk crystal, followed by an investigation into the effect of epitaxial strain.
We investigate the effect of strain on STO in both the [001]- and [111]-basis, where
different geometric constraints have been shown to typically yield vastly different
strain-phase diagrams [96]. This chapter provides an essential foundation to our
understanding of how STO behaves in our simulations. In chapter 5, where we
investigate interfaced STO, it allows us to easily identify whether phenomena are
induced by strain or not. For both bulk and bulk strained calculations, we test a
range of polar and non-polar phases, and report the ground state at each strain. We
also discuss relevant trends in the mode amplitudes, dielectric response and Berry
phase polarisation.

We performed DFT calculations within the GGA framework: utilising the PBEsol
exchange-correlation functional [154], and PAW generated pseudopotentials [163]
within the PBE scheme [151], implemented in the VASP [160}/161,164]. The Sr 4s,
4p, and 5s (4d is also included, but initially left unoccupied); Ti 3s, 3p, 3d, and 4s;
and O 2s, 2p electrons were explicitly included as valence, while all other electrons
were frozen in the ionic cores. For all ionic relaxations, the plane-wave energy cut-
off was set to 900 eV, while the K-point grid was fixed to a 5 x 5 x 4 I'-centered
mesh for all calculations in the [001]-basis (where the 20 atom cell described below
was used), and a 3 x 6 x 2 I'-centered mesh for all calculations in the [111]-basis
(where the 60 atom cell described below was used). The polarisation was evaluated
via the Berry phase approximation, in accordance with the modern theory of po-
larisation [194H197]. The electronic and ionic contributions to the dielectric tensor
were calculated via density functional perturbation theory [201]. To quantify the
structural distortions, we used symmetry adapted mode analysis as implemented
in the ISOTROPY package [183]. To apply epitaxial strain, we fixed the in-plane
components of the stress tensor using a stress-constraining geometry optimisation
patch [169).

In this study, we tested several different phases, all of which are combinations
of the Ry antiphase octahedral tilt mode and the I'; polar mode (as visualised in
Fig. along various axes. According to low temperature neutron diffraction data,
STO has an I4/mem ground state in bulk, which consists only of antiphase tilting
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Table 3.1: Structural classification of bulk phases and symmetries after applying
[001]- and [111]-strain. Tilt patterns are expressed in Glazer notation.
Space Group Tilt Pattern Polar distortion [001]-strain [111]-strain

Pm3m a’a’a’ 000 P4/mmm R3m
I4/mem a’a’c™ 000 I4/mem C2/c
R3c a“a"a” 000 C2/c C2/c
Pimm a’a’a® 00c Pimm Cm
I4em aa’c™ 00c I4em Ce
Ima2 a~a"a’ aal Ima?2 2
R3c a~a~a” aaa Cec R3c
Cc a"a ¢ aac Cec Ce

around the out-of-plane axis [37]. Under [001]-oriented epitaxial strain, according
to x-ray diffraction data the I4cm ferroelectric phase is reported under compressive
strain [45,57], while the I'ma2 ferroelectric phase is reported under tensile strain
[44,56]. The I4em phase consists of out-of-plane polar and tilt modes, while the
Ima2 phase consists of in-plane polar and tilt modes. Limited experimental data
exists for [111]-strained STO, though previous first-principles investigations report
a strong stabilisation of the C'c phase with tensile strain, and stabilisation of non-
polar phases including the metastable C2/c phase with compressive strain. The Cc
phase consists of polar and tilt modes along all three primitive directions, where two
directions are of equal magnitude and the third unequal. The C2/c phase consists
only of tilting in this same pattern. In bulk, we tested 8 different phases, which are
classified in terms of their available structural distortions in Table B.Il In our bulk
and [001]-strained calculations, we used a 20 atom cell with lattice vectors expressed
in terms of primitive cubic cell vectors (ay,, by, ¢p): a1 = a, — by, beo1 = a, + by,
Coo1 = 2cp, while in our [111]-strained calculations, we used a 60 atom cell with
lattice vectors a;; = a, +b, —2¢,, by = —a, + by, ¢111 = 2a, +2b, +2c¢;,. These
two cell orientations are visualised in Fig. [3.2(b) and (c) respectively alongside a
schematic showing the [111]-direction in the 5-atom simple cubic perovskite cell for
clarity (Fig. [3.2(a)). We tested the same phases in Table for both types of
strain, though not all phases could be relaxed as strain often automatically breaks
their symmetry. The symmetries of the bulk inputs after applying strain are also

included in Table 311
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Figure 3.1: Visualisation of (a) antiphase tilt (R5 (0,0,a)) mode and (b) polar
(I'; (0,0, a)) mode, where a,, b,, ¢, denote perovskite primitive axes.

Coo1

cll
a,,<-1->b,, 414
Figure 3.2: Visualisation of [001]- and [111]-oriented perovskites. (a) Rotated Pm3m
primitive perovskite cell such that the direction ¢11; direction lies vertical. Horizontal

dashed lines indicate (111) layers. (b) 20-atom [001]-oriented unit cell viewed from
the agg; — €oo1 plane. (c) 60-atom [111]-oriented unit cell viewed from the aj1; — 111

plane.
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3.2 Results and discussion

3.2.1 Bulk

The bulk ground state mode amplitudes and energies are shown in Fig. [3.3] All
phases listed in Tab. were tested, and all remained in the same space group ex-
cept C'c, which reverted to the higher symmetry R3¢ phase. We find the ferroelectric
R3c phase to be the lowest in energy, in contrast with experiment [35,37], and most
other DFT studies, which have found both paraelectric [40H42] and a range of fer-
roelectric [206,207] phases to be the ground state. The discrepancy between polar
and non-polar ground states in different DFT calculations can be explained by the
choice of exchange correlation functional. LDA-based calculations consistently yield
non-polar results in bulk [40H42], while calculations using GGA and hybrid func-
tionals (including PBE, PBEsol and HSE06) yield polar ground states [206,207].
In our study (using PBEsol), we find a polar ground state with polarisation in all
three primitive axes, as seen in [206] (which tests both PBEsol and HSE06), but in
contrast to the /4cm ground state found in [207] (which uses PBE).

Several other phases remain extremely close in energy to the R3¢ phase in our
investigation. This includes two other polar phases Ima2 and [4cm, as well as the
non-polar /4/mem phase. The three polar phases have significantly different mode
amplitudes, yet remain within only 0.15 meV/f.u. of each other, while the near-
est non-polar 74/mem phase, with tilt along only one primitive axis, is only 0.3
meV /f.u. higher in energy. We stress that during convergence testing, the energy
difference between polar I4cm, and non-polar I4/mcm, Pm3dm phases was con-
verged to a tolerance of below 0.01 meV. Previous studies have estimated quantum
energy fluctuations to be ~2 meV/f.u. [206]. This value clearly exceeds the differ-
ence between our lowest polar R3c and non-polar 74/mem ground states. Therefore,
despite yielding a polar ground state (in comparison to a non-polar experimental
result), we stress that our simulations still match very well to experiment— we
simply do not include quantum energy fluctuations in DFT. As previously argued
in refs. [206,)207], though LDA-based calculations obtain the same ground state as

experiment, this is because LDA underestimates the effects of electron correlation,
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which results in the overbinding of electrons. This typically leads to the underes-
timation of lattice parameters and mode amplitudes, so it is no surprise that the
already subtle polar distortion does not appear. As discussed in chapter 1, the polar
mode depends on the hybridisation between Ti-3d and O-2p states in the Titanate
series— an underestimation of correlation is bound to restrict this from happening.
Though quantum energy fluctuations can be expected to suppress any of the polar
phases in experiment, the minuscule energy differences between the three low-energy
polar phases and non-polar 74/mem phase are intriguing for several reasons. Our
results suggest an extremely flat energy landscape, such that even subtle changes
in environment could easily induce dramatic changes in the ground state phase,
where the mode amplitudes of the metastable phases are significantly different to
the ground state.

Comparing the I4cm and R3c phases, and also the three polar and tilted phases,
the tilts are evidently competitive with one another, as with more tilts present,
the amplitude consistently declines. The tilt modes are also responsible for the
majority of the energy lowering from the cubic phase, as seen by comparing the
energy of the polar-only P4mm phase and tilt-only 74/mem phases. The tilt mode
dominating the energy lowering is expected, where it has been demonstrated to
condense in at approximately 110 K experimentally [64]. Furthermore, previous
studies have shown that the tilt mode is competitive with the polar mode [30}32],
except for extremely high tilts, where the polar mode becomes less competitive
due to increasing cell tetragonality. The un-tilted P4mm phase shows the largest
polar amplitude, which reduces by roughly 45% upon allowing for tilting in the
I4em phase.  Interestingly however, the tilt mode itself declines only subtly with
the inclusion of the polar mode when comparing the I4/mem and I4em phases,
likely due to the tilt mode dominating the energy landscape. Due to such a small
contribution to the energy lowering, it is hard to say whether the polar modes are
competitive with one-another, though as they are competitive with the tilt mode,
and the polar mode amplitudes do not increase when switching from I'ma2 to R3c, it
is likely that they are (even though the polar mode increases with respect to I4em,

this is driven by the reduction in tilt, which has a larger effect than the competitive
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polar coupling). The lattice parameters for each relaxed phase are contained in
Table 3.2 Our lattice parameters for metastable 74/mcm match remarkably well
to low temperature neutron diffraction data [37].

The Berry phase polarisation and diagonal terms of the dielectric tensor (both
ionic and electronic contributions) of each phase are also contained in Table [3.2]
The results for polarisation correlate closely with the I, mode amplitude. The net
polarisation is largest in the ground state phase, pointing along the [111] axis—
which we can attribute to the reduction in individual tilt magnitudes in each prim-
itive direction. The electronic contributions to the dielectric tensor remain similar
regardless of phase, while the ionic components undergo colossal variation depend-
ing on the structure. We note that calculated terms for some of the metastable
higher symmetry cells do not consider contributions from imaginary polar modes
(as calculations were undertaken with the symmetry fixed to prevent relaxation into
lower energy phases), which we expect to dominate. This applies to the Pm3m (in
all three directions) and P4mm (only out-of-plane polarisation was allowed) phases.
Regardless, the remainder of the phases allow for the polar instability in all three
axes and clearly show dramatic variation in the dielectric response. Our results
demonstrate well the fascinating consequences of the flat energy landscape of STO,
where even within energy changes of 0.15 meV/f.u., the dielectric coefficients can

vary by the order of 100s in all three axes.

3.2.2 [001]-strain

The STO [001]-strain phase diagram is displayed in Fig. [3.4(a). For each strain
point, we tested the phases listed in column 4 of Table[3.1 At many points, phases
could not be relaxed— only at 3.90 A could all three polar and tilted phases I4cm,
Cc and Ima2 be relaxed simultaneously. At this point, which is extremely close to
the bulk in-plane lattice parameters of each phase, it is no surprise that the energy
difference is on the scale of the energy differences between the metastable bulk
phases. The subtle energy differences at 3.90 A are shown in the inset of Fig. 3.4(a).
At this point we find the C'c phase to be the ground state, which is approximately
equivalent to the bulk ground state R3c phase, with the symmetry between in-plane
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Table 3.2: Polarisation P (uC cm™2), electronic, ionic dielectric tensor components

(leading diagonal only) €f;, €;;

(where the total dielectric tensor €

T
ij

__ e I
=€, +€;), and

pseudo-cubic lattice parameters (A) of bulk relaxed STO phases along [001]-oriented

cell directions.

Space Group Pm3m Pdmm I4/mem R3c  IT4em  Ima?2 R3c
Qo1 0 0 0 0 0 12.2 12.0
p boos 0 0 0 0 0 122 120
Coo1 0 16.4 0 0 11.3 0 12.0
Net 0 16.4 0 0 11.3 17.3 20.8
oot 6.43 6.38 6.46 6.44 6.44 6.24 6.22
€ boor 6.43 6.38 6.46 6.45 6.44 6.35 6.25
Coot 6.43 6.20 6.47 6.45 6.33 6.37 6.26
aoo1 4.95 5.45 3.40 3.87 131.56 181.74 244.90
Efj boon 4.95 5.45 3.40 3.22 131.56 1126.80 324.66
Coot 4.95 14777 2.16 3.06 249.84 758.63 344.68
lago|/v/2 | 3.90 3.90 3.89 3.89  3.89 3.90 3.90
L. P. |boo|/v2 | 3.90 3.90 3.89 3.89  3.89 3.90 3.90
|coo1|/2 3.90 3.91 3.91 3.89  3.92 3.89 3.90

and out-of-plane modes broken due to strain. The energy lowering from strained
Pm3m to the lowest energy tilted phase and ground state (always polar and tilted)
is displayed in (b) At 3.90 A the energy lowering is still dominated by the tilt.
The polar mode energy lowering is slightly larger than in bulk due to the metastable
phases having different bulk lattice parameters (highlighted by vertical dashed lines),
thus experiencing a slightly larger energy penalty due to strain than the C'c phase.

Compressive regime

In the compressive regime (3.70—3.85 A), the system immediately reverts to the
I4em phase, which consists only of tilt and polar modes out-of-plane. The energy
difference between the polar I4cm and non-polar 14/mem phases initially remains
small under low compressive strains, but rapidly amplifies under higher strains. The
energy difference quickly surpasses the scale of quantum fluctuations, suggesting at
the very least the appearance of ferroelectricity at large strains and low temper-
atures. Furthermore, the energy difference appears to be increasing non-linearly,
suggesting a rapid amplification if further strain were applied.

The structural properties of STO as a function of [001]-strain are presented in
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Figure 3.4: (a) [001]-strain phase diagram of STO. Inset shows subtle energy dif-
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indicate the bulk lattice parameters of each phase. (b) Energy of lowest polar and
non-polar (labelled in brackets) phases with respect to P4/mmm ([001]-strained
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Fig. 3.5l The out-of-plane tilt and polar mode steadily increase in the compressive
regime. As strain dramatically amplifies the tetragonality of the cell, it is unsurpris-
ing that the polar and tilt modes become increasingly stable out-of-plane, as both
modes appear in bulk to fill excess space (caused by undersized A- or B-cations).
Given tilting dominates the energy lowering in bulk, and that it competes with
the polar mode, it might be expected that it continues to dominate under strain.
However instead, the polar mode rapidly stabilises, suggesting that the cell tetrag-
onality caused by compressive strain may favour the polar mode slightly more than
tilting. Though ferroelectric STO has been induced experimentally under compres-
sive strain [45,|57], this is consistently at temperatures lower than predicted with
phenomenological LGD analysis (though this is parameterised by experimental data
obtained prior to these results), which instead suggests a rapidly increasing polar
transition temperature which surpasses that of the tilt mode at approximately 2%
compressive strain [34]. To clarify these discrepancies, we compare the energies of
the polar-only (P4mm), tilt-only (I4/mem) and polar-tilted ground state (I4cm) in
the compressive regime in Fig. . We find that at 3.80 A (2.6% strain), the tilt-only
phase remains significantly lower in energy than the polar-only phase, tentatively
suggesting a higher tilt transition temperature than polar at this strain, matching
recent experiments rather than the LGD model. At 3.70 A however (5.1% strain),
the polar-only phase is lower in energy than the tilt-only phase, which is a good indi-
cation that the polar transition temperature surpasses that of tilting near this strain.
Our simulations therefore suggest that STO indeed follows a similar trend to the
LGD model qualitatively, though we expect the crossover of the polar and tilt mode
transition temperatures to occur at around 4—>5% strain rather than the 2% strain
predicted in the model. Our results appear to align closely to experiment, where tilt
transition temperature amplification is reported at around 2% strain [45,/57], and the
polar mode is found to condense at lower temperatures. Still, we predict strains of
4—5% to significantly increase the polar transition temperature— possibly even to
room temperature as predicted in the LGD model. Our studies also show parallels
to arguments presented in ref. [30], where it is suggested that extremely large tilts

(in bulk) could actually strengthen the polar mode due to the increased cell tetrago-
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nality. It may be that colossal strains (strains that are well beyond what is typically
experimentally feasible) inducing larger tilts (alongside the cell tetragonality caused
by strain alone) amplify the polar mode at a faster rate than at lower strains, which
is exactly as we observe. Predictably, the out-of-plane lattice parameter increases
with compressive strain, while the volume decreases.

The dielectric properties of STO as a function of [001]-strain are presented in Fig.
3.7 The out-of-plane Berry phase polarisation increases proportionally with the po-
lar mode amplitude, while the in-plane component remains at 0 uC cm™2. The
electronic components of the dielectric susceptibility stay relatively stable, where
subtle differences in the in-plane and out-of-plane components can be attributed to
minor variations in cell tetragonality and mode variation. The ionic contribution
is more interesting. Upon transitioning from C'c to I4cm, the in-plane parameters
rapidly diverge. This is clearly a result of the softening of the polar mode and
subsequent freezing in of this mode beyond 3.9 A. Experimentally, a similar diver-
gence in the dielectric tensor is observed in the tensile regime [44] (where in-plane

polarisation is observed), as quantum fluctuations suppress polarisation at 3.90 A.

Tensile regime

The tensile regime (3.95—4.10 A) has many parallels to the compressive regime,
but also several key differences. Energetically (Fig. , the system rapidly reverts
to the I'ma2 phase, consisting of polar and tilt modes along both in-plane direc-
tions. However, unlike the compressive regime, the polar mode quickly dominates
the energy lowering from the cubic phase, while the tilt energy lowering stays ap-
proximately fixed. This suggests far higher polar transition temperatures than at
equivalent compressive strains. The polar mode might be expected to condense be-
fore the tilt mode even at low tensile strains, while the tilt transition temperature is
likely to stay close to the bulk value of 110 K [64]. This observation matches what
is seen in experiment, where in-plane ferroelectricity is present close to room tem-
perature at a mere 1% tensile strain [44], and the LGD model [34], where a similar
transition temperature is estimated. Our results also match what has been observed

in previous DFT studies, where polar and tilted phases of the same space groups

71



—%— R< (ap)

}

/

o
w

—— Rs (bp)
—%— Rs (¢p)

l14ém Ima?2

Octahedral Tilt (R) ~
o
N

o
=

o
=)
|

S5

o
w

— F[Eép)
/(_"_ Iy (bp)
—— T (cp)

a2

0.2 A

0.1 A

Polar Mode (A)

/

o
Coo1 (A)
T
o [ N
5 =
B Y
/ |

(@)
0

Ima2

W
©
| |

%aZ

£ l14ém

\

V
NN
W W
ISEY,

3.70 3.75 3.80 3.85 3.90 3.95 4.00 4.05 4.10
In-plane Lattice Parameter (A)

Figure 3.5: Structural properties of STO as a function of [001]-oriented epitaxial
strain: (a) octahedral tilt amplitude (A) (where ay, by, ¢, denote the primitive axis
the tilting lies around, and tilt amplitudes around a,, and b, are equal in magnitude
for the entire regime), (b) polar mode amplitude (A) (where displacements along
a, and b, are equal in magnitude for the entire regime), (c) out-of-plane lattice
parameter (in pseudocubic units), and (d) cell volume.
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Figure 3.6: Energies of polar-only (P4mm), tilt-only (I4/mem) and polar-tilted
(I4cm) phases under [001]-compressive strain.

stabilise under compressive and tensile strain [107). This is despite using the LDA
exchange-correlation functional, which stabilises non-polar phases in bulk (as well as
low strains). As stated previously, LDA likely obtains the correct ground state phase
in bulk for the wrong reasons— the LDA functional typically over-localises electrons,
which prevents subtle distortions like the polar mode from developing. Meanwhile
GGA-based functionals such as PBEsol slightly delocalise electrons [154,207], which
has the opposite effect. Neither case takes into account the real cause of the suppres-
sion of the polar phase— quantum energy fluctuations ,. Structurally (Fig.
, the polar modes can be seen to follow a steeper gradient than in the com-
pressive regime, while the tilt remains approximately fixed, clearly corresponding
to the above statements regarding the energy lowering. The volume and out-of-
plane lattice parameter increase and decline respectively, in opposite fashion to the
compressive regime.

The tensile regime is also the reverse of the compressive regime electronically
(Fig. , where the polarisation once again increases proportionally to the polar
mode along zz (ag1) and yy (3001) directions (the total polarisation is these two
in-plane values summed in quadrature). The dielectric response is also a mirror

image, where the out-of-plane ionic components heavily diverge at the transition to
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Figure 3.7: Dielectric properties of STO as a function of [001]-oriented epitaxial
strain (where labels zx, yy, zz correspond to the components of the given quantity
along directions a1, 8001, and ¢gp; respectively, and electronic properties along xz,
yy are equal in magnitude for the entire regime): (a) Berry phase polarisation, (b)—
(d) electronic (superscript e), ionic (superscript I), and total (superscript T) static
dielectric tensor components ¢;; (where subscript ij corresponds to leading diagonal
components zz, yy, zz defined above). All zz and yy components are equal in
magnitude.
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the Cc phase, where out-of-plane polarisation first condenses. If quantum energy
fluctuations were present (as in experiment), one would expect the in-plane and
out-of-plane divergence to swap places, such that the out-of-plane transition occurs
in the compressive regime, the in-plane transition occurs in the tensile regime, and

the system exists in a non-polar state at 3.90 A.

