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SUMMARY

Modern materials synthesis techniques allow for the layer-by-layer assimilation of struc-
turally similar, yet compositionally different materials into artificial crystals, with atomic
scale precision. At the resulting heterointerfaces, structural, electronic and magnetic
reconstructions can lead to physical phenomena that are otherwise absent in the indi-
vidual constituents. Composing so-called heterostructures is therefore one of the key
approaches towards realizing the ultimate goal of designer materials with tailored prop-
erties. In this context, perovskite oxides represent a promising class of materials, owing
to the combination of a delicate balance among competing electronic and magnetic in-
teractions, as well as excellent structural compatibility among its members. This the-
sis describes a collection of investigations into interface-driven reconstructions in het-
erostructures composed of such perovskite oxides.

In the first chapter, I provide a brief introduction into the field of complex oxide het-
erostructures, describing a number of characteristic examples of interface phenomena
and identifying the motivations that drive research into this subject. Then, I reveal the
protagonist materials of this thesis, namely spin-orbit semimetal SrIlrO; and itinerant
ferromagnet SrRuO;, which — owing to a fascinating interplay between crystal symme-
try, spin-orbit coupling and magnetic interactions — are actively studied, with a particu-
lar focus on the topological properties of their electronic structures. Lastly, I touch upon
how avoided level crossings in band structures act as sources and sinks of momentum-
space Berry curvature, thereby producing the anomalous Hall effect. In the second chap-
ter, I delve into the methodology of the synthesis and characterization of thin films and
heterostructures, discussing the technical aspects of pulsed-laser deposition, reflection
high-energy electron diffraction, X-ray diffraction and finally lithographic fabrication
and cryogenic magnetotransport measurements.

Having set the stage, we proceed with Chapter 3, where we interface SrlrO; with the
bandgap insulator SrTiO;. In transport measurements, we observe an anomaly in the
temperature-dependence of the resistivity at the cubic-to-tetragonal transition temper-
ature of the SrTiO; substrate. Aided by synchrotron X-ray diffraction measurements, we
show that this anomaly can be ascribed to a coupling of orthorhombic structural do-
mains in the overlying SrIrO; film to the tetragonal multi-domain state of the SrTiO;
substrate that manifests below 105 K. These results identify the coupling of lattice insta-
bilities across heterointerfaces as a promising avenue to control functional properties in
complex oxides.

In Chapter 4, we interface STRuO; with both SrIrO; and SrTiO;, and show that the
two possible heterointerfaces — namely StRuO;/SrIrO; and SrRuO;/SrTiO; — promote
positive and negative signs, respectively, of the momentum-space Berry curvature and
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anomalous Hall effect. In asymmetric SrTiO3/SrRuO3/SrIrO5 heterostructures, the com-
petition between positive and negative contributions causes peculiar bump features in
the magnetic field dependence of the anomalous Hall effect. This observation is well
captured by a phenomenological two-channel model and interpreted as a spatially inho-
mogeneous profile of the magnetization in the vicinity of a sign change of the momentum-
space Berry curvature. Finally, we show that this effect can be mimicked by two SrRuOj5
layers of slightly different thicknesses separated by an insulating SrTiO5 spacer, thereby
creating an all-oxide extraordinary Hall balance device. Then, in Chapter 5, we build
upon the insights obtained in Chapter 4 and create heterointerfaces between SrRuO;
and the bandgap insulator LaAlO;. Transmission electron microscopy measurements
reveal a SrO/Ru0,/La0 interface configuration, creating a charge-frustrated state in the
top layer of the SrTRuOs film. The resulting charge profile along the growth axis is found
to lower both the magnetization and Curie temperature, and to drive an evolution of the
momentum-space topological charges, thereby changing the sign of the Berry curva-
ture. The findings obtained in these chapters illustrate how interface-engineering may
be used to manipulate the magnetic and topological properties of ultrathin ferromag-
netic metals, and highlight the potential of ultrathin SrRuQOj; for spintronic applications.

In Chapter 6, we synthesize StRuO; thin films on SrTiO; substrates with a (111) crystal
orientation, realizing a hexagonal lattice configuration in the plane of the film, as op-
posed to the square configuration of the (001) oriented films considered in the previous
chapters. We propose that the triaxial compressive strain exerted by the SrTiO5 substrate
is in part accommodated by so-called Ruddlesden-Popper defects, thereby diminishing
monoclinic shearing effects. In transport, a nonlinear classical Hall effect is observed,
which becomes more prominent towards the ultrathin limit i.e., for a strong confine-
ment of the electronic bands along the growth axis. High-field measurements reveal an
unsaturating positive linear magnetoresistance, which is suggestive of a semiclassical
contribution in magnetotransport, namely guiding center motion. These results high-
light the combination of crystal symmetry and spatial confinement as an important fac-
tor determining the structural and electronic features of oxide thin films.

In the concluding chapter, we summarize the findings of this thesis and provide sev-
eral research directions worthy of further pursuit; spatially-resolved magnetometry in
SrRuQj ultrathin films, polar SrIrO5-based heterostructures and the design of Berry cur-
vature dipoles in time-reversal invariant oxide heterostructures.
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Moderne materiaalsynthese technieken maken het mogelijk om structureel vergelijk-
bare, doch compositioneel verschillende materialen laag-voor-laag te integreren in arti-
ficiéle kristallen, met een nauwkeurigheid op atomaire schaal. Bij de resulterende grens-
vlakken leiden structurele, elektronische en magnetische veranderingen mogelijkerwijs
tot fysieke verschijnselen welke anders afwezig zouden zijn in de individuele bestands-
delen. Het samenstellen van zogenaamde heterostructuren is daarom één van de be-
langrijkste technieken om het ultieme doel van ‘designer materialen’ met op maat ge-
maakte eigenschappen te realiseren. In deze context vertegenwoordigen perovskiet oxi-
den een veelbelovende categorie van materialen, wat toegeschreven kan worden aan
de combinatie van zowel een gevoelige balans tussen concurrerende elektronische and
magnetische wisselwerkingen, als een uitstekende onderlinge structurele compatibili-
teit. Dit proefschrift omvat een verzameling van onderzoeken naar grensvlak modifica-
ties in heterostructuren bestaande uit zulke perovskiet oxiden.

In het eerste hoofdstuk introduceer ik het vakgebied van heterostructuren van com-
plexe oxiden met behulp van een aantal karakteristieke voorbeelden van grensvlak feno-
menen en identificeer ik de drijfveren voor onderzoek naar dit onderwerp. Vervolgens
onthul ik de materialen met een hoofdrol in dit proefschrift, namelijk het spin-baan se-
mimetaal SrIrO; en het ferromagnetische metaal STRuO3, welke beide — vanwege een
fascinerende combinatie tussen kristalsymmetrie, spin-baan koppeling en magnetische
wisselwerkingen — actief worden onderzocht, met een nadruk op de topologische eigen-
schappen van hun elektronische structuren. Tot slot beschrijven we kort hoe vermeden
niveau kruisingen in bandstructuren zich gedragen als bronnen van Berry kromming in
de impulsruimte en zodoende leiden tot het anomalous Hall effect. In het tweede hood-
stuk beschrijf ik de methodiek van de synthese en karakterisatie van dunne films en he-
terostructuren, en bediscussieer ik de technische kanten van gepulseerde laser afzetting,
reflectie hoog-energie elektron diffractie, rontgendiffractie en uiteindelijk lithografie en
cryogene magnetotransport metingen.