3.2.3 [111]-strain

The [111]-strain phase diagram is presented in Fig. [3.8(a), where the energies of
four phases that were stable or metastable for most of the regime are shown. We
also investigated several other structural inputs as in Table [3.1] though these au-
tomatically reverted to one of the four phases shown. The R3c and C2/c phases
are tilt-only phases, with a“a~a™ and a~a" ¢~ tilt patterns respectively. The R3c
and Cc phases are polar and tilted phases, with a~a"a™ and a~a" ¢~ tilt patterns
and aaa and aac polar modes along the primitive directions respectively. At 3.90 A,
we find the R3c phase to be the ground state, where unlike the [001]-oriented sys-
tem, [111]-strain does not automatically break the symmetry of the R3¢ (nor R3c)
phase. The inset shows the energies of the R3¢ and metastable C'c phases at 3.90
A, as well as the relaxed bulk pseudocubic lattice parameters of these phases in the
[111]-basis (Jaji1|, |b111]). As expected, the energy difference at this point is once
again extremely subtle. The R3c phase has equal bulk in-plane lattice parameters
in the [111]-basis, while C'c does not. In our strain phase diagram, as we fix both
in-plane parameters to be equal, it is likely that we automatically favour the R3c
phase for minimal strains. The R3c bulk [111] in-plane parameters also lie slightly
closer to 3.90 A than those of the bulk C'c phase. We also measured the energy dif-
ference between the lowest polar and non-polar phases, where at 3.90 A, the energy
lowering from non-polar to polar remains extremely subtle, though slightly larger
in magnitude than in the [001]-plot (see insets). A possible explanation for this is
that the lowest-energy tilted phase is now C2/c rather than I4/mem (which auto-
matically reverts to a different C'2/c phase in the [111]-basis). Going from 14/mcm
to I4em phase introduces a polar mode in one primitive direction, while going from
C2/c to R3c introduces polar modes in all three primitive directions, which are also
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each greater in magnitude than in the I4cm phase. This is likely to correspond to

a greater energy lowering going from non-polar to polar.

Compressive regime

In the compressive regime (3.70—3.85 A), the system automatically reverts to the
non-polar C2/c phase. No polar phases could be relaxed within this regime— we
find that all inputs automatically turn non-polar. Our ground state is different
to that obtained in similar first principles investigations using the LDA functional,
where a P2/c phase (with tilt pattern a~a~c') with smaller tilt magnitudes is
stabilised (though the C2/c phase remains extremely close in energy) [109]. We
could not stabilise the P2/c phase in our calculations (which we find automatically
reverts to the same C2/c phase). This discrepancy can also be explained by the
overbinding of electrons and suppression of modes in the LDA approximation, given
the larger tilting in our calculations. Interestingly, the C'2/c phase quickly becomes
significantly lower in energy than the R3c phase, which has equal tilts along all three
primitive directions. In the [111]-basis, all three primitive directions are constrained
equally, resulting in no additional constraint on rhombohedral phases compared to
monoclinic phases. Therefore, this significant energy lowering is likely driven by the
competitive tilt coupling. This competition appears to be amplified with increased
compressive strain, which further amplifies the energy difference from the R3c phase.
The structural properties as a function of [111]-strain may be found in Fig. [3.9
The C2/c phase retains roughly the same tilt mode amplitude difference between
the equal and unequal tilting axes— suggesting that [111]-strain still favours similar
parameters along all three primitive directions, unlike [001]-strain, which heavily
splits the in-plane and out-of-plane directions. The out-of-plane parameter c;q1
predictably increases with compressive strain, while the volume decreases.

The dielectric properties of STO as a function of [111]-strain are presented in Fig.
[3.10] The compressive regime remains non-polar, though the ionic component of
the dielectric response rapidly diverges along all three cell directions at 3.85 A. This
corresponds of-course to the polar transition to the R3c phase, which is polarised out-

of-plane. The R3c system is extremely close in energy to the C'c phase, consisting of
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polarisation along all three [111]-cell directions. In our DFT simulations with [111]-
strain, we could not exactly fix the system to R3c, where inexact in-plane lattice
parameters automatically break the symmetry to C'c. Though the system reverts to
the R3¢ phase within a tolerance of 0.01 A change in the in-plane lattice parameters,
in-plane polarisation is already present on a negligible scale at 3.9 A. Therefore, in
our dielectric runs, the in-plane components also diverge between 3.85 A and 3.90 A.
As stressed previously however, the result for 3.90 A is not directly comparable to
experiment due to the lack of quantum fluctuations. In experiment, we might expect
to see the C'2/c phase at 3.90 A instead, which is the lowest energy non-polar phase
here (or alternatively, the higher-symmetry 74/mem phase as seen in bulk given our
calculations slightly under-bind electrons). Regardless, such divergence should be
expected upon moving to the tensile regime, as explained below. Subtle variations
in electronic component of the dielectric response can again be attributed to changes

in the cell dimensions and structural distortions.

Tensile regime

The tensile regime (3.95—4.10 A) displays vastly different energetic trends (Fig.
to the compressive regime, where the system quickly transitions to a polar
phase, and significantly amplifies the energy difference between it and the lowest
non-polar phase. We find that the system reverts to the C'c phase, consisting of an
a~a” ¢ tilt pattern, and slightly different polar mode magnitudes along primitive
directions, which in the [111]-basis leads to a large net in-plane distortion and small
net out-of-plane distortion. Structurally (Fig. , as with the compressive regime,
the system prefers split mode magnitudes along the primitive directions rather than
equal, which is likely caused by mode competition. Interestingly, this appears to
only affect the tilt mode significantly, as the polar modes are similar in magnitude.
The energy difference between R3c and Clc is less significant than that between C2/¢
and R3c in the compressive regime. As the polar mode dominates the tensile regime,
this suggests that polar modes are generally less competitive with one-another than
antiphase tilt modes are. The ¢11; magnitude and cell volume decrease and increase

respectively with tensile strain.

79



; ;
1 1 —— XX
1 1
T a0 : : e,/,,/"’)(///"**- vy
| B 1 ]
g ! ! / —— zz
O C2/c i R3c | Cc
1 1
= 20+ | i
a ! : I —
1 1
0 7 I
(b) :
6.5 —— XX
! (\ —— zz
< 6.01 4 i i &\\\\\\‘~SG-§§§-‘$
W CZ/c 1 R3C \\\
1 1
1 1
5.5 E i *\\\\\\\$$\\\\\\\$
: ! \
1 1
1 1
(c) . .
2000 - l i
1 1
1 1
1500 - i i
1 1
—_i 1 1
1000 - : R3c : Cc
! !
500 ~ 1 1
IO
0+ l | I
(d) ; :
2000 - i i
1 1
1 1
1500 - i i
1 1
[ 1 1
W 1000 - I R3c 1 .
i !
500 H 1 1
01 ; . | L
3.70 3.75 3.80 3.85 3.90 3.95 4.00 4.05 4.10

In-plane Lattice Parameter (A)

Figure 3.10: Dielectric properties as a function of [111]-oriented epitaxial strain: (a)
Berry phase polarisation, (b)—(d) electronic (superscript F), ionic (superscript I),
and total (superscript T') static dielectric tensor components (where labels xx, yy, zz
correspond to the components of the leading diagonal of the 3 x 3 dielectric tensor
€ij, calculated along directions a111, 13111, ¢111)-

80



The C'c phase has several other interesting features worth discussing. Looking to
the dielectric properties (Fig. [3.10]), glancing first at the polar mode plot, one might
expect the C'c phase to have a similar polarisation to the R3c phase. However, we
find that the C'c phase cannot align all three polar modes to lie along the positive
primitive directions simultaneously, such that the net polarisation lies along ¢117 (as
in the R3c phase). In-principle, one might expect there to be eight possible net polar
directions for the C'c phase (where each polar mode in the primitive basis may align
along the positive or negative primitive direction, leading to 2 x 2 x 2 = 8 different
net directions), where all are equivalent in energy. However, we find this not to be
the case. The allowed polarisation directions of the C'c and R3¢ phases with respect
to a primitive cubic cell are highlighted in Fig. [3.11, The C¢ phase instead has
large in-plane and small out-of-plane polarisation components. This net direction
corresponds to one of the three [111]-directions that does not lie directly out-of-
plane (the fourth and final [111]-axis lies along ¢11;). When we apply [111]-strain,
we are breaking the symmetry between these three ‘mostly-in-plane’ [111]-axes and
the out-of-plane [111]-axis. In our simulations, we find that the in-plane component
lies entirely along the positive a;1; direction, though based on our domain analysis,
five other in-plane directions are also energetically equivalent. Because of this, we
see the out-of-plane polarisation briefly spike at 3.90 A in the R3¢ phase, then
revert to a small component after switching to the Cc phase in the tensile regime.
Within the tensile regime, the electronic and ionic dielectric tensor components
remain stable, where subtle variations can once again be attributed to mode and
cell parameter variation. This phase has not been reported experimentally, though
significant amplification in the dielectric response has been observed [110]. Previous
LDA-based DFT studies also relax a C'c¢ ground state under [111]-tensile strain with

comparable in- and out-of-plane polarisations [109].

3.3 Summary

We have reported a detailed description of the electronic ground state for STO in

bulk, and under the application of [001]- and [111]-oriented epitaxial strain. In
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Figure 3.11: Available polarisation domains of [111]-strained C'c¢ and R3¢ STO
phases. Cc aligns along the three predominantly in-plane [111]-directions (2 x 3 = 6
polar domains), while R3¢ aligns along the out-of-plane [111]-direction (2 x 1 = 2
polar domains). ¢;17; indicates the out-of-plane [111]-direction (equivalent to that in
our STO [111]-oriented unit cells).

bulk, STO has an extremely flat energy landscape, where it exists on the verge of
transitioning to various polar and non-polar phases, with vastly different structural
and electronic features. We uncover an R3c ground state, with polarisation and tilt
along all primitive axes. Despite the difference in space group, we remark that our
simulations map extremely well to experiment, where energy differences between
polar and non-polar phases are on the scale of small thermal and quantum energy
fluctuations (that are omitted from DFT calculations), thus not contradicting the
classification of STO as a quantum paraelectric. Upon the application of [001]-
strain, STO reverts to polar phases that match those seen in experiment— the
I4em phase (polarised and tilted out-of-plane) in the compressive regime, and the
Ima2 phase (polarised and tilted in-plane) in the tensile regime. We find that the
I4cem phase is dominated by the energy lowering from the tilt at strains of 1-2%,
but becomes dominated by the energy lowering from the polar mode at strains of
4-5%. This matches qualitatively to LGD analysis, though we find the polar mode

energy lowering only overcomes that of the tilting at strains larger than the 2%
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predicted. Our findings are more in line with experimental data where a more
significant amplification of the tilt transition temperature is observed, such that it
remains roughly double that of the polar transition temperature at 1-2% strain. On
the other hand, the energy lowering of the I'ma2 phase is dominated by the polar
mode, which is in line with both experimental results and LGD analysis. In the [111]-
basis, we induce a stable non-polar C2/c phase in the compressive regime, in contrast
to previous LDA-based first principles studies where this phase was only metastable.
We attribute this discrepancy to the choice of exchange-correlation functional. In
the tensile regime, a strongly-polar C'c phase stabilises, with polarisation along the
‘mostly-in-plane’ [111]-axes (consisting of a large in-plane and small out-of-plane
polarisation in our [111]-oriented unit cell).

Overall, this chapter provides essential information for interfacial calculations
based on STO, providing a detailed, up-to-date investigation into how it responds
to strain. Particularly relevant to the remainder of our study are the conditions that
yield out-of-plane polarisation, which is observed under [001]-compressive and (to
a minor extent) [111]-tensile strain. In the latter case, the out-of-plane component
can likely be easily suppressed, as we find that the energy lowering is dominated
by the in-plane component. [001]-compressively strained STO remains of essential
interest to us however. In chapter 5, we build [001]-oriented interfaced systems
of NNO and STO at LaAlOj strain (which is compressive for STO), and utilise
our measurements of the polar mode under strain to disentangle the driving forces

behind the interesting phenomena occurring in these systems.
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CHAPTER 4

Bulk, [001]- and [111]-strained rare-earth nickelates

The next step of our study is to similarly investigate the bulk and strained proper-
ties of the rare-earth nickelates— both NdNiOg, as a representative of the rare-earth
perovskites that undergo metal-to-insulator transitions, and LaNiOgs, the only com-
pound of this series to remain metallic at 0 K. We first determine suitable Hubbard-U
and Hund-J corrections, such that we obtain bulk ground state phases that resem-
ble experiment. We then investigate the effect of biaxial strain on the structural,
electronic and magnetic properties of both [001]- and [111]-oriented NdNiOs, as
well as [001]-oriented LaNiOs. We discover novel structural phase transitions not
previously observed, as well as unique electronic behaviour, including amplification
of the electronic band-gap, as well as insulating, charge-ordered phases with non-
orthorhombic tilt patterns. To provide clarity to the trends we observe, we also
investigate the coupling between the octahedral breathing mode (indicating charge-
ordering) and strain, where we observe certain strains to directly favour or disfavour
the stabilisation of the breathing mode. The amplification of the band gap with
strain is understood in terms of a cooperative coupling between [111]-strain and
the breathing mode, which expands on the recently-discovered triggered mechanism

with octahedral tilting.
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4.1 Introduction and methods

The rare-earth nickelates RNiOj (where R denotes a rare-earth element) are a fas-
cinating playground for novel structural and electronic phase transitions. With
the exception of La [69], all rare-earth nickelates undergo a metal-insulator tran-
sition (MIT) with decreasing temperature 70,|71]. Concomitantly, the symmetry
lowers from an orthorhombic Pbnm phase to a monoclinic P2/c¢ phase [81-83]
with charge ordering on the Ni sites, which change from an oxidation state of
ONi*T — Nit3 £ Nit379 [84]. Research into the unique properties of the rare-earth
nickelates has led us to a deeper understanding of several fundamental concepts,
including the nature of poorly conducting materials [91], multiferroicity [92], MIT
triggering via structural control [74], and MIT tuning via elastic strain [208]. Such
phenomena have also been directly applied to designing novel electronic devices with
unique properties, including artificial neuromorphic systems utilising conductance
switching via Ni oxidation and reduction [88], artificial neural networks built from
nickelate memory capacitors (driven by rapid changes in resistivity at the MIT') [89],
and sensing devices reliant on Ni charge transfer [90].

The strain enforced on an epitaxial film provides a strategy to manipulate the
properties of nickelates. [001]-oriented epitaxial strain allows for direct control of
the MIT temperature, which has been shown to decline with increasing compres-
sive |129] and tensile strain [127,[128]. DFT studies have shown that rare-earth
nickelates undergo multiple phase transitions, including an insulator-metal transi-
tion (IMT) under compressive strain, and an IMT followed by a second MIT (via
orbital ordering) under increasing tensile strain |[101]. [111]-oriented perovskites re-
main significantly less studied. In other perovskites, [111]-strain has led to vastly
different strain-phase diagrams in comparison to [001]-strain [96,97]. In the case of
the rare-earth nickelates, experimental studies have observed unique MIT variation
under tensile [111]-strain [130,/131], the creation of A-site driven ‘polar metals’ [98],
and novel orbitally-ordered phases in layered superlattices [132]. It is challenging
to identify the underlying cause of these observations, whether it be strain, mode
matching, interfacial dipoles, electric fields, or magnetic frustration, all of which are

applicable to [111]-nickelate systems.
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In identical fashion to chapter 3 with STO, we aim to provide clarity to bulk,
[001]- and [111]-oriented rare-earth nickelate systems by isolating the effects of [001]-
and [111]-strain. We report a first-principles investigation into the bulk ground
state, as well as the effect of [001]- and [111]-strain on rare-earth nickelate NdNiO3
(NNO), whose qualitative properties are consistent with the rest of the rare-earth
nickelates besides La. We also investigate the properties of bulk and [001]-strained
LaNiO; (LNO), which we compare and contrast to those of NNO. In our study
of the bulk structures, we provide a detailed investigation into the effects of the
Hubbard-U and Hund-J corrections on both NNO and LNO, where we determine
a suitable choice to obtain DFT ground states that resemble experimental findings.
This is followed by a detailed report of the structure and electronic properties as
a function of strain for the chosen corrections. We demonstrate that both [001]-
and [111]-oriented strains lead to previously-unseen nickelate phases with unique
features. These findings compliment our previous understanding of how various
structural distortions are coupled to one-another, as well as how they influence
electronic properties such as the band gap. To obtain a deeper understanding of how
the nickelates respond to epitaxial strain, we also investigate precisely its effect on
the hallmark structural feature of the nickelates— the breathing mode. We measure
the energy penalty of forming the breathing mode at various [001]- and [111]-strains
to identify if any are cooperative or competitive. Furthermore, we search for answers
regarding the driving force behind the polar nickelate phases seen in [111]-oriented
interface systems [98]. To do this, we test our systems for the polar instability, by
checking for inversion symmetry breaking and trends in the dielectric response with
strain. This chapter provides us with a solid ground work for the complex interface
systems in subsequent chapters.

Our DF'T calculations resemble those of the previous chapter. The Nd 5s, 5p, 5d
and 6s (4f electrons were left frozen in the core); La 4f (initially unoccupied), 5s,
5p, bd and 65s; Ni 3p, 3d and 4s; and O 2s and 2p electrons were explicitly included as
valence, while all other electrons were frozen in the ionic cores. The unit cells for the
[001] and [111] basis are multiples of the cells shown in Fig. [3.2(b), (c) respectively:

where the 20-atom [001]-oriented perovskite cell is doubled along both dgp; and ¢go1
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to form an 80-atom cell, while the 60-atom [111]-cell is doubled along ¢;1; to form a
120-atom cell. The lattice vectors of the nickelate [001]-cell are therefore expressed in
terms of primitive cubic cell vectors as: agy; = 2a, —2by, boo1 = a, +by, coo1 = 4cp,
while those of the [111]-cell are expressed as: aj;; = a, +b, —2cp,, by = —a, + by,
ci11 = 4a,+4b,+4c,. These cell sizes are necessary for expressing both the nickelate
structure and magnetic order in each orientation. The K-point grid was fixed to a
3x5x2 I'-centered mesh for the 80-atom [001]-cell and a 3x5x 1 I'-centered mesh for
the 120-atom [111]-cell. The plane-wave cut-off was set to 900 eV for all calculations
except those obtaining high-resolution band structures and dielectric tensors, where
it was lowered to 550 eV to make simulations computationally tractable (while
remaining well-converged). To investigate the effect of various on-site corrections,
we calculated the Hubbard-U correction in accordance with both the simplified
and unsimplified rotationally-invariant approaches as proposed by Dudarev et al.
in ref. [180] and Lichtenstein et al. in ref. [209] respectively. We calculated the
former (effective U (denoted by U.g)) using Cococcioni’s approach as discussed in
ref. [210] and the latter (U, J) using the minimum tracking approach discussed in
ref. [211}212].

Experimental studies have shown that NNO has a particularly complex magnetic
order, with non-collinear AFM orders on both Ni and Nd sites at ground state
[92,94]. For simplicity, we chose to omit the Nd magnetic moment entirely (hence
the omission of 4f electrons), as it only exhibits long range ordering below 30 K
[93,/129,213] and is not essential for the MIT and Ni charge ordering which occur
at around 200 K [70,[81,/92,214]. For computational tractability we chose not to
simulate non-collinear orders on the Ni sites, as in previous bulk DFT studies, it was
demonstrated that collinear T, S-AFM spin-chains with an 171]] structure are lower
in energy than non-collinear orders [80], and that these phases sufficiently recreate
the experiment properties. With the appearance of Ni charge ordering, T, S-AFM
spin chains obtain zero-moments on the lower valence Nit3% sites (sites with nonzero
moments correspond to higher valence Ni*3~?). This leads to alternating magnetic
and non-magnetic Ni layers along the [111]-direction, where T-AFM consists of FM
in-plane layers, while S-AFM consists of AFM in-plane layers. The T-, S-AFM
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Figure 4.1: Magnetic orders of insulating, charge-ordered phases in [001]- and [111]-
bases. Layers of small and large Ni valence sites are denoted by Nig (Ni*3+°) and Ni,
(Nit379) respectively. Nig sites have no magnetic moment. (a) T-AFM magnetic
order in [001]- and (b) [111]-cells, (c¢) S-AFM magnetic order in [001]- and (d) [111]-
cells.

magnetic orders in both the [001]- and [111]-bases may be viewed in Fig. In
this study, we tested these two magnetic orders on insulating phases, and modelled
the metallic phases with FM ordering as is commonly done with DFT [74}[80,[101].

We simulated a range of different structural phases for both NNO and LNO. We
tested both charge-ordered and non-charge ordered inputs for two octahedral tilt
patterns (written in [001]-basis Glazer notation for clarity): a~a~¢" (corresponding
to the charge-ordered, monoclinic P2/¢ and the non-charge-ordered, orthorhombic
Pbnm phases), and a~a~a~ (corresponding to the charge-ordered, triclinic P1 phase,

and the non-charge-ordered, rhombohedral R3c phase). A summary of these phases
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Table 4.1: Space groups of various rare-earth nickelate phases, where tilt patterns
are denoted in Glazer notation, charge-ordering corresponds to the presence of irrep
R5 , and strain irrep labels correspond to the presence of [001]- (T's ) and [111]-strain
(T4). *Broken symmetry allows breathing. "Broken symmetry allows for a~a~ ¢~
tilt pattern. *Broken symmetry allows for a~b~c¢~ tilt pattern.