De toon gezet hebbende gaan we verder met Hoofdstuk 3, waar we SrIrO; koppelen aan
de bandkloof isolator SrTiOs. In transportmetingen zien we een onregelmatigheid in de
temperatuurafthankelijkheid van de soortelijke weerstand, bij de temperatuur waar het
SrTiO; substraat overgaat van een kubische naar een tetragonale toestand. Door mid-
del van onder andere synchrotron rontgendiffractie metingen laten we zien dat de on-
regelmatigheid toegeschreven kan worden aan een koppeling tussen orthorhombische
structurele domeinen in de bovenliggende SrIrO; film en de tetragonale multidomein
toestand van het SrTiO5 substraat dat manifesteert onder de 105 K. Deze resultaten iden-
tificeren de koppeling tussen roosterinstabiliteiten over grensvlakken als een veelbelo-
vende aanpak om functionele eigenschappen in complexe oxiden te kunnen bepalen.
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In Hoofdstuk 4 koppelen we SrRuO5 aan zowel SrIrO; als SrTiO; en demonstreren we
dat de twee mogelijke grensvlakken — namelijk StRuO3/SrIrO5 en SrRuO3/SrTiO3 — po-
sitieve en negatieve tekens, respectievelijk, bevorderen van de Berry kromming in de
impulsruimte en het anomalous Hall effect. In asymmetrische SrTiOz/SrRuO;3/SrlrO5
heterostructuren veroorzaakt de concurrentie tussen positieve en negatieve bijdragen
ongebruikelijke uitstulpingen in de magnetische veldafhankelijkheid van het anomalous
Hall effect. Deze observatie wordt goed beschreven door middel van een twee kanalen
model, geinterpreteerd als een ruimtelijk inhomogeen profiel van de magnetisering in
de nabijheid van een tekenwissel van de Berry kromming. Tot slot laten we zien dat
dit effect nagebootst kan worden door twee SrRuO; lagen met marginaal verschillende
dikten, gescheiden door een isolerende SrTiO5 tussenlaag, waarbij een volledig oxide ex-
traordinary Hall balance gecreéerd wordt. In Hoofdstuk 5 bouwen we vervolgens voort
op de inzichten vergaard in Hoofdstuk 4 en vervaardigen we grensvlakken tussen StTRuO;
en de bandkloof isolator LaAlO5. Transmissie elektronen microscopie metingen onthul-
len een SrO/Ru0,/La0 configuratie van het grensvlak, wat een ladingsgefrustreerde toe-
stand produceert. Het resulterende ladingsprofiel langs de groeias blijkt de magnetise-
ring en Curie temperatuur te verlagen en een evolutie van de topologische ladingen in
de impulsruimte teweeg te brengen, waarbij het teken van de Berry kromming wisselt.
De gedane bevindingen in deze hoofdstukken schetsen hoe grensvlakontwerp gebruikt
kan worden om de magnetische en topologische eigenschappen van ultradunne ferro-
magnetische metalen te manipuleren, en benadrukken de potentie van ultradun SrRuOj;
voor toepassingen in de spintronica.

In Hoofdstuk 6 vervaardigen we dunne SrRuO; films op SrTiO; substraten met een
(111) kristaloriéntatie, wat een hexagonale roosterconfiguratie in het vlak van de film
produceert. Dit staat in tegenstelling tot de vierkante configuratie van de (001) films
beschouwd in de voorgaande hoofdstukken. We beargumenteren dat de triaxiale druk-
spanning, die wordt uitgeoefend door het SrTiO5 substraat, deels geaccommodeerd wordt
door zogenaamde Ruddlesden-Popper defecten, wat monoklinische schuifspannings-
effecten vermindert. In transportmetingen observeren we een nonlineair klassiek Hall
effect, wat prominenter wordt richting de ultradunne limiet, ofwel een steeds sterkere
ruimtelijke beperking van de elektronische banden. Hoog-veldmetingen ontsluieren
een onverzadigende positieve lineaire magnetoweerstand, wat een semiklassieke bij-
drage in magnetotransport suggereert, namelijk krommingsmiddelpunt beweging. Deze
resultaten onderstrepen de combinatie van kristalsymmetrie en ruimtelijke beperking
als een belangrijke factor die de structurele en elektronische kenmerken van dunne oxide
films bepaalt.

In het laatste hoofdstuk vatten we de bevindingen van dit proefschrift samen en ver-
schaffen we verscheidene onderzoeksrichtingen die de moeite waard zijn om verder
te verkennen; ruimtelijk gedefinieerde magnetometrie in ultradrun SrRuOs, polaire op
SrIrO; gebaseerde heterostructuren en het ontwerp van Berry kromming dipolen in
tijdomkering-invariante oxide heterostructuren.



INTRODUCTION

“The answers we have found have only served to raise a whole set of new questions. In
some ways we feel that we are as confused as ever, but we think we are confused on a
higher level, and about more important things."

— Earl C. Kelley

This chapter begins with a brief introduction to the field of complex oxide interfaces and
introduces the two protagonist materials of this thesis; spin-orbit semimetal SrirO5 and
the itinerant ferromagnet SrRuO3. Next, the momentum-space Berry curvature and its
relationship to the intrinsic anomalous Hall effect are discussed. Finally, an outline of the
remainder of the thesis is provided.



2 1. INTRODUCTION

OES consciousness arise from neurons in the brain? Why does a bee colony func-

tion as a superorganism? How does life develop from non-living matter? Perhaps
many of such questions, if not all, boil down to: How do the properties of a complex sys-
tem emerge from its constituent parts? This matter has been at the center of attention
in science throughout history and continues to puzzle researchers today. Narrowing the
scope to condensed matter systems, one might pose the question: How do atoms in a
solid produce macroscopic phenomena such as superconductivity or magnetic order?
It is not obvious that a set of particles would exhibit coordinated collective behaviour,
similar to swarming insects, murmurating starlings or schooling fish (see Fig. 1.1). All of
these systems have one thing in common; their constituents interact with one another
to produce so-called emergent phenomena.

How macroscopic properties emerge from interacting microscopic particles is one of
the research questions that drives the field of condensed matter physics and in par-
ticular the field of complex oxides'. The properties of a complex oxide system are all
but trivial to predict, as seemingly similar materials can have radically different ground
states; LaTiOj is a Mott insulator, while BaTiOs is ferroelectric. StRuOs is a ferromagnet,
whereas CaRuOj is a paramagnet and yet CaMnOj; is an antiferromagnet. The emer-
gence of an ordered state out of seemingly unordered components coincides with a
spontaneous breaking of some symmetry of the system e.g., time-reversal symmetry in
magnets, gauge symmetry in superconductors or inversion symmetry in ferroelectrics.
It is then very tempting to ask the converse question; if we deliberately break a given
symmetry of a condensed matter system, can we realize new physical properties? This
question is central to the field of complex oxide interfaces.

Figure 1.1: Emergence in complex systems. (Left) murmurating starlings in the shape of a sperm whale and
(right) schooling fish. Each individual unit of the flock or school reacts to stimuli from its local environment.
This leads to the emergence of collective behaviour, without a form of centralized control.

1 An oxide containing two or more different cations.
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Figure 1.2: Polar discontinuity and charge reconstruction in LAO/STO. (a) Transmission electron microscopy
image of a 10 u.c. LAO/STO (001) heterostructure. (b) Out-of-plane component (Ey) of the internal electric
field generated by the polar layers in LAO (determined through electron holography measurements). (c) Il-
lustration of the polar discontinuity between LAO and STO and the resulting accumulation of excess positive
and negative charges at the boundaries of the LAO layer. The charge configuration compensates the in-built
polarization of LAO. Figure adapted from ref. [1].

1.1. COMPLEX OXIDE INTERFACES

A heterostructure or heterojunction consists of two or more structurally compatible, yet
compositionally different materials, integrated into a crystal. In the 1950s, the semicon-
ducting heterojunction was proposed as an alternative to the homojunction? to reduce
the unwanted backflow of majority carriers from the base into the emitter in the bipolar
transistor [2-4]. The proposal was that, if two semiconductors with different bandgaps
were used as opposed to the same material with regions of different doping levels, the re-
sulting band realignment would lead to a strong suppression of backflow from the base
into the emitter, thereby allowing heavier doping of the base to improve its speed [5].
The notion of band alignments and offsets between dissimilar materials further lead to
the development of the semiconductor quantum well [6], where free carriers could be
confined to a region of the crystal narrower than the Fermi wavelength A, thereby cre-
ating a highly mobile two-dimensional electron gas.

In 2004, the concept of heterostructure band alignment made its way into the field of
perovskite oxides, with the discovery of a conducting state at the interface between the
wide bandgap insulators LaAlO5 (LAO) and SrTiO5 (STO) [7], which was later shown to
be superconducting and controllable via electrostatic gating [8, 9]. Importantly, there is
a difference in the nominal valence state between Sr** and La3*, as well as Ti** and AI®*.
Along the (001) crystallographic direction, STO consists of neutral SrO and TiO, planes.
In contrast, LAO consists of charged LaO" and AlO, planes, leading to an energetically
costly polar discontinuity at the interface (see Fig. 1.2). This can be compensated for

2 An interface between two of the same semiconducting materials with different doping characteristics.
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either through ionic intermixing, or by creating an electron-doped layer of STO near the
interface, combined with a positively charged LAO surface [1, 10]. While it was known
that electron-doping of SrTiO5 produces a superconducting state [11], a number of ad-
vantages came with the LAO/STO heterostructure. Near the interface, inversion symme-
try i.e., invariance with respect to the operation r — —r, is broken. Electronic processes
that were previously symmetry forbidden, such as nearest-neighbour hopping between
different orbitals, may now be possible, which can have a strong impact on the electronic
structure. An example is the Rashba effect which, in conjunction with the atomic spin-
orbit interaction, couples an electron spin to its momentum [12]. This mechanism is of
interest for spintronics, since it allows for the conversion of a charge into a spin current
and vice versa [13, 14]. Additionally, the intriguing combination of a strong spin-orbit
coupling and intrinsic two-dimensional superconductivity has attracted attention in the
context of realizing topologically non-trivial superconducting gaps [15].