Tilt pattern Charge Ordering Strain Space group

X I'mma

X I I'mma

— _0 I C2/m*
aac X C2/m
v ry C2/m

I C2/m

X Pbnm

X Iy Pbnm

- I P2/c*
aaet X P2/c
v Iy P2/c

s P2/c

X R3c

X ry C2/cf

ia-a- I C2/cf
X PT}

v I P1}

s P1}

and the corresponding symmetry reduction induced by [001]- and [111]-strain is
presented in Table and the most significant structural distortions with their
corresponding irrep label in Fig. [£.2(a)—(d). We also note that these tilt patterns

occasionally reverted to higher symmetry patterns.

4.2 Results and discussion

4.2.1 Bulk

Calculation of Hubbard-U and Hund-J corrections

To find a suitable Hubbard-U and Hund-J correction for the Ni-3d sites, we first
calculated the effective Hubbard-U correction (Ueg, as of the simplified approach)
for both NNO and LNO, with the goal of finding a single U.g that obtains the correct
ground state for both NNO and LNO (our initial plan regarding the nickelates was
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Figure 4.2: Types of structural distortions in RNiOg, denoted by corresponding ir-
rep labels and order parameter directions (with respect to the A-site origin cubic
perovskite cell): (a) in-phase octahedral tilt (M;(0,0,a)), (b) anti-phase octahe-
dral tilt (R5 (0,0, a)), (c) breathing distortion (R5 (a)), (d) antipolar A-site motion
(X5(0,0;0,0;a,a)). Gold spheres indicate Nd sites, grey spheres indicate Ni sites,
and red spheres indicate O sites.

to investigate NNO/LNO interfaces, which requires Ni-3d orbitals to have the same
correction in both films). For NNO, using the experimental ground state P2/c phase
with T-AFM magnetic ordering, we found that U,y = 6.2 €V for both Nip, and Nig
sites. For LNO, using the same P2/c¢ T-AFM phase, we also found that U =
6.2 eV. When using the experimental ground state for LNO (R3c (FM) [69]), we
found that Usg = 5.7 eV. Therefore, to the nearest Uy, the calculated correction
is the same for NNO and LNO regardless of the phase being metallic or insulating.
A full summary of the ground state phases for NNO and LNO as a function of U
and J may be found in Table 1.2l We found that setting U.g = 6 eV successfully
obtained a metallic R3¢ LNO phase, but did not obtain the correct ground state for
NNO. Instead, it yielded a P2/c NNO state with FM order, of considerably lower
energy and with different properties to the T- or S-AFM orders seen experimentally.
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Table 4.2: Ground states of NNO and LNO at various Hubbard-U and Hund-.J
corrections.

Correction Ground state phase
U (eV) J (eV) NNO LNO
1.50 0.75  P2/c (T-AFM) P1 (T-AFM)
0.00 P2/c (T-AFM) P1 (T-AFM)
2.00 0.50 P2/c (T-AFM) P1 (T-AFM)
1.00 Pbmn (FM)  P1 (T-AFM)
-1.00  P2/c (T-AFM) P1 (T-AFM)
3.00 0.00 P2/c (T-AFM) P1 (T-AFM)
1.00 P2/c (FM) R3c (FM)
-1.00 P2/c (FM) P1 (T-AFM)
4.00 0.00 P2/c (FM) P1 (T-AFM)
1.00 P2/c (FM) R3c (FM)
4.90 -0.91 P2/c (FM) Ri}c (FM)
’ 0.91 P2/c (FM) R3c (FM)
5.00 0.00 P2/c (FM) R3c (FM)
Ueg = 5.00 P2/c (FM) R3c (FM)
5.99 0.83 P2/c (FM) R3c (FM)
6.00 0.00 P2/c (FM) R3c (FM)
Ueg = 6.00 P2/c (FM) R3c (FM)
6.32 0.68 P2/c (FM) R3c (FM)

Despite the larger U, FM ordering increases the band dispersion, shortening the gap
to 0.14 eV, a value far smaller than that seen experimentally [215].

We next employed the ‘minimum tracking approach’ as mentioned above, to
calculate U and J as defined in the unsimplified correction scheme. Calculating for
the NNO P2/¢ T-AFM phase obtained U = 6.33+0.09 eV, J = 0.68+0.08 eV on Niy,
sites, and U = 5.99£0.04 eV, J = 0.83+£0.04 eV on Nig sites— a close match to the
calculated Usg. For the LNO R3c phase, we obtained U = 4.94+1.1eV, J =0.94+1.1
eV, also a good match (despite the large errors) to the values of NNO and the
calculated U.g. However, as with the corrections calculated with the simplified
approach, these values do not obtain the correct ground state for NNO (while still
performing well for LNO). As a last ditch measure, we also calculated the O-2p
site corrections for the NNO, in hopes of more accurately simulating the interaction
between Ni-3d and O-2p orbitals that the insulating properties depend on. Using
the NNO P2/c T-AFM phase, we obtained U = 9.93+0.13 eV, J = 1.37+0.13 eV
for the O-2p orbitals, which once again yielded a P2/c FM state for NNO (while
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using U = 5.99 eV, J = 0.83 eV for the Ni-3d orbitals). We also ran calculations
with Nd-4 f electrons included at these choices of U and J, but this did not impact
the result either.

With these methods failing to capture the correct NNO ground state, we re-
sorted to finding the ground state NNO and LNO phases for a range of U and J
combinations, in the hope of finding a choice that resulted in the correct ground
state. Unfortunately, we were unable to find a combination of U and .J that simul-
taneously obtained a P2/c T- or S-AFM NNO ground state and an FM R3¢ LNO
ground state. However, we were able to find individual choices that obtained the
correct ground states, allowing us to nonetheless investigate the effect of strain on
these two materials, and use them in interfacial calculations (though not in the same
system). For NNO, we choose a lower U = 2 eV correction for the Ni-3d sites, as
suggested by previous studies to obtain the experimentally-observed P2/c T-AFM
ground state [80},216], while for LNO, we settle for a larger Uy = 6 eV correction

(as suggested by our calculations), to obtain the correct R3¢ FM ground state.

Bulk NdNiO;

The energy of various NNO phases at U = 2 eV are shown in Table . The P2/c
T-AFM phase (as specified in Table is the lowest in energy, matching previous
DFT studies [80,101]. We find the T-AFM magnetic order to be marginally lower in
energy than the S-AFM order in our calculations. The metallic Pbnm-FM phase is
higher in energy, while the a~a~a~ input phases (P1, R3c) are higher in energy still.
Details of the ground state structure and electronic properties are shown in Table
M (additional details may be found in Table B.1 of Appendix B). Mode magnitudes
and lattice parameters were found to be comparable to low temperature synchrotron
data [84], while the band gap of the ground state P2/c-T phase was found to be
0.47 eV, which is comparable to values obtained from experiment [215] and previous

DFT studies [80].
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Table 4.3: AF of bulk relaxed NNO (U = 2 eV) and LNO (U, = 6 €V) phases with
respect to bulk, non-magnetic Pm3m.

Space Group | Mag. Order gN_ OEP m3m ([Ifll\?z)// fu.)
P2/c T-AFM =277 -501
P2/c S-AFM -276 -501
Pbnm FM -264 -531

P1 T-AFM -259 -503
P1 S-AFM -258 -503
R3c FM -246 -532

Table 4.4: Structural and electronic properties of bulk NNO (U = 2 eV) and LNO
(Ueg = 6 €V) (L. P. corresponds to Lattice Parameters). Further details for both
[001] and [111] bases may be found in Table B.1 (Appendix B).

Quantity NNO LNO
Modes:
R; (ap) 0.39  0.26
R (by) 0.39  0.26
R (cp) 0.00 0.26
M, (cp) 0.33  0.00
Ry 0.06  0.00
X5 0.21  0.00
L. P. (prim. basis)
ap (A) 3.78  3.80
by (A) 3.77  3.80
¢ (A) 3.78  3.80
V (A3/fu) 53.79 54.73
E, (eV) 047 0
Mag. Mom. (up)
Nip, 118 1.28
Nig 0  1.28
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Bulk LaNiO;

The energies of various LNO phases (at the chosen Uy = 6 eV) are also shown
in Table 4.3] The metallic R3¢ FM phase is found to be the lowest in energy,
closely followed by the metallic Pbnm FM phase. Insulating phases are higher in
energy, where the P1 (a~a~a~) phases are slightly lower in energy than the P2/c
phases (a"a~¢"). We remark that the reason for larger LNO energy differences
(with respect to the non-magnetic Pm3m phase) compared to NNO is likely the
choice of U correction. The modes and lattice parameters (Table Table B.1 in

Appendix B) match well to low temperature neutron diffraction data [70].

4.2.2 [001]-strain
Compressive NdNiQOj;

The structural properties of NdNiOgz as a function of [001]-strain are presented in
Fig. [£.3[a)—(e). The energies of all stable and metastable phases as a function of
strain (that could be relaxed) are also included in Fig. B.1 in Appendix B for refer-
ence. Starting with the compressive regime (3.60—3.75 A), we observe the structure
to initially remain in the P2/c (T-AFM) phase as seen in bulk. At larger strains
however, the system first reverts to the P1 (T-AFM) phase at 3.65 A, then to the
metallic 74/mem (A-AFM) phase at 3.60 A (a schematic of this magnetic order
can be found in Fig. 1 of ref. [217]). These are both previously-unseen nickelate
phases, though we remark that prior DFT studies have still observed an MIT at
roughly this strain [101] (though this was to the Pbnm (FM) phase, which we find
to be metastable). We find that the system changes to the P1 phase briefly during
the transition— which consists of an a~b~ ¢~ tilt pattern (though, this is extremely
close to a’h~¢™) and the breathing mode. A possible explanation for one in-plane
tilt decreasing more than the other could be the energetic competition between an-
tiphase tilts. Beyond this point, the system reverts to the /4/mcm phase with an
a’a’c™ tilt pattern. This variation in the tilting is common for compressively [001]-
strained perovskites (as seen the previous chapter with STO), where the suppressed

in-plane and extended out-of-plane axes result in suppressed and enhanced in- and
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Figure 4.3: Structural properties of NNO as a function of [001]-oriented epitax-
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(e) cell volume.
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out-of-plane tilting respectively [96]. The breathing mode declines steadily for most
of the compressive regime. Previous studies have demonstrated a cooperative cou-
pling of the octahedral tilt modes to the breathing mode in rare-earth nickelates—
such that the breathing mode becomes triggered under a critical amount of tilt-
ing [74]. Interestingly however, while in the P2/c¢ (T-AFM) phase, the tilts stay
mostly fixed (on average), while the breathing mode steadily declines. This implies
that the breathing mode may also be affected by a separate mechanism independent
of tilting. Upon transition to the P1 phase, the breathing magnitude declines more
substantially, and disappears entirely beyond this. This rapid change is more likely
to be (primarily) driven by the decline in tilts, where between 3.60 and 3.65 A, the
amount of tilting declines rapidly, likely to an amount below the threshold neces-
sary for triggering the breathing mode. The A-site antipolar motion also disappears
immediately upon the transition away from the a~a~c* tilt pattern, suggesting a
typical coupling of the antipolar motion to the a~a~c™ tilt pattern as observed in
Pnma perovskites |16]. With increased compressive strain, it is unsurprising that
the out-of-plane lattice parameter |coo1| also increases, while the volume decreases.

The electronic properties of NdNiOj3 as a function of [001]-strain are presented
in Fig. [£.4(a)—(f). To estimate the MIT temperature, we plotted the energy differ-
ences (per f.u.) AEypr between the lowest energy metallic and insulating phases. In-
terestingly, A Eyqr actually increases at mild strains, despite the decrease in breath-
ing mode. This suggests that the nearest metallic phase (Pbnm FM) becomes ener-
getically unfavourable with compressive strain at a faster rate than the P2/c phases.
This is surprising, as the structural difference between the two phases— the breath-
ing mode, declines in magnitude with strain. A possible explanation is the magnetic
order— where the FM order appears to become less energetically favourable under
compressive strain, as indicated by the switch to A-AFM. We tested A, C, and
G-AFM orders (see ref. [217]) on Pbnm phases at 3.70—3.75 A, but found them to
be higher in energy than the FM state. Regardless, beyond 3.70 A, AFEy\qr rapidly
declines upon transition to the P1 phase, which is most likely due to the net tilting
lowering to the threshold of being too small to trigger the breathing mode. Beyond

this, the system turns metallic, as observed in experiment and previous DF'T stud-
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Figure 4.4: Electronic properties of NNO as a function of [001]-oriented epitaxial
strain: (a) energy difference between lowest energy metallic phase and ground state,
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ies [101,/128]. The width of the electronic band gap E, is heavily coupled to the
structural properties of NNO in bulk. The variation of the breathing mode ampli-
tude directly modulates the band gap, while the tilt and Ni-O distance modulates the
valence and conduction band dispersion (which in-turn moderately varies the band
gap) [74]. In the compressive regime, the band gap initially declines steadily, which
is unsurprising considering the breathing mode declines, and the net tilting does not
increase. As the tilts and breathing mode decline further with increased strain, the
band gap drops rapidly, almost to zero even within the charge-ordered P1 phase,
indicating that this phase is indeed on the verge of the IMT. We also computed the
dielectric properties to check for polar instabilities. The electronic components €;
remain relatively steady until the system transitions to the P1 phase, where they
rapidly increase as the system approaches the IMT. This is not a surprising feature,
as it becomes easier for electrons to displace as the band gap narrows. The ionic
components Ein also vary significantly in the compressive regime, particularly out-of-
plane, where there is a significant amplification with strain. This is likely a result of
the increasing cell tetragonality, where the elongation of the out-of-plane parameter
typically favours the appearance of out-of-plane polarisation (as seen with STO).
This is likely amplified further by the net reduction in tilting, which is typically
competitive with the polar mode (though the out-of-plane tilting, which affects the
out-of-plane polar mode most substantially, increases) [32]. We also plot the mag-
netic moments, and observe clear Niy, - Nig splitting in the charge-ordered insulating
phases, and equal moments in the metallic phase. The system appears to favour the
T-AFM magnetic order rather than S-AFM within the compressive regime, which
may be driven by the strain itself, or tilt variation. It is also worth further com-
menting on the A-AFM order with respect to T-, S-AFM. Taking a hypothetical
Nig site, and summing the magnetic moments of the six next nearest Nij, sites, one
finds that the sum in the 7- and S-AFM regimes is always zero. This is not the
case for A-AFM however (nor C- or G-AFM), where the sum is always non-zero. It
is therefore unsurprising that the T-AFM and S-AFM orders are more energetically
favoured by the nickelates for forming insulating phases (as a zero moment typically

corresponds to a lower charge valence). We find that applying A-, C-, and G-AFM
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orders to the charge ordered P2/c phase is enough to close the gap (though these

remain higher in energy at all strains).

Tensile NdNiO;

In the tensile regime (3.80—4.00 A), the system remains in the P2/c S-AFM phase,
though several important structural changes occur with strain. The tilt modes
increase slightly in-plane and out-of-plane, which is an unusual feature to occur
under tensile [001]-strain, as out-of-plane tilting is often suppressed as |cgo1 | declines.
The breathing mode also increases steadily. As with the moderate compressive
regime, this is unlikely to be a result of tilting alone. The A-site antipolar motion
also increases, which may indicate coupling with tensile strain alongside tilting.
In opposite fashion to the compressive regime, |coo;| declines, while the volume
increases.

The energy difference between metallic and insulating phases steadily declines
for most of the tensile regime, until 4.00 A, where it declines at a faster rate. This
may seem a little surprising based on the structural results, as the breathing mode
increases in magnitude. However, high [001]-strains are likely to apply a consid-
erable energy cost to the breathing mode, as the mode relies on equal B-O bond
lengths in each dimension. As an alternative, we might expect large [001]-strains to
encourage orbitally-ordered Jahn-Teller phases involving split d,2_,2 — d.2 orbitals,
which have been observed in previous DFT studies at extremely high [001]-tensile
strains of around ~9% (after undergoing an IMT at around ~6% strain) [107].
This is not observed in our results, indicating that it is unlikely to occur within
experimentally-realisable amounts of strain (4.00 A = ~6% strain). Our results
still match the previous study qualitatively however (which uses the PBE exchange-
correlation functional, and a 500 eV plane-wave cut-off ), as NNO is clearly close to
an IMT beyond our maximal strain. The band gap steadily declines with tensile
strain. As the tilt and breathing modes stay fixed and increase respectively, this is
probably a result of strain alone, where B-O bond shortening out-of-plane is likely
to cause band dispersion (due to the increased overlap of Ni-3d and O-2p orbitals).

Interestingly, the electronic components of the dielectric tensor steadily increase in-

99



plane and decline out-of-plane. This is likely a consequence of the steadily-declining
band gap, but suggests that electrons are more-easily able to displace along the
elongated axes than compressed axes (where they appear to become more confined),
contrary to what is expected regarding orbital overlap. The ionic response shows
a very similar trend, though likely for different reasons— the increasing in-plane
lattice parameters result in excess space that favours the formation of in-plane polar
modes. This effect is likely encouraged further by the lack-of in-plane tilting am-
plification here, which competes with the polar mode to fill the space. Considering
how close the system is to the IMT, it is unlikely that a polar phase can develop
(spontaneously) with further strain. The magnetic moments subtly increase with
tensile strain, which is likely a result of increased breathing mode amplitude and

therefore local Nij, valence.

Compressive LaNiOj;

The properties of LNO as a function of [001]-strain are shown in Fig. [4.5(a)—(e).
The energies of each stable and metastable phase as a function of strain may be
found in Fig. B.2 in Appendix B. Upon applying [001]-strain, the symmetry of
the rhombohedral R3¢ (FM) phase is immediately broken to the C2/c (FM) phase,
such that the in- and out-of-plane tilts are allowed to differ in magnitude (thus
resulting in an a~a” ¢ tilt pattern). Under compressive strain, the in-plane tilts
gradually decrease, until they disappear entirely beyond 3.70 A, transitioning to
a higher symmetry I4/mem phase. The out-of-plane tilt simultaneously increases
steadily— clearly reminiscent of the NNO and STO [001]-compressive regimes. Once
again, this is likely driven by increasing cell tetragonality combined with decreasing
(competitive) in-plane tilts.

The system remains strongly metallic throughout the compressive regime, and
retains an FM order. We also tested A-, C-, and G-AFM orders on the I4/mcm
phase in the compressive regime, though we found that these remained metastable.
The insulating P1 T-AFM phase was found to be metastable in the compressive
regime, and lower in energy than the Pbnm phase. It is a little surprising that

we were able to relax the P1 phase altogether, as this input reverted to the higher
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symmetry a’a’c™ tilt pattern at high compressive strains, yet retained the breathing
mode, which based on the triggered mechanism of NNO, should not be possible.
Regardless, it is higher in energy, and appears to become increasingly energetically
unfavourable at higher strains— likely because of the increased energy cost of the
breathing mode. The Pbnm input reverted to a metastable a’a’c™ phase for high
compressive strains, clearly demonstrating that antiphase tilting is preferential to
in-phase along the out-of-plane axis in the compressive regime, which is logical given

the former better fills the excess space caused by strain.

Tensile LaNiO;

In the tensile regime, the system quickly reverts to the Pbnm phase— the tilt
pattern changing from a~a~ ¢~ to a~a”c¢'. This is vaguely reminiscent of the NNO
tensile regime, where this tilt pattern also remains energetically stable— suggesting
that tensile [001]-strain may not impose such a huge penalty on out-of-plane tilting
when in-phase. Both the in- and out-of-plane tilts rise steadily, which simultaneously
drives the A-site antipolar mode. We do not see the breathing mode stabilise, though
one might predict that the system becomes more susceptible to it at moderate tensile
strains, where the net tilting is larger than in bulk, and without applying a significant
geometric constraint as seen for high [001]-strains. However, the net tilt amplitude
(= V2 x (R5)2+ (M;)?) at 4.00 A for LNO (= 0.62) is larger than the net tilt
at the lowest tilt NNO strain point with breathing (3.65 A, net tilt = 0.58), which

suggest that tilting is not the only factor for triggering the breathing mode in the
rare-earth nickelates. A possible explanation is that the amount of 4f orbital filling
(and therefore, A-site ionic radius) plays a crucial role in determining whether the
breathing mode forms, as Nd clearly allows for breathing mode triggering at lower
net tilt than La, which has a larger A-site. It is unclear whether the breathing
mode can still stabilise in LNO, though previous DFT studies on interfaced LNO
have observed an MIT via orbital-ordering [87], which is suggested to be driven
by strain and quantum confinement. This is equivalent to the phase observed in
NNO at extremely high tensile strains [101]. If it is possible to induce an MIT

in LNO at higher tensile strains than tested here, the system is likely to do this
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through orbital-ordering rather than charge-ordering, due to the energy penalty of
the breathing mode at high tensile strains. In Fig. there are no trends that

suggest any of the charge-ordered insulating phases are close to stabilising.