—
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Figure 1.3: Emerging magnetism in manganite-iridate superlattices. (a) Magnetization M as a function of
external field H of SMO,/SIO, superlattices (labeled MyI;) at T = 10K after zero-field cooling. (b) M as a
function of temperature T at H = 1kOe after field cooling in H = 1kOe. The inset shows the thickness (m)
dependence of the Curie temperature. (¢c) M(H) of M1 at T = 10K after zero-field cooling. (d) M(T) of M11;
at H = 1kOe after field cooling in H = 1kOe. The c-axis is oriented perpendicular to the sample plane. Figure
adapted from ref. [16].

LAO/STO may have been one of the first examples of novel phenomenology in het-
erostructures, but it is by no means the only one. Heteroepitaxial growth® of thin films
and superlattices®, for example, has on multiple occasions been used to impose crys-
tal strain in adjacent crystal layers, leading to a lattice structure that is distinct from

3Crystal growth with a coherent well defined orientation with respect to another crystal layer.
4A repeating structure of different epitaxial crystal layers.
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the bulk form and a concomitant change in the physical properties. Examples of this
approach include strain-induced enhancement of the superconducting critical temper-

ature in SrTiO3 [17], strain-induced superconductivity in RuO, thin films [18, 19] and
strain-dependent modulation of the metal-insulator transition in ANiO3 nickelates [20—

22]. Apart from static strain, it has also been demonstrated that phonons® can cou-

ple across interfaces, thereby affecting conductivity through electron-phonon scatter-

ing [23] or even drive a metal-insulator transition through changes in the metal-oxygen

bonds, driven by optically excited phonons in the substrate [24].

A particularly rich area of interface-driven phenomena is found in magnetic heterostruc-
tures, a research direction that has been receiving an increasing amount of attention
since the discovery of the giant magnetoresistance effect in magnetic/non-magnetic mul-
tilayers [25, 26]. In oxide heterostructures, magnetic and electronic properties might be
altered by e.g., charge transfer [16, 27-29] or so-called octahedral tilting [30, 31]. Fig. 1.3
shows another example of a magnetic heterostructure i.e., superlattices consisting of
antiferromagnetic StMnO3; (SMO) and paramagnetic SrIrO5 (SIO) [16]. The combina-
tion of these two materials leads to ferromagnetism, yet neither exhibits ferromagnetic
order on their own. The ferromagnetic signature, which arises from electronic charge
transferred from Ir to Mn, was found to originate mainly from Mn spin moments, with
a small contribution from Ir orbital moments. Another example of emerging magnetism
in heterostructures has been demonstrated in LaNiO3/LaMnO3; (LNO/LMO) superlat-
tices [32], where the interface interaction between ferromagnetic LMO and paramag-
netic LNO leads to antiferromagnetic order in the latter, as well as an exchange bias effect
in the multilayer stack. From a spintronics perspective, heterostructures incorporating
half-metallic La,,3Sr;,3MnO3 (LSMO) are of particular interest since, due to the near to-
tal spin-polarization of ferromagnetic LSMO [33], they may be used as highly efficient
magnetic tunnel junctions i.e., magnetoresistive random access memory devices [34].

Lastly, we briefly touch upon a relatively recent trend in the field i.e., the pursuit of en-
gineering real-space chiral magnetic textures, e.g., skyrmions (see Figs. 1.4a-b), which
are characterized by a wrapping of the magnetic spin texture around a unit sphere that
cannot be removed through an adiabatic transformation, thereby representing a topo-
logical object [38]. One of the main motivations that drives this research is the possi-
bility of inducing fast skyrmion motion with low current densities, which could have a
profound impact on magnetic memory devices [35]. The combination of interface sym-
metry breaking and atomic spin-orbit coupling leads to an additional contribution to
the magnetic exchange mechanism, known as the Dzyaloshinskii-Moriya interaction

I:IijZDij-(SiXSj), (1.1)

where §;; are spins situated at sites i and j and Dj; is a vector oriented perpendicu-
larly to the plane spanned containing the two spins and the ion that couples them. This
mechanism favours mutually orthogonal orientations between neighbouring spins (spin
canting) and may therefore stabilize, among other spin textures, magnetic skyrmions. A

5Collective vibrational modes of the crystal lattice.
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Figure 1.4: Magnetic skyrmions and the topological Hall effect. (a) Illustration of a Bloch and Néel type
magnetic skyrmion (adapted from ref. [35]). (b) Lorentz TEM images of skyrmions in helimagnet Fe(, sCo 5Si
(adapted from ref. [36]). (c) Illustration and HAADF-STEM image of a SRO/SIO heterostructure and (d) topo-
logical Hall component extracted from the Hall effect through subtraction of the magnetic hysteresis loop
(anomalous component). Panels (c-d) adapted from ref. [37].

distinction is made between the two-site mechanism, which occurs between two spins
coupled via e.g., an oxygen atom [39] and the three-site mechanism, which is a correc-
tion to the Ruderman-Kittel-Kasuya-Yosida (RKKY) exchange between two spins cou-
pled to a non-magnetic cation via itinerant electrons [40]. In the former case, the spin-
orbit correction is from the magnetic ions themselves, whereas in the latter it comes
from the non-magnetic cation. Importantly, this contribution vanishes if i and j are
connected by a center of inversion, which can be broken at an interface (see Fig. 1.4c),
or through e.g., buckling of metal-oxygen bonds. Both mechanisms have been explored
in the context of perovskite oxides, frequently with heterostructures incorporating the
itinerant ferromagnet STRuO5 (SRO)([37, 41] and/or spin-orbit semimetal SIO [42] which,
due to their 4d and 5d orbitals, have a sizeable spin-orbit coupling and are therefore
suitable candidates for realizing this type of phenomenology. However, convincing mag-
netic imaging of interface-driven magnetic skyrmions in these systems is yet to be demon-
strated®. Rather, claims of magnetic skyrmions have mainly been supported by the ob-
servations of unusual peaks in the Hall effect, such as shown in Fig. 1.4d. Nevertheless,

6A clear example of interface-driven nanoscale skyrmions has been observed in Ir on (111) oriented Fe [43].
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4d and 5d oxides provide an exciting platform for emergent properties, which is why the
prototypical examples SRO and SIO are the subject of this thesis. In the next section, we
will discuss some of the essential features of these two materials.

(b)
Ir* (5d°) é spin-up spin-down

A
<. N = ] =1/2 "
~ <"/ Aso
t v —2eV
Iro, L T_ee Jy=372 j=+1/2 l= l,=
eff
octahedra

J i
Sr,IrO, eff

Sr.Ir,0, S

(a

\

(d) heavy holes light electrons

Energy (eV)

bandwidth increase
N‘\
3
w
S~
N
) 3

Iy 3/; 05 075 1 125 04 05 0.6
it k (ri/a) k =k, (/2n/a)

Figure 1.5: Spin-orbit mixed bands. (a) Orbitals of Ir** in the presence of an octahedral crystal field and
atomic spin-orbit coupling Agg. (b) Visualization of the [1/21/2) orbital as a combination of spin-orbitals in
the cubic harmonic basis, adapted from ref. [44]. (c) Correlation-induced insulating and semimetallic states
in the Ruddlesden-Popper series of strontium iridates Sry, Ir;,O3,,,;, adapted from ref. [45]. (d) ARPES mea-
surements showing (left) a heavy hole-like dispersion and (right) light electron-like dispersion, adapted from
ref. [46].