4.2.3 [111]-strain
Compressive NdNiO3

To study interfaced systems involving [111]-oriented charge-ordered nickelates, we
investigated in-full the effect of [111]-strain on NNO. The structural details are
reported in Fig. (a)—(f). The energies of each phase as a function of [111]-
strain may be found in Fig. B.3 in Appendix B. Starting with the compressive
regime (3.60—3.75 A), we observe the structure to remain in the P2/c (T-AFM)
space group, except for very high strains where the system transitions to a higher
symmetry C2/m (T-AFM) phase. As compressive strain is applied, the in-phase
M, tilt declines steadily, while the Nd-antipolar motion declines concomitantly.
Interestingly however, the two R; tilts remain stable, even increasing slightly with
strain. This could be explained by the competitive coupling between octahedral tilts,
where the declining M,;” mode allows the other two tilts to increase in magnitude.
The breathing mode also steadily declines throughout the compressive regime. It
is plausible that the decline of the breathing mode is driven by the decline of the
in-phase tilt (thus reducing the net tilt), though as the two antiphase tilts increase
slightly, it is hard to conclude that tilting is the only factor causing this. Despite
the predictable increase of the out-of-plane parameter |cy11|, the three primitive axes
decline with strain, particularly in the ¢, direction (likely a result of the vanishing tilt
on this axis). The variation in the primitive lattice parameters is driven primarily by
[111]-strain directly, which applies an equal geometric constraint on each primitive
direction (though this is complicated by the effects of tilt competition here).

The electronic properties of NdNiOjz as a function of [111]-strain are presented
in Fig. [4.7(a)—(f). Interestingly, we could not relax any metallic phases in the
compressive [111]-regime, which is surprising given the breathing mode is declining

in magnitude, suggesting that the system might be approaching an IMT. Regardless,
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given the net tilt and breathing mode decline, it is no surprise that the electronic
band gap also steadily declines under the compressive [111]-strain. The decline
is relatively moderate however— the gap remains far from closing fully. Looking
to the dielectric properties, which we compute with respect to the [111]-cell axes,
we find that the out-of-plane component (along ¢;11) is amplified with increasing
strain, while in-plane components (along a1, and 5111) are also moderately amplified.
This is primarily due to the electronic component, which suggests that the system
may indeed be approaching the IMT. The greater amplification of the electronic
component along ¢117 is likely related to the elongation of this axis (though, it
appears that the compression of the in-plane axes does not strictly further confine
electrons as we see in [001]-tensile strain regime, as these coefficients also rise). The
ionic component is also slightly amplified along ¢;11, which indicates that the system
may also be marginally closer to a polar instability, which is likely also linked to the

increasing cell tetragonality.

Comparison to compressive [001]-strain

There are many similarities between the results for [111]- and [001]-oriented com-
pressive strain on NNO. Generally, the effect of compressive strain on the structure
of NNO is not as extreme in the [111]-basis as in the [001]-basis, due to the vary-
ing geometric constraints on the primitive axes. [111]-strain affects the primitive
axes equally, while [001]-strain splits the axes lying in-plane with the one lying out-
of-plane. The latter substantially alters the tilting, particularly at larger strains,
where the IMT is induced. Still, the electronic properties of the [111]-compressive
regime show a striking resemblance to those of the [001]-compressive regime. Right
before the IMT, the electronic dielectric components diverge to similar values as in
the [111]-regime at our maximal compressive strain. This indicates that the [111]-
strained system may actually be far closer to an IMT at 3.60 A than expected,
and that further compressive [111]-strain might induce this. The out-of-plane ionic
component also increases in both strain regimes. In the [001]-basis this is in spite of
the out-of-plane tilt mode increasing— if this could be suppressed before the IMT,

the polar mode may become unstable. However, as with the [111]-basis, reducing
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the tilting may just induce the IMT instead. Furthermore, octahedral tilt match-
ing (particularly out-of-plane) to a substrate in the [001]-basis typically has a much
weaker effect (due to connectivity of the octahedra). Therefore, the creation of a
polar NNO phase in the [001]-basis is likely to be far more challenging than in the
[111]-basis.

Tensile NdNiO;

In the tensile regime (3.80—4.00 A), initially (3.80 A) the system remains in the
P2/c (T-AFM) phase. However, beyond this point we observe the stabilisation of
a triclinic P1 (S-AFM) phase, where the in-phase tilt mode of the P2/c phase re-
verts to antiphase, with a similar magnitude to the other two antiphase tilt modes
(resulting in an a~a~a~ pattern). Simultaneously, the antipolar mode predictably
disappears as it is not induced by this tilt pattern. However, the breathing mode
remains present, hinting that the model of the triggered MIT in ref. [74] also ap-
plies to non-orthorhombic tilt patterns. It was demonstrated in ref. |[74] that both
antiphase and in-phase tilt modes couple cooperatively to the breathing mode, so
this result is not unexpected. During the phase transition to P1, the breathing
mode slightly decreases in amplitude. The primitive parameters, c¢;1; magnitude
and volume also all slightly decrease, which is surprising under tensile strain. The
most likely cause is the change in tilt pattern, which is more able to fill the excess
space left by strain than the orthorhombic tilt pattern. Therefore, the three prim-
itive parameters shorten slightly, which in-turn lowers c;;; and the volume. The
breathing mode lowering is trickier to explain, though this suggests that it becomes
increasingly stable for larger cell sizes (which is also seen under [001]-strain). Based
on this, we can say that the a~a~a™~ tilt pattern is slightly less able (for the same
tilt magnitudes) than the orthorhombic tilt pattern to trigger the breathing mode
for the same strains. Regardless, beyond this transition, we see the breathing mode
steadily increase. The tilts, driven by strain, only increase minimally, which is fur-
ther evidence that the breathing mode is also coupled to other cell properties (which
we explore in the next section).

The energy difference between metallic and insulating phases increases signifi-
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cantly in the [111]-tensile regime, even for lower strains. It appears to tail off at
medium tensile strains, but continues increasing beyond this. This matches nicely
to experiment, where the MIT temperature has been observed to enhance signifi-
cantly on an orthorhombic NdGaOg substrate in the [111]-basis, which applies ten-
sile strains of 1.8% and 4.2% to each in-plane axis [130]. The band gap steadily
increases in the [111]-tensile regime, which can be attributed to the increase in
breathing mode, as well as the slight increase in tilting. We note that based on the
above arguments regarding tilt patterns, enforcing an a~a c¢' pattern is likely to
amplify the gap further, given the drop in magnitude when transitioning from P2/c
to P1. The dielectric properties remain stable, with no indication of a polar mode
appearing with increased tensile strain. However, we notice a significant out-of-plane
ionic dielectric component amplification at low tensile strains, while the system is
in the P1 phase. This suggests that phases with the a“a~a™~ tilt pattern may be
more cooperative with the polar mode than those with the a~a~c' pattern. The
a~a~a~ pattern has been shown to appear alongside polar modes in several bulk
perovskites [31]. To see if we could induce a polar NNO phase, we investigated the
polar instability of the metastable P1 phase at 3.75 A, the lowest compressive point
it could be relaxed (higher compressive strains relax to a C2/m (a~a™c°) state). We
could not relax a polar mode here, but found the out-of-plane ionic component to be
25.84, an increase from 3.85 A (18.92). In an interfaced system, it may be possible
via substrate tilt control to induce the P1 phase deep into the compressive regime.
At these points, where the out-of-plane axis is amplified, the resulting system is
likely to be closer to the polar instability, which could tentatively lead to an exotic
polar, charge-ordered nickelate phase. On a separate note, substrate tilt matching
could also reduce the NNO tilt magnitudes, making a polar phase more energetically
favourable (if the tilts are reduced too much however, this may prevent the trigger-
ing of the breathing mode and induce an IMT). Experimentally, on [111]-LaAlO;
(which applies only a minimal tensile strain to NNO, but enforces the a~a~a~ tilt
pattern), a polar metal NNO phase has been observed— which is attributed to tilt
matching [98]. Our results indeed suggest that inducing this tilt pattern in NNO

moves the system closer to a polar instability, while simultaneously suppressing the
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MIT. Our results also suggest that applying compressive [111]-strain could amplify
this effect further. However, we emphasise that these calculations suggest that NNO
is still quite far from being polar, at least from the effect of strain alone. One other
interesting point to note is in regards the magnetic order. We find that in the [111]-
tensile regime, the S-AFM order is lower in energy than the T-AFM order, and vice
versa in the compressive regime, just as is seen in the [001]-strain phase diagram. A
possible cause of this alongside the strain itself is the tilting, where increasing the

tilts appears to favour S-AFM, while decreasing them favours T-AFM.

Comparison to tensile [001]-strain

As with the compressive regime, there are many similarities between the [111]- and
[001]-tensile regimes. Both regimes see the breathing mode increase in amplitude,
while the tilt mode amplitudes remains mostly unchanged. This suggests that both
strains drive the appearance of breathing mode in ways other than the tilting. De-
spite this, [111]-tensile strain has a vastly different effect on AEyyr. At our maxi-
mal tensile strain (4.00 A), AEypr is significantly amplified in the [111]-basis, while
rapidly decreasing in the [001]-basis. [111]-tensile strain is the only type of strain in-
vestigated in this study that shows signs of amplifying the MIT temperature rather

than reducing it.

4.2.4 Coupling of the breathing mode to strain

Our results suggests that there exists an alternative driving force for the appearance
of the breathing mode, besides octahedral tilting. To clarify this, we investigated
the mode coupling between the breathing mode and strain itself. For several strains
amplitudes, we measured the energy of the system for various breathing mode am-
plitudes, from 0% to 150% of the bulk ground state value. Our findings are shown
in Fig. 4.8/ For each curve, we measure the energy curvature based on a fitted
quadratic function. A smaller curvature indicates that the breathing mode is more
energetically favourable for a given strain, while a larger curvature indicates the
reverse. Looking first at the effect of [111]-strain (Fig. [1.§(a)), we find the en-

ergy curvature increases with compressive strain, and decreases with tensile strain.
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This matches exactly what is seen in our strain phase diagram, where the breathing
mode decreases and increases in magnitude with compressive and tensile strain re-
spectively. This also confirms that the breathing mode not only driven by tilt (which
is simultaneously affected by strain), but also strain. The result for [001]-strain (Fig.
4.8(b)) is very similar, where the curvature also increases and decreases in compres-
sive and tensile strain respectively, matching our [001]-strain phase diagram.

Interestingly, though the magnitude of the curvature is greater under compressive
strain in the [111]-basis, we only observe the IMT to occur in the [001]-basis. This
must be due to the differences in the tilting, where the latter sees much greater vari-
ation. Another unanswered question is the reduction of AEyyr at high [001]-tensile
strains, despite the increased favouring of the breathing mode at this strain. As men-
tioned, the breathing mode is likely suppressed by reduced primitive parameters—
in this test we do not allow the out-of-plane parameter to relax, which might be the
deciding factor for [001]-tensile strain. This could also be further affected by other
modes not included here.

To further understand the situation, we also checked the allowed Landau cou-
pling terms of various symmetries present in our study. Interestingly, upon inves-
tigating the coupling between the tilt modes (Rj (a,a,0), My (0,0,a)), breathing
mode (R, (a)) and [111]-strain mode (I's (a, b, —a)), we find that there exists a fifth-
order coupling term of the form (R;)3(R;)(T's). Though we expect this coupling
term to be small relative to the couplings between [111]-strain and tilting (as well as
[111]-strain and breathing), this term implies that the energy depends on the sign of
the breathing mode magnitude, which structurally corresponds to alternating which
sites are Ni, and Nig. To test this, we investigated how the energy landscape for a
compressively strained system with fixed tilting and [111]-strain varies as a function
of (Ry) (for both positive and negative amplitudes). We find that the energy is in-
deed asymmetric with a linear relationship for breathing amplitudes of -2% to +2%
of the bulk value. This means that the choice of which sites are Nij, and Nig does
indeed matter to the system under [111]-strain. This difference is relatively subtle,
but we show that it is non-negligible. In terms of our reported [111]-strain phase

diagram, for the input P2/c phases, we tested the choice of breathing order that
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was lower in energy in the tensile regime, but higher in energy in the compressive
regime. Given we already have a P2/c (T-AFM) ground state for the compressive
regime, we do not expect the qualitative features of our results to be significantly

affected by this.

4.3 Summary

We have provided an in-depth investigation into several factors determining the
properties of the rare-earth nickelates. We have studied both NdNiO3 and LaNiOs,
where the former is also representative of the rest of the rare-earth nickelates. We
determined suitable Hubbard-U and Hund-J correction terms for both NNO and
LNO, and found that the former best matches low temperature experimental read-
ings with a small Hubbard-U correction of 2 eV, and the latter an effective Ueg of 6
eV.

We then applied [001]-strain to both compounds, and find that both undergo
various phase transitions. NNO undergoes an IMT under compressive strain, re-
verting to previously-unseen P1 (T-AFM) and I4/mcm (A-AFM) phases. LNO
remains metallic, but reverts to novel C2/c (FM), and 14/mcem (FM) phases under
compressive strain and a novel Pbnm (FM) phase under tensile strain. We also in-
vestigate the effect of [111]-strain on NNO, and identify similarities and differences
to the [001]-regime. Here, we do not observe an IMT, but the system reverts to
a novel C2/m (T-AFM) phase under compressive strain and a novel P1 (S-AFM)
phase under tensile strain.

We also investigated the coupling between strain and the breathing mode. We
find that compressive [001]- and [111]-strains compete with the breathing mode,
while tensile [001]- and [111]-strains cooperate with it. We also discover a fifth-
order coupling term between the tilting, [111]-strain and the breathing mode within
the Landau energy expansion, which we verify leads to the breathing mode having
an asymmetric energy lowering depending on its sign (such that the choice of Nig

and Niy, site matters under this strain).
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CHAPTER b

Huge interfacial dipoles and pinned polarisation in

[001]-oriented SrTiO3-NdNiOj3 interfaces

Now we have a detailed description of how STO and NNO respond to epitaxial
strain, we move to interfaced systems, which we are now able to analyse to the
best of our ability. In this chapter, we report an investigation into [001]-oriented
NNO-STO interfaced systems consisting of various combinations of SrO-NiO, and
NdO-TiO, interfaces. We come to the interesting discovery that even when the NNO
layer is metallic and the STO layer paraelectric, huge dipoles appear at the interfaces
beyond what is expected from intrinsic effects. We find that these correspond to
the dipole between an interfacial charge (which we identify is approximately equal
to that of the well-known LAO-STO interface) and metallic screening charges of
the opposite sign. To reduce the energy cost of the dipoles, the STO and NNO
films behave in unique ways. When the STO film is fixed to be paraelectric, we
find that the interfacial Nd- and Ni-sites shift substantially in attempt to screen the
dipoles. In contrast, when STO is allowed to turn polar, it immediately stabilises
and becomes pinned in the direction of the field arising from the interfacial dipoles.
The STO polarisation is larger than in bulk-strained calculations, and suppresses

interfacial Nd and Ni motion, which in-turn increases the NNO screening length.
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5.1 Introduction and methods

Interfacing an insulating I11/IIT perovskite (A-, B-site nominal charges are both 3+)
with an insulating II/IV perovskite (A-, B-site nominal charges are 2+ and 4+ re-
spectively) in the [001]-basis leads to interfacial polar discontinuities— high densities
of bound charges at the interfaces that if left unscreened, result in sizeable electric
fields throughout the system [102-105]. This often leads to unusual behaviour, as
the films are encouraged to screen this charge as much as possible (or consequently
experience energy penalties), which is not an easy task for insulators. Polar discon-
tinuities were first observed in perovskites at the interface between LAO and STO—
two insulators with A3", B3T and A?T, B** formal charges respectively [63}/111].
To deal with the huge energy cost, this system forms two dimensional electron gases
(2DEGs) at the interfaces, where free carriers screen the bound charges. This can
be achieved at a critical film thickness where the LAO valence and STO conduc-
tion bands overlap due to the unscreened field across the system, which allows for
electron tunneling [104]. Further studies have demonstrated that LAO-STO 2DEGs
possess a range of fascinating properties, including magnetism [112,/113], supercon-
ductivity at low temperatures [114.|115] and the possibility for manipulation via an
external electric field [218]. Polar discontinuities exist in any system of interfaced
perovskite insulators with different layer charges (which result in different formal
polarisations), and lead to diverging potentials in both open- and closed-circuit sys-
tems if left unscreened. Even for systems with enough free charges to screen the
discontinuity, the screening remains imperfect as the charges cannot all lie exactly
at the interface. As a result, dipoles are formed from the interfacial charges and
the screening charges of opposing sign (separated by the finite screening length).
In closed-circuit systems (all DFT calculations, and most experiments, where short-
circuiting is common due to defects), if the dipoles at either interface are inequivalent
(which is the case for stoichiometric perovskite systems) then net fields still appear
across the system [105].

The effect of imperfect screening is also seen in the ferroelectric capacitor, which
consists of a ferroelectric film sandwiched between two metallic electrodes. Mon-

odomain polarisation may occur here, due to the metallic screening of interfacial
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charges appearing from (ferroelectric) polarisation [121,219]. However, the metallic
screening remains imperfect, so inequivalent interface dipoles appear on either side
of the ferroelectric, which lead to a depolarising field across the it (as well as the
metal electrodes, though this is screened by the free charges). The magnitude of
this field may only be reduced by increasing the ferroelectric film thickness, which
in-turn lowers the energy cost for monodomain polarisation. Therefore, there exists
a critical film thickness for the appearance of ferroelectricity, beyond which the field
is small enough and the polar mode is energetically possible [125,126].

In this chapter, we build closed-circuit (equivalent to periodic boundary condi-
tions) interfaced systems of incipient ferroelectric STO and metallic NNO. Our DFT
calculations use parameters as close to those used for our bulk calculations as possible
where computationally feasible. We continue using the PBEsol exchange-correlation
functional alongside the same pseudopotentials (within the PBE scheme) as used for
Sr, Ti, Nd-, Ni- and O-sites in chapters 3 and 4. As doubling the 20-atom [001]-cell
(as defined in Fig. [3.2(b)) in-plane leads to a computationally-untractable 400 atom
unit cell for the film thicknesses we desire (discussed below), we choose to omit T-
and S-AFM orders in the NNO film. We instead use the metallic Pbnm-FM struc-
tural input— though the breathing mode could be added in, it is unlikely to appear
spontaneously. Experimental studies on NNO-STO interfaces directly comparable
to ours have reported metallic behaviour in the nickelate layers, suggesting that a
unit cell of this size is still capable of recreating all experimental properties [220].
All of our calculations used an initial FM input]] with moments on the Ni sites set to
2up. We build these systems at LAO strain, in order to mimic the effect of an LAO
substrate. This imposes a compressive strain of 2.5% on STO and a minor tensile
strain of 0.2% on NNO. According to our calculations from previous chapters, this
strain yields a polar (/4cm) state in STO and a metallic (Pbnm) FM state in NNO
(out of the 20-atom cell phases— insulating P2/c T-AFM is the 80-atom cell ground
state). We also relaxed [001]-oriented bulk LAO (including La 4 f (unoccupied), 5s,

!The systems were still able to relax AFM phases, and they regularly did (the magnetic order
was generally volatile during the SCF cycle). However, we made sure to re-relaxed our (metastable)
structures with an FM order, which we found further lowered the energy for each system.
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5d, 5p and 6s; Al 3s and 3p electrons) in its ground state rhombohedral R3c phase
(a~a~a~ tilt pattern), and found the result to be comparable to low-temperature
neutron diffraction data [221], such that we obtained in-plane lattice parameters of
|alAC| = 5.35 A and |bj°| = 5.34 A. For computational tractability during ionic re-
laxations, we set the plane-wave energy cut-off to 550 eV, while the K-point grid was
fixed to a 5 x 5 x 1 I'-centered mesh for all systems. We relax three systems (besides
their in-plane lattice parameters, which are held fixed to those of bulk LAO), each
consisting of 200 atoms, to a force convergence of 1 meV/ A. We used a Hubbard-U
correction of 2 eV on the Ni-3d sites as in chapter 4.

We start by investigating non-stoichiometric interfaced systems consisting of two
of the same type of interface, either SrO-NiOy or NdO-TiO,. This fixes net inversion
symmetry if starting from a non-polar STO phase (though it is still broken locally
at the interfaces), preventing STO from accessing the polar phase. Therefore, we
are interfacing a paraelectric STO film with metallic NNO film, which we expect to
behave in a simple manner. The system consisting of two SrO-NiO, interfaces has
8.5 NNO layers and 11.5 STO layers, while the system of two NdO-TiO, interfaces
has 9.5 NNO layers and 10.5 STO layers (where each layer has the chemical formula
2ABOj3). The layer thicknesses have to be varied slightly between systems to retain
inversion symmetry, though we still see bulk-like properties in the centre of each
film, meaning the systems can still be compared on an even footing.

We then extend the model to the stoichiometric system consisting of one of each
interface termination. If STO is ferroelectric, we may expect a similar scenario to
the ferroelectric capacitor described above, but if not, a similar result to the non-
stoichiometric metal-paraelectric systems. In this system the STO thickness matters,
as there may be fields across the film. Our NNO and STO films are 8 and 12 layers
thick respectively (where each layer has formula 24AB0O3). The STO film specifically
consists of six [001]-unit cells as defined in Fig. [3.2(b), which is equivalent to the
thickness used in previous DFT studies of the LAO-STO system [104]. We use an
NNO film that is sufficiently thick to resemble bulk-like properties in the central

layer.
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Figure 5.1: Key electronic and structural properties of non-stoichiometric STO-NNO
system consisting of two SrO-NiOs interfaces as a function of z (position along ¢go1):
(a) layer PDOS near Ep, where each layer has chemical formula 2ABOs3, and the
y-axis of each layer plot ranges from 0 to 3 states/eV, (b) macroscopically averaged
potential (averaged over STO inter-layer distance (= 4.0 A)), (c) layer magnetic
moments, and (d) A- and B-site polar displacements along ¢y .

5.2 Results and discussion

5.2.1 Non-stoichiometric systems
SrO-NiQO,

Starting with the SrO-NiOs non-stoichiometric system, we present the key electronic
and structural properties in Fig. |5.1(a)—(d). Looking first to the layer-by-layer
projected density of states (PDOS) (Fig. [5.1[(a)), where each layer has the chemical
formula 2ABO0s, it is clear to see that the NNO film is metallic throughout, while
the STO film remains insulating. We remark that Gaussian smearing is used to
allow for partial occupancies, which are essential for simulating metallic layers (this
smearing was also used for the rest of this study). We use a relatively large smearing
width of 0.2 eV (as suggested by VASP) to safely simulate any metallic layers. It is
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important to note that this slightly compromises the shape of the conduction and
valence bands of STO, though the valence band maximums (VBMs) and conduction
band minimums (CBMs) can still be estimated by ignoring any long tail-offs. The
VBMs of the STO layers stay fixed just below the Fermi level Fg. Looking next to
the macroscopically averaged potential (MAP, Fig. [5.1{(b)), which is averaged over
the approximate bulk-like STO B — B layer distance of 4.0 A, the potential in the
NNO film becomes gradually less negative near the interfaces. This is surprising,
as though some intrinsic dipole between STO and NNO is expected, this appears
to instead indicate an uneven charge distribution within the NNO film. Stronger
evidence for this appears in the magnetic moments (Fig. [5.1(c)), which are a good
indication of Ni-site valence. The moments decrease heavily at the interfaces, and
decay away from the interface in similar fashion to the potential towards a fixed
bulk-like value. The A, B-cation displacements along ¢oo; (Fig. [p.1[(d)) show a
particularly interesting picture. As inversion symmetry is retained across the cell,
STO cannot turn polar, though A- and B-cations may still displace at the interfaces
where inversion symmetry is broken locally. Small displacements are expected given
intrinsic dipoles, though surprisingly we observe the largest ¢yp; displacements in
the NNO film rather than the STO film, despite the latter being more energetically
susceptible to polar displacements according to bulk-strained calculations (according
to the T4cm ground state). The interfacial Nd- and Ni-sites move a huge 0.1 A in
the direction of the interface.

Secondary structural details of the SrO-NiO, interface are shown in Fig. [5.2(a)—
(f). Looking first to the BOg bond length average (Fig. [5.2(a)), which acts as a
measure of the octahedra sizes (and approximately, the charge valence on the B-
sites), we can see that the octahedra vary considerably layer-by-layer, especially at
the interfaces, where they decrease in magnitude substantially. This trend maps
closely to the potential and magnetic moments, and as STO octahedra sizes are
larger, we can conclude that this is not a result of interfacial mode decay. The
octahedral rotations with respect to the primitive axes are shown in Fig. [5.2(b).
Each layer includes the tilts of two octahedra in all three primitive directions, with

the plus and minus signs indicating clockwise or anticlockwise rotation (looking
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Figure 5.2: Further structural properties of non-stoichiometric STO-NNO system
consisting of two SrO-NiQO, interfaces as a function of z (direction along ¢gp1): (a)
average B-O bond length within BOg octahedra, (b) octahedral rotations normal
to primitive directions dp,lsp,ép, (c) A-site displacement along cell axis directions
o1, 3001, Coo1, (d) B-site displacement along cell axis directions, (e) variance of B-
O bonds within BOg octahedra, (f) inter-layer distance, where A;, B; denote the z
coordinate of A-; B-sites on given layer (such that A; 1, B;_; denote the z coordinate
of the A-, B-sites on the previous layer)
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along the direction of the primitive axis) respectively. The NNO layer retains its

a~a~ct tilt pattern, while the STO layer retains its a’a’

¢~ pattern, except near
the interfaces. In-plane tilts typically have a larger decay length than out-of-plane
tilts in the [001]-basis due to oxygen site matching [222}223]. This can explain the
non-zero in-plane tilts in the interfacial STO layers, as well as the smaller in-plane
tilts in the interfacial NNO layers, but it cannot explain the lower out-of-plane tilt
in the NNO layers at the interfaces, which abruptly decrease in magnitude. This
variation is instead likely driven by the large Nd and Ni polar displacements at the
interfaces, which are competitively coupled to the tilt mode [30,31]. The in-plane
A- and B-site displacements are shown alongside the out-of-plane displacements in
Fig. [5.2(c),(d). The A- and B-site displacements are measured along the [001]-basis
lattice vectors rather than the primitive directions. Alongside the large out-of-plane
components discussed above, there is considerable in-plane motion, most notably in
the Nd-sites. This clearly corresponds to A-site antipolar motion, which is coupled
to the a—a~c" tilt pattern [16]. However, at the interfaces, the motion is largely
reduced, which could be due to competition with the out-of-plane polar motion
(and possibly the reduced tilts). The Ni-sites also slightly displace in-plane near the
interfaces, which could be to compensate for the suppressed Nd-antipolar motion.
We also measure the octahedral bond length variance (Fig. |5.2{e)), as a measure of
Jahn-Teller-like octahedral distortion. In our system, we see a large variance only
in the interfacial Ni-octahedra, which is predictable given the large polar motion
and connectivity to the neighbouring TiOg octahedra. Finally, we plot the inter-
layer distances (Fig. |5.2[f)) as a measure of the layer-by-layer tetragonality, which
we estimate by plotting the A — A and B — B distances along ¢yp;. Each point
corresponds to the out-of-plane distance between the cations at a given layer and
those of the previous layer along ¢yy;. Here, the bulk-like regions of the STO and
NNO layers match closely to the magnitudes of the cgy; lattice vectors of relaxed
bulk LAO strained I4/mem and Pbnm (FM) cells respectively. However, this is not
without substantial deviations at the interfaces, which are a result of the A- and
B-site polar motion along ¢yo1, and the difference in out-of-plane lattice parameters

of either film. In this system, inter-layer distances as low as 3.68 A are observed
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between the interfacial Nd and Sr layers.

NdO-TiO,

The key electronic and structural properties of the NdO-TiO5 system are shown in
Fig. [p.3[(a)—(d). The properties of this system are in many ways a mirror-image
of those seen in the SrO-NiO, system. The layer-by-layer PDOS once again shows
NNO to be metallic and STO insulating, though in this case, the STO VBM lies
at -1.59eV, far from Er. Such a large difference in the STO band offsets indicates
that the dipoles are almost certainly not only a result of intrinsic effects. This
is rather surprising, as this implies the presence of a polar discontinuity of some
sort, something not thought possible for anything other than an insulator-insulator
interface. We explore this idea further in the following subsection. The MAP also
shows a more negative region in NNO near the interfaces, as opposed to the more
positive region in the SrO-NiO, system. If these regions indicate screening charges
from the NNO film, it is strong evidence that they are of opposite sign depending
on the interface termination. The magnetic moments mirror this trend, with large
moments at the interfaces indicating a high negative charge density and a decay
to bulk-like moments within a layer (aside from some minor oscillation). The A-
and B-cation displacements along ¢gp; also act inversely to the SrO-NiO, interface,
where in this case cations displace away from the interface. This effect is once-again
largest in the interfacial Nd- and Ni-sites. There still exists some displacement in
the Sr-sites, though the interfacial Ti-sites are immobile, likely due to such huge
displacements in the nearest Nd-sites. These interfacial Nd-sites displace by nearly
0.2 A, almost double the displacement of the interfacial Ni in the SrO-NiO, system.
It may be that the Nd-sites displace more easily than the Ni-sites along ¢, possibly
because the A-sites are already susceptible to antipolar motion in-plane (though
it is not suppressed at the interfaces in this system). Other studies (in different
systems) have observed polar NNO to similarly appear in the A-sites rather than
the B-sites [98], suggesting that this may be a consistent feature of the rare-earth
nickelates.

Secondary structural details of the NdO-TiO, interface are shown in Fig. |5.4{(a)—
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Figure 5.3: Key electronic and structural properties of non-stoichiometric STO-
NNO system consisting of two NdO-TiOy interfaces as a function of z (direction
along ¢op1), where (a)—(d) are equivalent to Fig. [5.1
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Figure 5.4: Further structural properties of non-stoichiometric STO-NNO system
consisting of two NdO-TiO interfaces as a function of z (direction along ¢go; ), where
(a)—(f) are equivalent to Fig. [5.2]
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(f). In this case, the NNO octahedra sizes increase significantly at the interfaces,
again an indication of increased Ni valence rather than mode decay. The tilt patterns
are once again a~a~c¢' in NNO and a’a’c™ in STO besides the interfacial layers. It
appears that the NNO film experiences little-to-no tilt decay from STO, which is
likely a result of the nearest NiOg octahedra lying further from the interface. On
the contrary, the STO film demonstrates more tilt variation than in the SrO-NiO,
system, likely because TiOg octahedra now lie at the interface. Interestingly, the tilt
is also amplified out-of-plane, which could be a local tolerance factor effect: as Nd
has a smaller ionic radius than Sr, the interfacial octahedra have additional excess
space to fill. The Nd- and Ni-sites remain relatively steady in-plane, such that the
Nd-antipolar motion does not decay. However, the Ti-sites show reasonably large
in-plane amplification at the interfaces. This could be the systems way of balancing
the interfacial Nd-antipolar motion. The octahedral variance is once again largest
at the interfaces, which is unsurprising given the large out-of-plane and in-plane A-
and B-site motion. The inter-layer distances also vary greatly near the interfaces
because of this, where distances as large as 4.16 A exist between the interfacial Nd-

and Sr-sites.

5.2.2 Interface dipoles in metal-insulator interfaces

The difference in STO band offsets between each interface interface termination is
suspiciously large, and highly unlikely to only be a result of intrinsic effects. Our
results also strongly indicate an uneven charge distribution within the NNO films,
which are also different for each non-stoichiometric system. This only makes sense
if there are large interfacial charges of opposing sign to screen. As STO is non-
polar in these systems, it is tempting to think about a polar discontinuity caused
by formal charge mismatch. This is well-defined for a system of two insulators,
but unexpected in a system of an insulator and a metal. Polar discontinuities can
be understood via the formal polarisation arising from layer charges, which can be
rigorously defined for an insulator by finding the centres of the maximally-localised
Wannier functions (MLWFs) [192/193], and calculating the gauge-independent for-
mal polarisation. Curiously, recent studies have shown that that MLWFs do exist for
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metals [224], though no method currently exists for finding them. In section 6.2.2, af-
ter applying Wannier analysis to the charge-ordered insulating state of NNO, we find
that the gauge-independent formal polarisation in the [001]-direction is equivalent
to that of a III/III insulating perovskite such as LAO (the effects of charge-ordering
average out for each layer in the [001]-basis). We already know that LAO-STO in-
terfaces yield bound charges of £0.5¢ per f.u. [106]. If our non-charge-ordered NNO
film were insulating, this would be the case here too, though as it is metallic, the
Wannier centres are unknown and polarisation cannot be defined. Remarkably how-
ever, our results suggest that the metallic NNO film acts similarly to a hypothetical
insulating film with the same formal charges. There is no polar discontinuity here,
as the net charge at the interface will always be zero for a metal. However, for
the purpose of modelling the system, it seems as if we can imagine an underlying
formal polarisation corresponding to a bound charge which is self-screened by NNO.
As an estimate of the quantity of screening charges, assuming that the NNO film
perfectly screens the polar discontinuity in each case, we measure the difference in
the total magnetisation between the two systems (this is possible, as we observe
the NNO film to always be a half metal). For a system of insulating III/III and
IT/TV perovskites, the polar discontinuity is always exactly 0.5e. In our systems, we
have 2 x 0.5¢ = le per interface, so x2 = 2e per system. Therefore, the difference
in hypothetical bound charge between the two interfaced systems (2e + 2e) would
be 4e, if equivalent to the LAO-STO system. If the metal is completely screening
this, we expect the difference in magnetisation to be equal to this figure (our sys-
tems are ferromagnetic, and half metals, so the total magnetisation is an estimate
of the total screening charges). Interestingly, we find the difference between our two
non-stoichiometric systems to be 4.055up, a very close match. This suggests that
the interface between NNO and STO has a ‘bound charge’ (quote marks are used
to describe this charge as in reality, the net interface charge is zero due to the free
metallic screening charges) extremely similar to that between LAO and STO. Like
the ferroelectric capacitor, there exists a finite screening length between the screen-
ing charges and the ‘bound charges’ lying at the interface, which we observe with

the decay of the potential and magnetic moments. The consequences of this are the
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Figure 5.5: Visual schematics of the behaviour at non-stoichiometric (a) SrO-NiO,
and (b) NdO-TiOs interfaces. o}, denotes the interfacial ‘bound charge’, oycreen
denotes screening charge (which are separated by a finite screening length), and
arrows indicate ionic displacement.

large interface dipoles observed in the potential, which differ depending on the type
of interface, where the SrO-NiO, interface has a negative ‘bound charge’ close to
—0.5e, and the NdO-TiO, interface has a positive ‘bound charge’ close to +0.5¢. In
many ways, the NNO-STO interfaces are a hybrid of the two systems discussed in
the introduction— the LAO-STO system and the ferroelectric capacitor.

With this new model, we can better understand the observations in each non-
stoichiometric interface. Looking first to the SrO-NiO, system, we include a visual
schematic in Fig. [5.5(a). The negative ‘bound charge’ —oy, is screened by the free
NNO film charges +o0geeen. As a result, the positively charged Ni- and Nd-sites
experience a repulsion from the screening charges and an attraction to the bound
charge, as is seen in the electrodes of ferroelectric capacitors . This explains the
displacement towards the interface. As the ‘bound charge’ is fully screened by the
NNO film, the interfacial Sr- and Ti-sites only experience minor displacements. The
NdO-TiO, system (Fig. |5.5(b)) is a mirror of this, where there now exists a positive
‘bound charge’ +0}, and negative screening charges —ogscreen. The Nd- and Ni-sites
are now repulsed by the ‘bound charge’ and attracted to the screening charges, so

are displaced away from the interface.
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Figure 5.6: Key electronic and structural properties of stoichiometric STO-NNO
system as a function of z (direction along ¢go1), where (a)—(d) are equivalent to

Fig. 5.0]
5.2.3 Stoichiometric

With the non-stoichiometric results analysed, we can compare the behaviour in each
system to the behaviour of the same types of interface in a closed-circuit stoichio-
metric system. The key properties of the stoichiometric result are shown in Fig.
5.6(a)—(d). Once again, we observe the NNO film to be metallic, and the STO lay-
ers to be insulating, though here the STO band offset varies from layer to layer. The
MAP shows that there is a potential gradient, and therefore field across the STO
film. This means that the screening of the ‘bound charges’ by the metallic NNO is
once again imperfect, and interfacial dipoles exist across both interfaces. Like the
non-stoichiometric equivalents, the stoichiometric interfaces have more positive and
more negative potential regions at the SrO-NiO; and NdO-TiO, interfaces respec-
tively. However in this case, moving along ¢g9; both interfaces have potential steps
of the same sign, meaning that there must exist a field across the films such that

the potential is equal at opposite ends of the cell (due to closed-circuit boundary
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conditions) [105]. In the NNO film, any fields are fully screened by the free charges,
though across the insulating STO film this field remains unscreened. In our sys-
tem, we observe exactly this, where there exists a field across STO of 0.014 eV/ A
from the (positive) NdO-TiO, interface to the (negative) SrO-NiOy. The magnetic
moments also show an interesting picture. The sites at each interface somewhat
resemble those of the non-stoichiometric cases, though the lowest moment at the
SrO-NiQO, interface now lies in the second layer of Ni-sites rather than the first as
seen in the non-stoichiometric case. As this layer aligns with the positive screening
charge region, this indicates that the screening charges have been pushed further
from the bound charge in the stoichiometric system. A similar feature occurs at
the NdO-TiOs interface, where there is only a slight amplification in the interfacial
Ni-moments compared to the non-stoichiometric NdO-TiO, system, also suggesting
that the screening charges do not lie as close to the interface. Both effects might
be explained by net polar motion, which is now allowed due to inversion symmetry
breaking. STO becomes strongly polarised along ¢yo1, such that the cations are dis-
placed towards the negative bound charge (SrO-NiOs) and away from the positive
bound charge (NdO-TiOs). There are several interesting features that come as a
result of this. Firstly, the cation displacement is larger in this system (0.166 A)
than in bulk LAO-strained (I4c¢m) STO (0.145 A) by 14.5%, which matches well to
experimental results that observe amplified STO tetragonality in this system [220]
(which heavily suggests the presence of large cation displacements). Secondly, this
cation motion acts to oppose the formation of the electric field, such that it points
from the SrO-NiO, interface to the NdO-TiO, interface. We also tried to relax this
system with the initial STO cation motion pointing in the opposite direction, though
we found this automatically reverted to the orientation seen here, meaning this is
certainly not only a result of strain. Therefore, the STO polarisation is pinned in
one direction, and amplified. This feature also maps exactly to what is observed
experimentally, where the STO polarisation is unswitchable [220]. In regards the
screening charge decay lengths, at the SrO-NiO, interface it is possible that the
positive screening charges are repulsed due to the positive Sr-, Ti-motion towards

the interface, such that the screening charges appear to lie closer to the second layer
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Figure 5.7: Visual schematic of the behaviour at each interface in the stoichiometric
NNO-STO system.

of Ni-sites. Similarly, at the NdO-TiO, interface there now exists a less positive
region near the interface due to the movement of Sr- and Ti-sites, possibly repulsing
the negative screening charges. Another explanation is that this is just a result of
the field caused by closed circuit boundary conditions, which also exists across NNO
prior to screening. This can be easily screened by the NNO film, though the charge
distribution may vary from the non-stoichiometric interfaces lacking the field. The
polar STO motion also greatly affects the Nd- and Ni-cation motion between the
screening and bound charges, which are heavily reduced in the stoichiometric system
at both interfaces. This effect corresponds to an additional Ginzburg term (mode
decay) in the Landau energy model, and may be a further driving force behind
the large band offsets. The STO cation motion competes with the Nd- and Ni-
displacements at the interfaces as they point in opposite directions. The properties
of the stoichiometric system are summarised visually in Fig.

Additional structural properties of the stoichiometric NNO-STO system are
shown in Fig. [5.8(a)—(f). The octahedral sizes are notably different to what is seen
in the equivalent non-stoichiometric systems. At the SrO-NiQO, interface, the lowest-
valence Ni-site now lies at the second layer of octahedra rather than the nearest,

which again supports the hypothesis that the positive screening charges lie further
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Figure 5.8: Further properties of stoichiometric STO-NNO system as a function of
z (direction along ¢gg1), where (a)—(f) are equivalent to Fig. [5.2
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(on average) from the interface than in the non-stoichiometric system. The octa-
hedral sizes at the NdO-TiO, interface are also different to the non-stoichiometric
system, where the interfacial Ni are smaller in this case, again suggesting that the
negative screening charges are similarly affected. The tilts very much resemble
the trends seen in the two non-stoichiometric systems for each equivalent interface,
though in STO, the out-of-plane tilt is considerably reduced, which is inevitably
a result of competition with the net polarisation allowed by inversion symmetry
breaking. Despite the differences in A- and B-cation motion out-of-plane, their in-
plane motion is very similar to that seen in the non-stoichiometric systems. The
only exception might be the Ti-motion at the NdO-TiO, interface, which appears
to now be suppressed, likely due to competition with the out-of-plane polar motion.
The octahedral variance is once again generally amplified at the interfaces, but also
generally within the STO film, which is clearly a result of the polar mode. The
A — A and B — B distances are also heavily amplified at the interfaces, but also
within the STO film (the STO inter-layer distance in the bulk-like region is 4.057
A) with respect to the bulk LAO-strained distance (4.045 A).

5.3 Summary

We have found the ground state properties of non-stoichiometric and stoichiometric
NNO-STO closed-circuit interfaced systems. We discover that there are uncharac-
teristically large STO band offsets corresponding to huge interface dipoles, beyond
what is expected from intrinsic effects. It is tempting to model these as being due
to interfacial ‘bound charges’ arising from a finite formal polarisation in the NNO
film, despite it being metallic. We suggest that these ‘bound charges’ are fully
screened by the free NNO charges, but only imperfectly, such that there still exists
a screening length and in-turn interface dipoles. We find indirectly that the sum of
the screening charges at each interface is extremely close to £0.5¢/f.u., which is the
amount required to screen the bound charge in the LAO-STO interfaced system.
In the stoichiometric NNO-STO system, the dipoles combined with closed-circuit

boundary conditions lead to a field across the system, which is screened in NNO,
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but finite across STO. The STO polar mode is also now allowed to appear due
to net inversion symmetry breaking, and condenses in to directly oppose the field
generated by the interfacial dipoles and closed circuit boundary conditions. The
polar displacement is 14.5% larger than in bulk LAO strained STO, which matches
well to experiment. It is also pinned to one direction. This polarisation suppresses
Nd- and Ni-cation motion at the interfaces, such that the screening length of the
NNO charges increases (though this may alternatively be a result of the (screened)
field that now appears across the NNO film).

Overall, this study highlights the interplay in closed-circuit interfaced systems
built from a metallic film and an incipient ferroelectric. If more computational
resources become available in the future, a further interesting study could be to
simulate the same system doubled in-plane so T-, and S-type AFM bulk ground
state NNO phases may be considered, such that the breathing mode and MIT may
appear more easily. Regardless, considering the strong match of our results to
experiment, this study suggests that this is unlikely to be the case. Alternatively,
thicker NNO films that are increasingly unlikely to remain metallic throughout could
be considered. In this study, we have used a relatively large STO thickness (by DFT
standards) such that polarisation may appear more easily, though investigating lower
or higher thicknesses may also be of interest in the future, such that the STO field

is larger or smaller, in-turn possibly controlling the magnitude of STO polarisation.
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CHAPTER 6

Unique polar discontinuity and screening mechanisms in
[111]-oriented NdNiOgs-substrate interfaces (substrate =

CaTi03, NdG303, LaA|03)

In the final results chapter of this study, we investigate [111]-oriented nickelate-based
interfaced systems. We demonstrate that the polar discontinuity for nickelates in
[111]-interfaces is very different to that in [001]-interfaces, such that it is dependent
on the presence of charge ordering and choice of large and small Ni-sites. We use
this to explain a variety of novel phenomena that occur when the nickelate is inter-
faced with different substrates in this basis. Interfaced with CaTiOs, we are able to
pin the nickelate breathing order, such that a metallic phase becomes increasingly
energetically unfavourable (such that we predict the MIT temperature to amplify).
Interfaced with NdGaOg3 and LaAlOj3, we encounter large polar discontinuities that
force the nickelate layer to form interfacial 2DEGs, which can be achieved by sup-
pressing the breathing mode or doping the charge-ordered state via Zener tunneling.
We test both ultrathin and larger film thicknesses, where the former is dominated
by interfacial effects, and the latter allows us to observe bulk-like behaviour in the

centre of the film.
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6.1 Introduction and methods

[111]-Oriented interfaced systems of perovskites remain far less studied than [001]-
systems. In chapters 3 and 4, we demonstrated that epitaxial strain may have a
vastly different effect on the properties of STO and NNO in the [111]-basis. Other
interfacial effects have also been demonstrated to behave differently here, includ-
ing mode decay, where the tilt mode has been shown to decay far more slowly in
the [111]-basis due to bond connectivity [98]. The polar discontinuity is also dif-
ferent, as any bound charge is averaged over a larger in-plane area— precisely v/3
(X Agor = Aip1) times larger than [001]-interfaces (for a given system) [225]226].
Furthermore, the screening mechanisms that exist for a system in the [001]-basis
may not be as energetically favourable or available at all in the [111]-basis. Various
interesting behaviour has been observed experimentally for nickelate films in this
basis, including amplified MIT temperatures [130], polar metallic phases [98], and
proximity-induced metal-insulator transitions [87].

In this chapter, we investigate some of these systems from first principles, and
suggest new ones that may have interesting properties. We build stoichiomet-
ric [111]-oriented superlattices of NNO with several common substrates— CaTiO3
(CTO), NdGaO3 (NGO) and LaAlO3 (LAO). CTO is chosen in hopes of isolating
the effect of a polar discontinuity on NNO in this basis, as it is a II/IV perovskite
(nominally) and has similar lattice parameters and modes (besides the breathing
mode) to NNO. NGO and LAO meanwhile are nominally ITI/III perovskites, so we
do not expect a polar discontinuity. NGO has similar modes to NNO (besides the
breathing mode), so we expect a relatively well-behaved system, besides perhaps
some strengthening of the insulating phase due to the sizable tensile [111]-strain it
applies (as discussed in chapter 4). LAO applies only a minor tensile strain, but has
an a~a~a~ tilt pattern, which has been demonstrated experimentally to decay slowly
in NNO films [9§]. Overall, each choice of substrate imposes distinct interfacial con-
straints on [111]-oriented nickelates, potentially giving rise to novel behaviour. We
omit STO from this investigation due to time and computational limits— STO is
also a II/IV perovskite, though we predict the behaviour of NNO on STO to be

more complex than on CTO, as STO applies a large tensile strain, and has a very
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different tilt pattern to NNO. We nonetheless believe that our results for the three
substrates tested here provide a solid groundwork for understanding [111]-oriented
NNO, and can be used to make reasonable predictions for the behaviour of NNO on
STO in this basis.

As in chapter 5, our DFT calculations use parameters close to those used for
our bulk calculations where computationally feasible. We use the PBEsol exchange-
correlation functional alongside the same PBE scheme pseudopotentials. The Ca 3p
and 4s; Ti 3p, 3d and 4s; Ga 4s and 4p; La 4f (unoccupied), 5s, 5p, 5d and 6s; and
Al 3s and 3p electrons were explicitly included as valence, while the same valence
electrons were used for Nd, Ni and O as in previous chapters, and all other electrons
were frozen in the ionic cores. We once again applied a Hubbard-U correction of
2 eV to the Ni-3d orbitals. For computational tractability during ionic relaxations,
we set the plane-wave energy cut-off to 550 eV, while the K-point grid was fixed
to a 3 x 5 x 1 I'-centered mesh for all systems (see below for cell sizes). We build
interfaced systems based on the 60-atom [111]-oriented cell shown in Fig. [3.2(c),
and relax to a force convergence of 1 meV/A. The in-plane lattice parameters are
fixed to those of the substrate. For each choice of substrate, we test NNO films built
of one or two stacked 60-atom [111]-unit cells. We use a single 60-atom [111]-cell
for the substrate in all calculations, which we verify is large enough to show bulk-
like properties in the centre for all three choices of substrate (such that the system
properties are unaffected by the substrate thickness). This is verified by building
120-atom [111]-oriented superstructures for each substrate, fixing two layers (where
each layer has chemical formula 2AB0O3) to the geometry of bulk NNO, and relaxing
all other layers, such that the mode decay lengths can be observed and determined.
We find that no modes have a decay length longer than two layers in any substrate,
meaning six-layer substrates are sufficiently large and can be expected to display
bulk-like properties in the central two layers. In the [111]-basis, we are able to
simulate insulating NNO phases, as T— and S—AFM magnetic orders are allowed
by either choice of film thicknesses (though it is not allowed in bulk, the substrate
layer allows us to build these orders in a 60-atom film). For each interface, we test

a variety of nickelate phases primarily based on those defined in Table [£.3] These
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are clarified in further detail below.

6.2 Results and discussion

6.2.1 Pinning of the breathing order in NNO-CTO super-

lattice

We start by building interfaces of NNO and CTO. Experimentally, CTO has been
observed to have a close structural match to rare-earth nickelates besides the pres-
ence of charge ordering. We start by relaxing CTO in its experimental Pbnm phase
in the 60-atom [111]-cell, to obtain a suitable input structure and lattice parameters.
Our result is comparable to low temperature neutron diffraction data [227], such that
we obtain lattice parameters of [a%t°| = 9.29 A (/v/6 = 3.79 A), b9 = 5.45 A
(/v/2=13.85A), and [c{}°| = 13.11 A (/2v/3 = 3.78 A). As found in chapter 4, the
(DFT) NNO pseudocubic bulk in-plane [111] lattice parameters are |aly°| = 9.26
A (/v6 = 378 A), bYN°| = 533 A (/2 = 3.77 A), and |cNN°| = 26.17 A
(/4v3 = 3.78 A). Therefore, the CTO substrate imposes a tensile [111]-strain on
NNO, but only significantly in one in-plane axis. Considering the results of our
bulk-strained calculations, we might expect from strain alone either a P2/c T-AFM
or P1 S-AFM NNO ground state, though based on previous studies examining the
effect of tilt decay across [111] interfaces, and given CTO is orthorhombic, it is
more plausible that NNO remains in the P2/c structure. We might also expect
a polar discontinuity of some kind, given CTO is a II/IV perovskite and NNO a
III/IIT perovskite (besides charge ordering). This could be similar to that in the
[001]-STO-NNO interfaces, where NNO is encouraged to shift to a metallic state to
screen interfacial bound charges.

Starting with the one 60-atom [111]-cell thick NNO film, we test two NNO struc-
tural inputs interfaced with the relaxed CTO input. We choose the insulating P2/c
T-AFM phase (we found that S-AFM is generally more difficult to converge in such
a thin film, and that the T-AFM phase has approximately the same properties) and

the metallic Pbnm-FM phase. Given more time, we would test more phases, though
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we find that these are enough to uncover a range of interesting features in this sys-
tem. Fascinatingly, we find that both inputs relax to a charge-ordered phase. This
resulting from a Pbnm-FM input phase is particularly surprising, as the P2/c-FM
phase never spontaneously appeared in our bulk [111]-strained calculations. This
suggests that the charge-ordered phase is additionally encouraged here. Further-
more, we find that both phases automatically revert to the same order of large and
small Ni-sites. In the [111]-basis, the Nip- and Nig-sites lie on alternating layers, and
we find that the CaO3-Ni interface always consists of Nig-sites, while the nearest Ni
layer to the NdO3-Ti interface always consists of Nip-sites. If the energy difference
between this and the phase with reversed Ni-sites at each interface was minor, this
could be attributed to the slight energy bias of the breathing order caused by [111]-
strain (discussed at the end of chapter 4), but upon rerunning the system with the
reversed breathing order, we find that it could not be relaxed— it instead automat-
ically reverted to the opposite order. This all suggests a much stronger energy bias
towards one breathing orientation beyond the effects of [111]-strain.

This immediately prompts us to undertake a deeper investigation into the po-
lar discontinuity in [111]-oriented NNO-based interfaces. The fact that Nip- and
Nig-sites lie on different layers in this basis automatically means that the polar dis-
continuity will be slightly different to a II/TV-III/III interface, though our results
suggest that this is by a sizeable amount, as the NNO film appears to disfavour
non-charge-ordered metallic phases, contradicting what is expected from a large
polar discontinuity. Mode decay is also unlikely to play a major role here, as the
Pbnm CTO substrate if anything would encourage equal-sized octahedra at each
interface. Magnetic frustration may play a role, though is unlikely to have such a
major impact, as there is no obvious reason for it to affect T-AFM magnetic orders
(as is present in charge-ordered phases) less or more than a FM order (as present in

non-charge-ordered phases).
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6.2.2 The polar discontinuity in [111]-oriented nickelate sys-

tems and a possible new type of ferroelectricity

Before continuing our analysis of NNO-CTO interfaces, we closely examine the for-
mal charges of the charge-ordered NNO phase to help clarify the polar discontinuities
and explain our results. CTO is an insulating II/IV perovskite (like STO), and we
have suggested in the previous chapter that metallic (Pbnm) NNO can be thought
of as having an underlying polar structure similar to a III/III perovskite that is
self-screened by the metallic carriers. In the [111]-basis however, we find that the
NNO film is encouraged to switch to the charge-ordered insulating state. As already
mentioned, Ni-sites no longer average to the same nominal charges in-plane when
in the charge-ordered phase in this basis. The exact nominal charges of the Nig-
and Nip-sites are not well defined in literature due to the highly covalent character
of the Ni valence charge [76-80]. To clarify this, we calculate the MLWFs of the
occupied states of the bulk (insulating) charge-ordered NNO phase, as well as their
centres. By grouping the Wannier centres around the Ni-sites, we find the gauge-
independent formal polarisation corresponds to that calculated when modelling the
Ni-site valences as precisely Nif™ and Nié*. We verify that our calculated MLWF's
correspond to our DFT ground state by comparing the band structures from each
calculation, where we find the valence states closely resemble each other (we do not
calculate the MLWFs of unoccupied states). The overlay of the two can be found
in Fig. C.1 in Appendix C. These nominal charges mean that in comparison to a
[II/IIT perovskite, exactly one electron has moved to an adjacent Ni layer along ¢111
for every two Ni layers (per two formula units). We can identify the consequences of
this by calculating the bulk formal polarisation of NNO in this [111]-basis. In Fig.
6.1, we calculate the formal polarisation Pg for [111]-oriented perovskite films with
varying A- and B-site formal charges. All calculated Pg’s are modulo the quantum
of polarisation e|cy11|/€2 (where €2 is the cell volume). When creating surfaces (as is
necessary when building interfaces), Pr (within a set modulo the quantum) becomes
well-defined. Equivalently, when building a stoichiometric interfaced system of two

or more perovskites, the change in Pr (and therefore the polar discontinuity) remains
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Figure 6.1: Formal polarisation (Pp, in units e|cip;|/S2 per (in-plane) f.u., where
2 is the cell volume) of [111]-oriented perovskite layers with varying formal
charges. ‘A3*B3t03’ is equivalent to NGO, LAO and approximately metallic (non-
charge-ordered) NNO, ‘A>T B0y’ is equivalent to CTO (as well as STO), while
‘A?2T BYHA 03 and ‘A% B4H2+03 are equivalent to insulating charge-ordered NNO
films with different interfacial Ni valences— Nij, and Nig respectively. All values in
are modulo the quantum of polarisation in bulk, which is equal to e|cy11]/S2.

fixed and equal to the differences between the displayed Pr values. Therefore, for
example, the difference between Pp’s for CTO (II/IV) and LAO or NGO (III/III)
is always 0.5e/f.u.. Interestingly, we find that the discontinuity between the charge-
ordered nickelate and a III/III perovskite is also always 0.5¢/f.u.. Furthermore, the
polar discontinuity between the nickelate and a I1/IV perovskite can be zero for a
certain orientation of NiZ* and Nigt. To distinguish each state in our interfaced
systems we consider the interfacial Ni layer (the top layer in Fig. |6.1]), where we
find that if the interfacial Ni layer is Niéﬂ Pr =1, and if the first Ni layer is NiZ ™,
Pr = 2. In a bulk system, these values would be modulo the quantum, making the
two orientations equivalent, but in an interfaced system of fixed terminations, the
polar discontinuity varies depending on the breathing order.

This feature has interesting consequences. Firstly, we can immediately identify
why one breathing order is preferential in the NNO-CTO system, as the Pr’s are
equal for both films when the interfacial Ni layer (at the CaO3-Ni interface) has a
valence of Ni?", while there is a polar discontinuity when the interfacial Ni have a
valence of Ni‘éJr or the NNO film is not charge-ordered. This information is greatly
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useful for disentangling the NNO-CTO system in the following subsection, and also
the NGO- and LAO-NNO systems, which we expect to have a polar discontinuity
when NNO is an insulator, and not whilst metallic.

Before delving into this, we highlight another very interesting property of NNO
films in the [111]-basis (which is also a property of all charge-ordered perovskites).
Within a relatively small energy range in bulk, we have access to a wide range of
Pr’s, meaning that via manipulation of the environment, it may be possible to switch
between these states. In a stoichiometric film, if we are able to switch the Nij -sites
to Nig (and vice-versa), which may be possible with an applied E-field, we could
consider the system ferroelectric. This would be a previously-undiscovered type
of ferroelectricity driven purely by charge transfer. We do not investigate possible
switching mechanisms here, though on the surface one might predict an intermediate
Ni?*/Ni?* state within the switching process. This might prevent ferroelectricity en-
tirely, as the NNO film may have to briefly convert to a less energetically-favourable
metallic phase. Alternatively however, this may add another interesting layer of
complexity to the system, where if IMT occurs intermediately, we would expect the
dielectric response to briefly diverge before settling to a finite value in the oppo-
site charge-ordered state. Another possibility is that the nickelate forms in-plane
breathing domains in the [111]-basis as to avoid polar discontinuities (this phase is
discussed briefly at the end of the chapter), where the domains alternate between
Nip- and Nig-sites lying on the same (111)-plane. In this scenario, upon applying a
field, we might expect domain wall motion along the [111]-direction corresponding
to the movement of electrons between Nip- and Nig-sites, which would result in the
net movement of charge along the [111]-direction and therefore a change in the net
polarisation.

Alongside our direct calculation of polarisation via the MLWFs, as a sanity
check, we also calculate the Berry-phase polarisation for insulating charge-ordered
and non-charge-ordered perovskites. There are some practical considerations for
demonstrating this. Firstly, we must investigate bulk unit cells (rather than inter-
faced systems), so the quantum of polarisation must be considered in any calculated

value. As the difference per formula unit between a regular III/III perovskite and
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the breathing NNO phase is 0.5e|c;11|, we require unit cells that only have one for-
mula unit in-plane to distinguish between these two states. Therefore, we cannot
use the ground state P2/c NNO phase, as the doubled (in-plane) cell will double
the difference in the polarisation, which will be equal to the polarisation quantum
(2 x 0.5/fu. = 1), and thus indistinguishable. Secondly, we cannot investigate
metallic systems, so require an insulating I11/IIT perovskite to replace the metallic
nickelate phase.

To circumvent these problems, we first calculate the Berry-phase polarisation for
the charge-ordered [111]-oriented P1 T-AFM NNO phase, which can be represented
by a hexagonal unit cell consisting of one formula unit per layer. To represent the
non-charge-ordered phase, we use bulk IIT/IIT perovskite insulator LaGaQOg, in both
the C2/c and undistorted Pm3m phases (which can be made in the same hexagonal
cell basis). We find that the Berry-phase polarisation for the C2/c and Pm3m LGO
phases are the same, showing that symmetry breaking (as long as inversion symmetry
is retained) does not affect the formal polarisation in this basis, as expected. We find
that the charge-ordered P1 phase differs from these values by precisely 0.5¢|cq1|/€2.
In the hexagonal P1 T-AFM unit cell consisting of twelve NdNiOjz layers (to allow
for T-AFM in bulk), a change of 0.5¢|cy11|/€2 is equivalent to moving six electrons a
distance of 1—12 |c111| along ¢117 each, which is exactly equivalent to transitioning from
2Ni**t — Ni*T 4+ Ni'* in this basis. Therefore, our Berry-phase polarisations exactly
match our predictions for Pr using MLWFs.

We do not explore the idea of charge-transfer ferroelectricity further in this study,
though these results for Pr are verified further by our interfacial calculations, where

we observe several interesting consequences that arise from this.

6.2.3 Analysis of [111]-oriented NNO-CTO superlattices
60-atom thick NNO film

The primary structural and electronic properties of the ground state 60-atom thick

NNO-CTO interfaced system are shown in Fig. [6.2] Looking first to the layer PDOS
(Fig. [6.2a)), we can see that the system is insulating throughout. We remark that
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due to Gaussian smearing, the valence and conduction bands appear very close to
the Fermi level, though we highlight that this is also observed in our bulk NNO
strained calculations with the same smearing, where the system is in fact insulating,
and the band gap is measured to be roughly 0.5 eV. There are slight band offsets
at the interfacial NNO layers, though these appear to be of very similar magnitude,
and can be attributed to intrinsic differences typical of interfaces between any two
perovskites. Considering the stable valence band maximums of the films, we can
say that there is no net field across either film, which for a closed-circuit system,
means that any interfacial dipoles are well-screened. This is confirmed further by
the MAP (Fig. [6.2(b)), where there is no noticeable gradient across the layers.
The out-of-plane A-, B-site displacements (Fig. [6.2(c)) are also relatively stable,
though we do note a slight net polar shift in the B-sites of the CTO layer, and
uneven polar motion around the interfaces in the NNO film. Both of these effects
are likely the system attempting to screen the minor differences in interface dipoles,
and given the lack of sloping in the MAP, we can say that these displacements
(alongside any other minor effects) are sufficient in doing this. Polar motion more-
readily appearing in CTO rather than NNO (while both have orthorhombic tilt
patterns) might be because Ti is more polarisable than Ni (given the smaller ionic
radii), or because the breathing mode suppresses B-site polar motion. There is
also a general antipolar A-site motion in both films, which clearly corresponds to
the antipolar motion typical of systems with a~a~¢* tilt patterns [16], though this
same distortion leads to partial out-of-plane components in the [111]-basis. Lastly,
the magnetic moments are displayed visually in Fig. 6.2(d), which clearly resemble
the charge-ordered T-type AFM order.

We also include further structural details of our system in Fig. C.2(a)—(f) in
Appendix C. The octahedra sizes verify that the NNO film is charge ordered, where
the sizes clearly vary layer-by-layer. We can also see that there is no noticeable
decay from NNO into CTO, suggesting that there is not a huge energy cost for
interfacing a breathing system with a non-breathing system in this basis. We find
that the tilting (measured along the primitive directions) in both films is indeed

of the a~a~ ¢t order, and as they are very close in magnitude, there is negligible
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Figure 6.2: Key electronic and structural properties of stoichiometric 60 atom thick
NNO-CTO system as a function of z (direction along ¢;11): (a) projected layer
density of states, (b) macroscopically averaged potential, (c¢) out-of-plane A- and
B-site displacements, and (d) magnetic order and moments.

tilt mode decay in this system. The in-plane A-site ionic distortions are relatively
large, clearly a result of the antipolar A-site motion, which has components along
all [111]-cell axes. The B-site motion appears to be largely disordered and small
in magnitude, and is likely a knock-on effect of mode decay and interfacial dipole
screening. The octahedral variances and inter-layer distances are also predictable.
The variances are typically larger at the interfaces due to minor polar displacements,
while the inter-layer distances can be attributed to the antipolar A-site motion. In
all, we can say that our result strongly matches our predictions from counting formal
charges, as we see a clearly charge-ordered, insulating P2/c T-AFM NNO ground

state.

120-atom thick NNO film

We also investigate whether increasing the NNO film thickness affects the properties
of the film. For the 60-atom NNO-CTO system, there are only minor interfacial
effects and therefore minor differences in the NNO film with respect to bulk, meaning

that a larger thickness is unlikely to have a major effect. However, generally this
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is an extremely thin film, and in other systems with more substantial interfacial
effects, it may be hard to understand what is occurring. Larger thicknesses will
help disentangle this. Regardless, we also investigate the thicker NNO film in this
system, where CTO is kept at the same 60-atom thickness, and the NNO film is
doubled out-of-plane.

The primary structural and electronic properties of the 120-atom NNO-CTO
interfaced system are shown in Fig. [6.3] The layer PDOS once again shows an insu-
lating NNO film, with a clear gap opening on every layer, and no major changes in
the band offsets. Looking at the MAP, there does appear to be minor sloping across
the NNO film, suggesting a very small field remains present. This is understandably
due to two differing intrinsic dipoles in combination with closed-circuit boundary
conditions, though the fact that it appears here means that it likely also exists in
the 60-atom system, and cannot be clearly resolved in the averaged potential due to
film thickness. Regardless, this field is virtually negligible, and the 120-atom film
otherwise clearly resembles the 60-atom film. The A-site and B-site displacements
once again vary at the interfaces in attempt to screen the minor interface dipoles.
Polar motion is most prevalent in the CTO film, where there is a net displacement
throughout. There appears to be an asymmetric response depending on the ter-
mination, which might be explained by the location of the nearest Ni-site: at the
NdOs-Ti interface, the nearest Ni?T-site lies a layer away, while at the CaOs-Ni
interface the nearest Ni**-site is directly present. The more negative Ni** layer at
the NdO3-Ti interface attracts the interfacial Nd-sites (which are reversed from the
direction expected by the antipolar mode, and additionally repulsed by the more
positive CTO region), while the next-nearest Nd-site is repulsed as a result of this
(it does not feel the more positive CTO region). The CaO3-Ni interface is more
difficult to explain. Here the nearest Ca-site is strongly attracted to the NNO film,
despite the nearest Ni*T-site being more positive. The MAP suggests that this re-
gion of the NNO film is slightly more negative, which could be a knock on effect
of intrinsic dipoles and polar screening in CTO, where there appears to be less of
a net field. The effect is relatively minor so is not explored in more detail here.

Finally, the magnetic moments clearly resemble the charge-ordered T-AFM P2/c
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Figure 6.3: Key electronic and structural properties of stoichiometric 120 atom
thick NNO-CTO system as a function of z (direction along ¢;11), where (a)—(d) are
equivalent to Fig. [6.2(a)—(d).

state. Additional structural features are included in Fig. C.3 (Appendix C). On the
whole, the NNO film still clearly resembles the P2/¢ symmetry predicted and the
CTO film the Pbnm phase besides interfacial effects and minor net polar motion.
Overall, it is clear that the CTO substrate can fix NNO to its bulk ground state,
with the breathing mode specifically ordered such that the Ni-sites lying at the Ni-
Ca0j3 and Ti-NdOj interfaces are Nif™ and Nig" respectively, matching our formal
charge model. This may be a powerful new mechanism for controlling the properties
of the nickelates. Using the polar discontinuity, we are able to pin the film to the
charge-ordered insulating state, as there is an added energy penalty for forming the
metallic state. We believe therefore that the NNO MIT temperature can be greatly
amplified in [111]-oriented NNO-CTO superlattices, or in fact any [111]-oriented
superlattice consisting of a charge-ordered insulating rare earth nickelate and an
insulating I1/IV perovskite (ideally with similar lattice parameters and modes to
avoid possible energy penalties from strain and mode decay). We hope to see this

verified experimentally in the future.
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6.2.4 Unique metallic charge-ordered phases in NNO-NGO

superlattices
60-atom thick NNO film

We now investigate the interface between NNO and III/IIT insulating perovskite
NGO, which according to our model, is expected to have large polar discontinuities
when the NNO film adopts a charge-ordered state. If the NNO film adopts this state,
we expect the bound charge to be exactly 0.5e per f.u., averaged over AJ\{%,, (where
ANGC L = VBARY.,) [225]. If the film occupies a non-charge-ordered metallic state
on the other hand, there will be no polar discontinuities. We start by relaxing a bulk
60-atom NGO cell in the [111]-basis, which we find adopts the Pbnm ground state.
The resulting in-plane DFT lattice parameters are [alG°| = 9.44 A (/v/6 = 3.85
A) and [bYG°| = 5.56 A (/v/2 = 3.93 A)). The NGO substrate therefore applies a
large tensile [111]-strain to NNO, which we have previously shown increases the MIT
energy and leads to a P1 S-AFM ground state in bulk. Given the orthorhombic
NGO ground state however, we predict that NNO phases with a~a~¢* tilt patterns
are instead preferred due to mode decay. In chapter 4 we predicted the a~a~c*
phases to have slightly larger band gaps and possibly larger MIT energy differences
than the a~a~ ¢~ phases for the same amount of strain. Experimentally, this has been
observed in relatively thick NNO films deposited on NGO in the [111]-basis, where
the film adopts a P2/c space group and has an amplified MIT temperature [130].
All considered, strain and mode decay encourage NNO to be insulating, while the
expected polar discontinuity encourages NNO to turn metallic. This presents a
complex picture with no obvious outcome.

On the whole, finding the ground state of the [111]-oriented NNO-NGO system
proved to be extremely challenging, as we found a huge range of metastable phases.
[t was necessary to test a wide range of structures and magnetic orders (both charge-
ordered and non-charge-ordered), which we found were extremely volatile and a
challenge to relax to the desired phase. After extensive investigation, we find a
rather ambiguous ground state, which appears to have features from several bulk

NNO phases. The primary features of this lowest energy state are shown in Fig. [6.4]
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The layer PDOS suggest that NNO has turned metallic, as there is a clear presence
of states at Er beyond what can be attributed to smearing (as in the NNO-CTO
systems). Interestingly however, we can also see that there is a slight variance in the
band offsets of the insulating NGO film, indicating the possible presence of a field.
This is confirmed in our MAP, where we see a gradient across not only NGO, but also
NNO. A field in the latter suggests that NNO is not able to perfectly screen the field
arising from differing interface dipoles and closed-circuit boundary conditions, which
is not out-of-question given the low film thickness. This situation is ambiguous to
understand, as NNO in its metallic state (without charge-ordering) should not have
a polar discontinuity with NGO. However, the magnetic order suggests that NNO
may retain some semblance of charge-ordering. The order is roughly FM, though the
spins flip on layer 5 and vary in size throughout. We also relaxed this system with
a completely FM order though found it to be higher in energy. Near the NdO3-Ni
interface, the system appears to have some amount of charge ordering, while at the
NdOs-Ga interface, the moments appear to be uniform. As the magnetic order is
not 7- or S-AFM, we predict that charge-ordered NNO states would still be metallic
(according to our bulk calculations), which is what is observed here. However, the
question remains as to why the system would do this rather than form a completely
non-charge-ordered NNO film.

Out of the other structural features of this system (Fig. C.4, Appendix C), the
most important to mention are the octahedra sizes. We see that our theory of a
partially charge-ordered metal is supported, where we observe (minor, compared to
the NNO-CTO system) charge-ordering at the NdO3-Ni interface, which appears to
gradually disappear upon approaching the NdO3-Ga interface.

120-atom thick NNO film

Overall, the 60-atom system is very difficult to disentangle. Clearly, there is a dif-
ferent polar discontinuity here to the NNO-CTO systems, supporting our discussion
above, but as the interfacial effects dominate in such thin films, so it is tricky to

come to any strong conclusions to how this system is dealing with it. We investigate

the thicker NNO film on NGO to shine light on this.
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Figure 6.4: Key electronic and structural properties of stoichiometric 60 atom thick
NNO-NGO system as a function of z (direction along ¢;11), where (a)—(d) are
equivalent to Fig. [6.2(a)—(d).
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Figure 6.5: Key electronic and structural properties of stoichiometric 120 atom
thick NNO-NGO system as a function of z (direction along ¢111), where (a)—(d) are
equivalent to Fig. [6.2(a)—(d).
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Finding the ground state of this system was also exceptionally difficult, as many
metastable states appeared. The key properties of this system are displayed in Fig.
In this case, we immediately see that the film opens a gap roughly 3—4 layers
from each interface, suggesting that the system is returning to bulk-like properties.
The behaviour at the interfaces resembles more closely what is happening in the 60-
atom film system. It is clear that these interfacial effects occur over at least three
layers, which explains the lack of bulk-like behaviour in the 60-atom film. At the
NdOg3-Ni interface, the first four layers appear to be metallic, while the NdO3-Ga
interface also has states at the Fermi level, but this appears to be a result of the
band offset rather than the gap closing (as there still appears to be an energy region
without states in these layers). The MAP also shows an interesting trend. There
is a smaller measured gradient in the NNO film here (compared to the 60 atom
system, though we remark that the larger x-axis scale makes this somewhat tricky
to determine from our plots), and none in the NGO film, suggesting that any polar
discontinuities are better screened. The shape of the NNO curve, which also vaguely
resembles the band offsets in the layer PDOS, is rather unusual, and almost appears
to be slightly curved rather than a linear slope as is typical for an interfaced insulator.
This is likely a result of the different screening mechanisms at each interface. At
the NdO3-Ni interface, we see a flatter slope, and a layer PDOS resembling 2DEGs
(layers 1—4 have no obvious gap as seen in layers 5—12), which suggests that the
system has turned strongly metallic here. The system has closed the gap here by
simply removing any charge-ordering at this interface. Meanwhile, at the NdO3-Ga
interface the potential curves, which seems to allow for the conduction states of
the interfacial nickelate layers to cross the Fermi level. This phenomenon resembles
Zener tunneling, where the conduction and valence bands overlap at opposite ends
of a film due to the band offsets (as is observed in LAO-STO interfaces) [116]/117].
However, we do not strictly see Zener tunneling here— only the overlap of the
conduction band minimum and the Fermi level. As a result, the NNO film is able
to remain in the charge-ordered state at this interface, but becomes doped from
this overlapping. With this in mind, and looking to the magnetic moments, the

MAP can be explained more easily. The moments show charge-ordering throughout
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most of the film, besides the first two layers where a 2DEG has formed (arguably
the final layer is also a 2DEG, though the large moment may just be down to
interfacial magnetic frustration rather than a change in valence). Near the NdO3-Ni
interface, the nearest charge-ordered site (layer 3) has a larger moment, suggesting
a negative polar discontinuity, which we expect to be screened by positive charges,
which we see in the MAP. Near the NdO3-Ga interface, the nearest Ni-site moments
are small, corresponding to a positive discontinuity and negative screening charges,
which again matches the MAP. The A- and B-site displacements are similar to the
60-atom film in bulk, but have slightly different responses to the interfaces. These
are a little easier to explain in this system, where cations appear to be attracted
to the NdOs-Ni interface, and repulsed from the NdOs3-Ga interface. This makes
sense if the former has a negative bound charge and positive screening charges,
while the latter has a positive bound charge and negative screening charges. The
60-atom system can be explained to behave differently because of the interfacial
effects dominating the system, which results in a complicated mess of screening
mechanisms and charge-ordering.

Additional structural properties are shown in Fig. C.5 (Appendix C), where
there are a few interesting features worth discussing. The octahedra sizes match our
predictions from the moments, though strange behaviour is observed in the tilts,
where the in-phase tilting is heavily suppressed near the interfaces of the NNO film.
We also observe the Nd-site antipolar motion to decrease in-plane at these regions,
and the Ni-site in-plane motion to increase. These effects are all structurally coupled
to one-another, though it is not obvious which is the driving force. Initially, we might
have considered it a result of the disappearance of breathing at the interfaces, though
it occurs on either side and does not appear in the 60-atom film. Another possibility
is that the in-plane Nd-motion is suppressed by the 2DEGs forming, such that the
tilts decrease and Ni-sites compensate by displacing more. Finally, there may be a
hidden structural energy penalty that depends on the direction of the in-phase tilt
we have overlooked (as we saw for the breathing mode under [111]-strain). This may
affect the NNO and NGO films differently, due to the tensile strain or the breathing
mode present in NNO.
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Aside from the interfaces, in the bulk regions, our film resembles what is seen
in the NNO-CTO films, and also experimental reports of [111]-oriented NNO films
on NGO (of larger thicknesses) |[130], where the insulating P2/c phase is observed.
In these reports NNO is shown to be strongly insulating and have an amplified
MIT from bulk. We cannot determine the amplified MIT, though given the effect
of [111]-tensile strain, the bulk film here likely resembles our [111]-tensile bulk-
strained results, which we have previously shown are likely to have an amplified
MIT. However, these experimental readings (ref. [130]) are unlikely to be able to
resolve the subtle interfacial behaviour seen in our results, which we suggest occur
within roughly 8 A from the interfaces. Overall however, we can say that our results
match well to experiment, despite some ambiguity regarding the screening mecha-
nisms. Still, we believe that this system warrants further experimental investigation,
in hopes of observing either type of 2DEG seen here. Given the significant interest
in the behaviour of the 2DEG lying at the LAO-STO interface (the doped charge-
ordered interface seen here might resemble this), the 2DEG accessed by closing
the gap might have very different properties— perhaps it is more or less suscepti-
ble to an electric field, has different superconducting capabilities, or has different
magnetisation (as has been observed in previous studies of [001]- and [111]-oriented
systems) [63[112,/114,118-120]. In addition to our ground state phase, we also found
some interesting metastable states, and propose some alternatives not realisable in
this study due to cell size constraints. These apply to both the NNO-NGO and the
following NNO-LAO systems, and are therefore discussed in the last subsection of

this results section.

6.2.5 Polar metal phases in NNO-LAO superlattices
60-atom thick NNO film

Finally, we simulate [111]-oriented NNO films on an LAO substrate. LAO is a III/III
perovskite just like NGO, but with a different ground state phase. Experimentally
LAO occupies a thombohedral R3c ground state with an a~a~a~ tilt pattern, with
similar lattice parameters to NNO [221]. Relaxing LAO in the [111]-basis, we obtain
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lattice parameters of |alA°| = 9.27 A (/v/6 = 3.79 A) and |b}3°| =535 A (/v2 =
3.79 A)), which are comparable to experimental measurements [221]. This applies a
minor tensile strain to NNO. When using an a~a~a~ tilt pattern input, we find that
LAO remains in this tilt pattern, but surprisingly, we also uncover an LAO phase
with an a~a~c” pattern that is marginally lower in energy. Previous DFT studies
on LAO (also using the PBEsol functional) have found similar results, where these
two tilt patterns (as well as a~a~ ¢~ and a~b~¢™) are found to be degenerate [22§].
Experimentally, LAO is observed to remain in the a~a~a~ (or at least, a”a"c¢™) tilt
pattern in [111]-interfaces with NNO [98]. To retain applicability to experiment, we
therefore do not consider in detail any results where LAO occupies a vastly different
tilt pattern to these. This complicates our investigation slightly, as this a~a~c”
state is inevitably more energetically favourable for LAO when NNO occupies any
orthorhombic (a~a~¢") tilt pattern. Therefore, in this report we primarily consider
NNO phases which have the a“a~a™ or a~a” ¢~ tilt pattern (inducing the same
pattern in LAO). For completeness, we still tested the a”a~c¢t NNO inputs, but
found they consistently resulted in a~a~ ¢t LAO tilt patterns, which we believe to
be unrealistic, so are omitted from the discussion.

As with the NNO-NGO systems, we find the energy landscape to have an extreme
amount of local minima, so test a variety of NNO input structures and magnetic
orders. The primary structural and electronic properties of the lowest energy struc-
ture that consist of a"a~a~ or a~a~ ¢ tilt patterns are shown in Fig. [6.6] The layer
PDOS show that NNO is clearly metallic, and LAO unsurprisingly insulating, much
like the NNO-NGO system. Interestingly however, we see that the band offsets
hardly vary within the insulating LAO layer as they do in the NGO-NNO systems,
suggesting that any fields arising from dipoles are better screened here. This is
confirmed by the MAP, where there exists only a near-negligible amount of sloping
in the LAO film, and none in the NNO film. This suggests that the NNO film has
indeed sufficiently screened any fields (despite the film thickness). Interestingly, the
magnetic order is the same as in the NGO-NNO system, but the moment sizes are
noticeably different. We also relaxed an FM order here, but once-again found it to

be higher in energy. A small amount of charge-ordering may be present (regarding
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the boundary between spin-up and spin-down regions), but on the whole we can
say that the system is approximately non-charge-ordered. This suggests that the
drive to become charge-ordered and insulating is not as strong as in NGO-interfaced
systems. This might be explained by a few factors, firstly the lack of tensile strain,
which is far smaller for LAO compared to NGO, and has been shown to amplify the
energy difference between the lowest insulating and metallic phases. Secondly, given
the lower amplitude of tilting in LAO (compared to the bulk-strained P1 and C2/c
NNO phases), the bands of the NNO film are likely more dispersed, such that the
triggering of the breathing mode is weaker. If this is the case, only minor intrinsic
dipoles exist at the interfaces as in the NNO-CTO system, which should not be
difficult to screen with ionic displacements. Another difference from the NGO-NNO
case can be seen in these (A-, B-site) displacements, where A-site antipolar modes
are no longer present due to the choice of tilt pattern. Previous experimental stud-
ies have reported polar NNO films in NNO-LAO interfaces due to the suppression
of the antipolar motion [98], but this is not seen greatly here. There are minor
displacements at the interfaces, which likely exist to screen the interface dipoles. A
possible explanation for this discrepancy is the behaviour of LAO while using the
PBEsol functional— as stated above, the a~a~a~ tilt pattern appears not to be as
stable in our calculations as in experiment. We state this as there are no reports of
an a~a~c tilt pattern appearing near the ground state in literature (besides DFT
studies utilising the same functional as we have used [228]). Given the polar mode
is primarily driven by the LAO tilt decay, it is plausible to say that the driving force
behind this effect is underestimated in our calculations.

Secondary structural features are shown in Fig. C.6 (Appendix C), and support
our explanation. The octahedra sizes are relatively uniform, such that any variation
can be attributed to interfacial connectivity, dipole screening and possibly very
minor charge ordering. Looking to the tilts, we verify that the tilting is lower in
LAO than in bulk-strained NNO P1 and C2/c¢ phases, confirming it as a possible

driving mechanism for the stabilisation of metallic non-charge-ordered phases.
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Figure 6.6: Key electronic and structural properties of stoichiometric 60 atom thick
NNO-LAO system as a function of z (direction along ¢;11), where (a)—(d) are
equivalent to Fig. [6.2(a)—(d).

120-atom thick NNO film

The 120-atom NNO film is also simulated on LAO. The results are shown in Fig.
where we observe remarkably different behaviour to the 60-atom film. In this
case, NNO appears to have turned to a charge-ordered phase throughout, where
the band offsets vary layer-by-layer, clearly due to an unscreened field. Because
of the film thickness, the valence and conduction bands can be seen to overlap at
opposite ends of the film, allowing for Zener tunneling. This is reflected by the
MAP also, where sloping can be seen across both films. Furthermore, there appear
to be larger polar displacements here than in the 60-atom film, especially in the
A-sites, which are likely driven by the field. The moments also demonstrate the
condensing of the breathing phase throughout, though we could not relax a perfect
T-AFM order across the entire film (one layer is flipped leading to nonzero moments
on the small sites). Regardless, this is a huge change from the thinner film system,
but is not unfounded, given the thinner film would not be able to access Zener
tunneling due to lower NNO film thickness. Our result partially matches what is

observed experimentally, where inversion symmetry breaking is observed in metallic
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Figure 6.7: Key electronic and structural properties of stoichiometric 120 atom
thick NNO-LAO system as a function of z (direction along ¢;1;1), where (a)—(d) are
equivalent to Fig. [6.2(a)—(d).

NNO films [98]. We remark that this is not solely down to tilt matching, which
we expect fixes NNO to the P1 state seen here, but also due to the unexpected
polar discontinuity. Regardless, we cannot be sure of this, as experimental readings
are obtained at higher temperatures where charge-ordering may have disappeared
(which would severely reduce any polar discontinuities).

Aside from experiment, given the results of the 120-atom NGO-NNO system,
this is still a surprising result. We may have expected this state to appear in the
NGO-NNO system as well. In that system there does appear to be a band offset
driven 2DEG at one interface, but not the other, so perhaps an additional stable
or metastable state exists that resembles this result. Alternatively, the opposite is
true, and there are states for the LAO-NNO system with 2DEGs at the interfaces
instead. Additional structural details can be found in Fig. C.7 (Appendix C), where

there are no major surprises.
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Comparison to [001]-oriented NGO,LAO-NNO interfaces

To supplement our findings, we also investigated [001]-oriented NGO- and LAO-
NNO interfaces. In this case, we built NNO-substrate films from the 80-atom cell
defined in chapter 4 for insulating nickelate phases. This corresponds to a 160-
atom unit cell consisting of an 80-atom NNO film and an 80-atom NGO or LAO
film interfaced along ¢go;. The layer PDOS, MAP, and A-, B-site displacements for
each system may be found in Fig. D.1 (Appendix D). We find that the NNO film
occupies the T-AFM P2/c¢ ground state in both systems. We highlight that the
system is insulating, despite the smearing in the layer PDOS where it appears as if
states are present at the Fermi level (we verified the system is insulating by checking
the layer PDOS of bulk [001]-strained NNO systems (which we know are insulating
from computation of the band structure), and find that the layer PDOS are almost
identical). Overall, besides minor band offsets, which can be attributed to intrinsic
dipoles, there appear to be no major interfacial screening effects nor fields across the
system. This is completely in-line with what is expected here, where the breathing
phase adds no further polar discontinuity due to Ni valence averaging in-plane. Only
minor interfacial effects occur, on the scale of those in the CTO-NNO systems, which
also have no major discontinuity.

The fact that this is not the case in the [111]-oriented NGO-, LAO-NNO in-
terfaces is strong evidence that an additional polar discontinuity is present there.
We have demonstrated several ways that the system can deal with this, though
stress that screening typically occurs over several layers and drastically alters the

properties of the film, especially for lower thicknesses.

6.2.6 Further possible phases for NNO on III/III perovskite

substrates

In regards this polar discontinuity in NGO- and LAO-NNO systems, it is also worth
highlighting some additional metastable phases we managed to relax, as well as ideas
for phases that are not realisable in our cells due to size. The first of these involves

the transfer of exactly one electron from the interfacial Ni** layer to the interfacial
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Ni** layer, such that 2Ni** /2Ni*" — Ni** + Ni*" /Ni** + Ni*" (where the / denotes
the Ni-sites at either interface). Due to this charge transfer, the polar discontinuity
is screened. We managed to relax this state in the NGO-NNO system for a P1 tilt
pattern, though remark that it took many attempts due to the volatility of the SCF
cycle. This state was metastable, and could not be relaxed for the P2/c tilt pattern.
It could be that the system struggles to relax this phase due to the proximity of
Ni*t-sites to Ni*T- and Ni?*-sites, where a gap may locally close relatively easily,
causing the system to revert to regular 2DEGs (where all interfacial sites are likely
to be Ni?™).

Another interesting possibility that could not be considered is to transfer two
electrons per every four interfacial Ni-sites, but double the valence: 4Ni** /4Ni*" —
3Ni** + Ni** /3Ni** + Ni**. In this case, it may be that the difference in interfacial
valence means the system can avoid forming 2DEGs and retain the lower-energy
insulating character in the bulk of the film. This phase requires the doubling of the
unit cell in-plane, so we have not extensively tested this. This could be an interesting
phase for a variety of reasons— the lone Ni** /Ni**-sites at each interface might be
polarons that form interesting patterns, and may be mobile with an electric field
in-plane.

Finally, another alternative not accessible in our cells is the idea of ‘breathing
domains’, which would be ordered in-plane, such that domains of Ni?* and Ni**
would average in-plane a 3+ nominal charge. As a result, only minor polar discon-
tinuities would exist at the interfaces between domains, rather than a large net field
across the system.

Overall, [111]-oriented NGO- and LAO-NNO interfaced systems are exception-
ally interesting, and we heavily encourage further experimental investigation, par-
ticularly towards the behaviour at interfaces and ultrathin films, where a variety of

interesting phases exist on the verge of stability.

157



6.3 Summary

In this chapter, we have demonstrated novel behaviour in NNO when interfaced in
the [111]-basis. We discover an unexpected polar discontinuity for charge-ordered
NNO in this basis, where we first demonstrate that a certain breathing order is
preferential when interfaced with II/IV perovskite CTO, then show that the formal
polarisation of NNO in the charge-ordered phase (in the [111]-direction) corresponds
to Nip, ¢ formal charges of 2+ and 4+ respectively (which appear on separate (111)-
layers). As a result, the breathing is pinned to a particular order when NNO is
interfaced with a II/IV perovskite as the formal polarisations match. This is such
that an additional energy cost appears when reverting to the metallic NNO phase—
we expect the MIT temperature to be amplified significantly in these systems. We
then investigate NNO films on III/III perovskites NGO (orthorhombic tilt pattern,
large tensile strain) and LAO (rhombohedral, small tensile strain). We find an
extremely complex energy landscape with many metastable phases in both cases.
We observe significant interfacial screening mechanisms in these systems, which
is clear evidence of a sizeable polar discontinuity. We find the systems have a
variety of available screening mechanisms, including 2DEGs and Zener tunneling-
like conduction band overlap. Overall, besides ultrathin films, our results suggest
that the NNO films seek to retain their charge-ordered, insulating character as much
as possible, which it is able to do in the bulk of the film. This matches experimental
readings, though we suggest a deeper investigation to the behaviour at the interfaces,
which we suggest have a large polar discontinuity, and as a result some interesting

and possibly novel screening mechanisms.
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CHAPTER [/

Conclusions and outlook

To conclude this report, we review the project aims set at the end of the introduction.
For each question, we briefly recap our findings, then suggest next steps for further

study. I also provide my own outlook on the project as a whole.

1. Can we simulate STO and NNO using first principles techniques such

that the experimental ground states are accurately recreated?

We obtain a ferroelectric R3¢ STO ground state rather than the paraelectric phase
observed experimentally, but only due to the lack of quantum energy fluctuations
not present in first principles calculations. Our ground state is only marginally
lower in energy than the lowest non-polar phases, which matches the description of
STO as a quantum paraelectric. We do not expect investigation with more accurate
functionals such as hybrids to yield a qualitatively different picture to what is seen
here.

For NNO, we obtain a charge-ordered, insulating P2/c ground state with a T-
AFM magnetic order, which are the key experimental features for correctly simu-
lating the MIT. We find that a small Hubbard-U correction of 2 eV on the Ni-3d
orbitals is optimal for NNO, but find this to be insufficient for LNO, where a 5 eV
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correction is required to obtain a metallic, R3c ground state comparable to exper-
iment. Because of this, it is unfortunately not possible to investigate NNO-LNO
interfaces from first principles. A useful future study would be to find a single set of
DFT parameters that obtain the correct ground state for all rare-earth nickelates.
We particularly suggest an investigation into the intersite Coulomb interaction +V,
which might improve the energy cost of the MIT (which depends on the stability
of the breathing phase, which in-turn depends on mostly-covalent electrons between
Ni-3d and O-2p orbitals). Alternatively, given more computational resources, one
could investigate the ground state nickelate phases with higher accuracy exchange-
correlation functionals, or even investigate the effect of other subtle features such as

non-collinear spin orderings and A-site magnetic order.

2. How does the ground state of STO change as a function of [001]- and

[111]-oriented compressive and tensile strain?

We find that compressive and tensile [001]-strain strongly stabilises polarisation out-
of- and in-plane respectively, matching experimental observations. The stability of
the polar mode rapidly increases with strain, at a higher rate than the antiphase
tilt mode. We find that tensile [111]-strain stabilises polarisation both in- and out-
of-plane (in the [111]-basis), while compressive [111]-strain suppresses it.

For obtaining strongly polar STO states, we suggest theoretical and experimen-
tal investigation into high [001]-strains (within experimental feasibility), where we
predict increasingly more stable polar phases. [111]-oriented tensile-strained STO
systems could also be of interest experimentally, to see whether STO polarisation in-
and out-of-plane can be realised simultaneously, and to verify the domain structure.
We also suggest varying the magnitude of strain applied to each in-plane direction,
which is not tested here, and could be achieved experimentally with non-cubic sub-
strates. Furthermore, investigation into [110]-strain could be of interest, as it may

induce polarisation along other unique axes to those seen here.
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3. How does the ground state of NNO change as a function of [001]- and

[111]-oriented compressive and tensile strain?

Under compressive [001]-strain, the in-plane tilts are quickly suppressed, which pre-
vents the triggering of the charge-ordered phase, thus inducing an IMT. Under
tensile [001]-strain the insulating phase is more stable, but experiences a large en-
ergy penalty for the breathing mode at high strains (where AEyr rapidly declines).
Compressive [111]-strain gradually decreases the NNO tilting and band gap, while
tensile [111]-strain gradually amplifies the gap and MIT energy difference, while
inducing novel a~a~ ¢~ breathing phases. The breathing mode is competitively cou-
pled to compressive strain, and cooperative with tensile strain in both bases. We also
discover an odd-order coupling term between [111]-strain, tilting and the breathing
mode, which we confirm corresponds to an energy penalty depending on the choice
of large and small Ni-sites.

Further investigation into the energy penalties of the breathing mode under
[111]-strain could be useful for uncovering new phases that may have been missed
here. We also suggest further investigation into the many available nickelate tilt
patterns, especially those consisting of in-phase tilts (such as a™a™¢') which are not
explored. Furthermore, we predict novel metallic phases to appear under high [111]-
compressive strains, which could not be relaxed here (besides the undistorted R3m
system). Experimentally, tensile [111]-strained NNO systems would be particularly
interesting to investigate further if realisable at high strains, as our results suggest
a significant amplification of the band gap and MIT temperature. The trends with
strain observed here are likely to be applicable to the rest of the series aside from
LNO, though separate investigation into these may still be worthwhile (especially
those that have Neél transitions, which may stabilise different magnetic orders at
ground state under strain). As with STO, non-cubic in-plane strain and [110]-strain

may also induce further novel behaviour in the rare-earth nickelates.
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4. What happens when we interface an incipient ferroelectric with a

material that can undergo an MIT?

Due to computational limitations, we are unable to investigate the insulating NNO
phase, but find that the available metallic state matches experimental observations.
In non-stoichiometric systems, where STO is fixed as a paraelectric, we discover
an unexpectedly large difference in the band offsets depending on the choice of
layer termination. This is due to the metallic screening of an underlying interfacial
‘bound charge’ approximately equivalent to that seen in LAO-STO interfaces. In a
stoichiometric system with inversion symmetry broken, we find that the STO film
becomes strongly polarised, moreso than in equivalent bulk-strained calculations.
We find that the polarisation acts to minimise the field generated by the large
inequivalent interface dipoles and closed-circuit boundary conditions, such that it
becomes pinned in one direction.

Given more computational resources, a further interesting study could be to
simulate the same system doubled in-plane so T-, and S-AFM NNO phases may be
considered, such that the breathing mode and MIT are more able to occur. Con-
sidering the strong match of our results to experiment, this study suggests that
this is unlikely to be the case for these thicknesses. Regardless, thicker NNO films
might be able to do this by forming 2DEGs at the interfaces and retaining insulating
behaviour in the centre of the film. Varying the STO thickness could also have in-
teresting consequences— as in contrast to traditional ferroelectric-electrode devices,
we predict smaller thicknesses to amplify the polarisation and larger thicknesses to
diminish it.

More generally, we suggest further investigation into the cause of the dipole
appearing between metals and insulators. A good starting point might be to test a
variety of metals and MIT-capable materials interfaced with insulators (or simply
STO), which may reveal different magnitudes of dipoles and band offsets, shining
light on the problem. To precisely understand this situation, one could develop a
method for finding the Wannier centres of metallic phases, which may be possible
along certain axes where electrons are immobile. It may be that this can be done for
the [001]-direction in nickelates, and can be used in-turn to calculate any underlying

162



formal polarisations (that become screened by the free charges).

5. How do rare-earth nickelates behave in [111]-oriented interfaced sys-

tems?

When interfaced in the [111]-direction, we find that charge-ordered perovskites have
a different polar discontinuity to that seen [001]-oriented systems. When inter-
faced with II/IV (insulating) perovskite CTO, we find that nickelate films prefer
a particular breathing order, and that metallic phases are energetically penalised.
When interfaced with III/IIT perovskites NGO and LAO, we find novel interfacial
behaviour occurring over several layers. In ultrathin films (13 A), we find that in-
terfacial effects dominate the system completely, while for thicker films (26 A) we
observe bulk-like (insulating, charge-ordered) behaviour near the centre of the film
and screening effects near the interfaces. We find a vast range of previously-unseen
nickelate structures, consisting of several distinct screening mechanisms, including
2DEGs and Zener tunneling. We also discuss other possible screening mechanisms
that might appear experimentally, involving Ni charge transfer and breathing do-
mains. In addition to this, we uncover a possible new type of ferroelectricity due
to charge-ordering along the [111]-direction. Changing which Ni-sites are large or
small alters the formal polarisation along this direction, which may be switchable
with an applied electric field.

Overall, we heavily encourage further study into the [111]-oriented nickelate film.
Experimental realisation of the NNO-CTO system could be an easy way to verify
our theory of the polar discontinuity, where we expect the NNO MIT temperature
to be amplified significantly. The NGO- and LAO-NNO systems are also worth
further clarifying experimentally, particularly in regard the interfacial behaviour,
where we predict several interesting mechanisms. The ferroelectric NNO phase
could be tested experimentally by interfacing it with metallic electrodes. Other
charge-ordered perovskites such as BaBiO3 and BiNiOjz could also be tested, which
we predict to have the same feature.

Investigating the [111]-oriented NNO-STO interface may also be worthwhile. In
this case, the system has the same discontinuity as in the NNO-CTO system, but
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depending on the choice of substrate (that applies strain), STO might add additional
complications. Under any [111]-strain STO has a tilt pattern resembling a~a ¢,
which is likely to be induced in NNO, and under tensile strain, STO is polarised in-
and out-of-plane. This might be suppressed by the polar discontinuity, or induce
polar phases in the insulating nickelate. Alternatively, NNO might be more likely to

turn polar in an interface with BaTiOs, which has a larger polar mode than STO.

Personal outlook

I believe that investigation into complex oxide interfaces from first principles could
be one of the most fruitful studies in condensed matter physics over the coming
decades, as theoretical methods and computational resources continually improve.
Currently, we understand the effects of interfacial phenomena primarily from what
can be detected experimentally, as most interfaced systems are too large to simulate
from first principles. Experimental studies are rarely capable of resolving many of
the structural and electronic features of these systems due to their subtlety. As
we have shown in the latter chapters of this project however, often novel complex
behaviour is occurring at the interfaces that we are not detecting. This information
is essential for understanding these materials and can undoubtedly be utilised for
designing new devices.

Using this project as an example, we have shown that huge dipoles can exist
between metals and insulators, and that an unexpected polar discontinuity exists in
[111]-oriented charge-ordered systems. Both effects completely change our under-
standing of these systems, and result in complex interfacial effects that had not been
detected experimentally. STO and NNO are two of the most interesting materials
out there, and in this study alone we have induced novel behaviour in each. I am
hopeful that these materials and interfaced systems based on them are continually
investigated, and that they eventually reach industry.

I believe condensed matter physics in this day and age will be looked back on
as a golden era in centuries to come. We exist at a time where theoretical and
experimental methods have only just become capable of accurately probing materials

at the quantum level. We are rapidly discovering endless new physics across countless
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systems, providing humanity with a toolbox of possible phenomena that can be

harnessed through precise manipulation.
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APPENDIX A

Further methods details

A.1 Energy functional of a uniform electron gas

The exchange and correlation components of the LDA energy of the uniform electron

gas may be considered independently:

6unif _ E;nif + GICmif- (All)

xc

The exchange component of the energy can be found exactly [147}149,229):

| 3 /304
ELPA — /n(r)e;mf[n(r)]dr =-7 (—) /ng(r)dr, (A.1.2)
T
and the correlation may be parameterised as
0.0311lnr, — 0.0480 + 0.002r;Inr, — 0.0116r, ifry <1
EXPA = pQ). , (A.1.3)

—0.1423/(1 + 1.0529, /7 + 0.3334r,) if 7y > 1
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where 7, is the Wigner-Seitz radius [230,231]. The Wigner-Seitz radius is the radius

of the spherical volume occupied by each electron:

= () AL

A.2 Hubbard-U and Hund-J

To investigate the effect of various on-site corrections, we calculated the Hubbard-
U correction in accordance with both the simplified and unsimplified rotationally-
invariant approaches as proposed by Dudarev et al. as in ref. [180] and Lichtenstein
et al. as in ref. [209] respectively. We calculate the former (effective U, Uyg) using
Cococcioni’s approach as in ref. [210] and the latter (U, J) using the ‘minimum

tracking approach’ as in ref. [211,[212].
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APPENDIX B

Further bulk and bulk-strained nickelate details
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Table B.1: Further structural and electronic details of bulk NNO (U = 2 eV) and
LNO (Ueg = 6 €V).

Quantity NNO LNO
L. P. ([001]-basis)
agor (A) 3.78  3.77
boor (A) 3.77  3.83
coo1 (A) 3.78  3.80
L. P. ([111]-basis)
a1 (A) 3.78  3.83
b (A) 3.77  3.83
C111 (A) 3.78 3.74
D. T. (]001]-basis)
X 2621 -
XSy 20.33 -
XE, 24.16 -
XL, 11.48 -
XL, 12.10 -
YL, 11.22 -
XL, 37.69 -
X2, 3243 -
XL 35.38 -
D. T. ([111]-basis)
XCs 21.62 -
XSy 2233 -
XE, 28.57 -
XL, 10.84 -
XL, 12.15 -
XL, 11.68 -
X~ 3246 -
X2, 3448 -
XL 40.25 -
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Figure B.1: Energy of various NNO phases as a function of [001]-strain. Insulating
and metallic phases are indicated by crosses and circles respectively.
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Figure B.2: Energy of various LNO phases as a function of [001]-strain. Insulating
and metallic phases are denoted in the same way as in Fig. B.1.
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APPENDIX C

Additional details of [111]-oriented NNO-based systems
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Figure C.1: Overlay of the bulk, charge-ordered P2/c NNO valence band structure
calculated in VASP (blue bands) and Wannier90 (red bands). The Wannier functions
were generated using the Bloch functions obtained from the VASP calculation.
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Figure C.2: Further structural properties of non-stoichiometric 60-atom NNO-CTO
system as a function of z (direction along ¢111): (a) average B-O bond length within
BOg octahedra, (b) octahedral rotations around primitive directions ay, by, ép, ()
A-site displacement along cell axis directions a1, 5111, ¢111, (d) B-site displacement
along cell axis directions, (e) variance of B-O bonds within BOg octahedra, (f)
inter-layer distance, where A;, B; denote the z coordinate of A, B sites on given
layer (such that A; 1, B;_1 denote the z coordinate of the A, B sites on the previous
layer)

174



L L L L |l o
............ UV 5 o83 === R A T N
o . «@ S <G & ] <G 4 |mmmmmmmmmee ot .
o) o) 1 8 o) o) A_n n_n o)
. 8 s *° 000 8 > 8 . 8 = e ]
[ ] [ ] [ ] [ ] L] [ ] A [aa)
L] L ]
L L L L )
[ ] (X 1] L] - L ] L] [ ] Y ° L) m
L] LN ) L]
[ ] [ ] (X _J [ ] LN ] [ ] [ ]
L] LN ] [ ] [ ]
° | |oee o | X} ee | . | . | o
L] L] [ ] L] L ] m
[ ] [ ] ® e [ ) L _J [ ) [ ]
L] L] L] L] [ ]
° = X o~ = ° ® o = . = ° =
||||||||||| S TTTTTTTTTTT e T T T T e T T e et e I o]
e} e} ° d ko) e} S ° o~
° 3 ° o 2 3 ®e . 3 3 3 ° 3
L] [ ] L ] L] L ]
[ ) [ _ ) [ ] L __J [ ] [ ]
| L [ ] L] L] o L | ] IO
L] L] L _ ] -.e L ] [ ] ~N
L[] L N ] (] [ ]
[ ] L _J [ ] [ ] [ ] [ )
L] e o L] L]
° - ° w» | [ - o ° el
—
L[] e o L] ]
[ ) L _J [ ] [ ] [ ] [ ]
L] L N L] L ]
L] L] L] - [ ] [ ]
L L L |l o
L] L X ] L] ] —
[ ) L__J [ ] «» [ ] [ )
L] e o L] L]
L] L] L] ] [ ] L]
L L] e o L] L L L] Fin
[ ) [ _J [ ] [ J [ ] [ ]
L] e o L] L ]
[ ] [ ] L) L 1] [ ] [ ) [ ] [ ]
L] o o L[] [ ]
ml L 1] .M =2 L J (1] MI [ ] MI [ ] MIO
T T T T T T T T T T T T T T T T T T T T T
c 2888 ° 8 & 3 9 38 g ¥ & 88 9833
a i o <) o ; ) ) ) ) : 4 N N N N
o o o o | ] o o o =} (=} o =}
— — — — W
@m\v obesane on uoijejol A<v ucw_\cwum_am_—u @m«v ucwrcwum_a p duellen A%& aouelsip
puoq °0g __ ledpayedo as-y N ays-g __ puog°0g Jakel-Ag-1ahe
T L L Z L €

z(R)

Figure C.3: Further structural properties of 120-atom NNO-CTO as a function of z

(direction along ¢111), where (a)

(f) are equivalent to Fig. C.2.

175



o o o — — — — — - - —
|||||||||||| L o | L 2 o o ___] L 2 o o ___] L e ] Lo ]
w}l wl,,l <M Ab <Q MJI <@ Ab <Q m},,l wjl A B o wl,, i "
2 e o o 3 R . > . .o o = = ._l ._l E2]
. (o= oo ) . . < o,
. o ° (o o
. X o e o o . .
. oo . °
L L L L L [ ©
. oo oo o ® . ° N
. ° . °
. X oo oo ° . .
. ® . .
° L X} @l - e - oL ° L w0
—
° o ° °
e ] e B o I S ] I b I pC1 S M el
o 9| Q g 9| o
o o . (X K] o ) LS]
P4 P4 = P4 = P4
° oo ) Xy ° . °
L L L L O
. e . ° —
° oo oo e o . .
. o . °
. oo o o0 ®» . °
° ° . °
- - - F 0
° oo X o ® . .
. ° . °
. oo [T o . . .
° oo . °
L ®e LY =3 = oo =L ° =L ° Zlo
T T T T T T T T T T T T T T T T
o [e] (] < o o o (o] o o~ o o~ (] < o~ (o) o
S a o o = = s S o S o S ) o ~N ~
~ — — — | ] o o o o o
(y) obesane (o) uonelos () uswade|dsip ) u:mEmum_am__o acuenea (y) @ueisip
__ puog °0g __ ledpayeo 21s-v . ays-g __ puoq °0g 19hel-Aq-1ahe
s 2 L i L e

z(R)
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Figure C.7: Further structural properties of 120-atom NNO-LAO as a function of z

(f) are equivalent to Fig. C.2.
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APPENDIX D

[001]-oriented NGO- and LAO-NNO interfaces
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