1.2. SPIN-ORBIT SEMIMETAL S10O

Iridates have, over the past decade, been a heavily studied class of materials, owing to the
equal footing of various competing energy scales. In an octahedral crystal field, the 5d°
orbital configuration of the Ir** ion splits into a lower energy t, ¢ and a higher energy e,
manifold, with an energy splitting of several eV (see Fig. 1.5a). The large energy separa-
tion between the two manifolds means that they are decoupled and can be treated within
their own subspace [47]. The threefold degenerate f»; states, resembling p-orbitals, have
an effective angular momentum’ Leg = 1. In terms of the cubic harmonics, the states in
the g subspace are |xy), |yz) and |zx), which in turn are linear combinations of the
spherical harmonics with opposite magnetic quantum numbers. For many perovskites,
the 2, orbitals are an appropriate basis for the electronic ground state, since other en-

ergy scales can usually be considered as a perturbation®. However, the Ir 5d orbitals

“Expressed in the p-orbital basis, the effective angular momentum of the #, g states have L=—1.
8Some other exceptions are systems with Jahn-Teller distortions, such as the manganites.
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have a rather large atomic spin-orbit coupling [48] Ago ~ 0.4 eV, which cannot be consid-
ered as a perturbation, but instead gives rise to mixed spin-orbital states that further lift
the orbital degeneracy. In perovskite iridates, this translates to a lower energy Jeg = 3/2
quartet and a higher energy Jes = 1/2 doublet. The two levels of the latter (in a cubic
approximation) are given by

[1/2) |1/2) = %(IX}/) D +1y2) 1)) +ilzx)11))
L
V3

which can be interpreted as isospin up and down states [44] (see Fig. 1.5b). The level
splitting causes a reduction in bandwidth W with respect to the #;¢ band, enhancing
the effective electron-electron repulsion U/W and therefore rendering these systems
prone to Mott behaviour, similar to their 3d counterparts. The layered members of the
Sr,.1Ir,O3,,; Ruddlesden-Popper series of strontium iridates Sr,IrO, (7 = 1) and Sr3Ir,0,
(n = 2), have the smallest bandwidth due to a reduced coordination of the Ir-Ir network
i.e., c-axis hopping is suppressed due to double SrO planes interrupting the connectiv-
ity between adjacent Ir sites (see Fig. 1.5¢). The small bandwidth results in a lower- and
upper Hubbard /e = 1/2 band and localized carriers with antiferromagnetic order. Ac-
cordingly, these materials are referred to as spin-orbit Mott insulators [49, 50].

[V2)|=1/2) = —(lxp) 1) +1y2) 1) = i1z 1)), (1.2)

The n = co member SrIrO; has the largest connectivity of the Ir sites, due to each site
having six direct neighbours (two along each pseudocubic lattice direction). In contrast
to the layered iridates, this leads to a (paramagnetic) semimetallic state, with a degree of
mixing between the Jo = 1/2 lower Hubbard bands and the Jef = 3/2 quartet. In thin
film form, SIO has been shown to host a combination of heavy hole- and light electron-
like bands [46, 51] (see Fig. 1.5d), as well as a large spin Hall effect [52], which is of in-
terest for applications in spintronics [53]. The lattice symmetry of bulk SIO is mono-
clinic 6 H-type hexagonal perovskite (space group C2/c), characterized by sublattices of
corner and face-shared octahedral networks [54]. The orthorhombic Pbnm perovskite
form exhibiting solely corner-shared octahedra can be stabilized either by external pres-
sure or epitaxial strain [55] (see Fig. 1.6a). In the pseudocubic (Glazer) representation,
the unit cell of the latter is depicted with 2 x4 octahedra that are rotated mutually out-of-
phase about two lattice vectors and in-phase about the third over ~ 10° [56, 57], denoted
a~ b~ c* in Glazer notation [58] (see Fig. 1.6b). Orthorhombic SIO has been proposed to
host a Dirac nodal line, resulting from an intersection between two shifted Dirac cones.
The nodal line is protected by time-reversal invariance and the non-symmorphic n-glide
symmetry, which consists of a mirror operation in the a — ¢ plane of the orthorhombic
unit cell, followed by a translation along its diagonal”. It has been shown that mono-
clinic distortions induced by epitaxial strain cause the nodal line to be gapped [60] (see
Figs. 1.6c-d). Furthermore, breaking of the mirror symmetry through e.g., staggered po-
tentials along the c-axis has been suggested to be able drive the system into various

9Earlier reports argued that the nodal line was protected by the mirror symmetry [59]
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topological phases, ranging from a Dirac semimetal to a topological and band insula-
tor, depending on the strength of the symmetry breaking potential [61]. Clearly, lattice
symmetry is a crucial aspect that determines the electronic ground state of SIO. Further-
more, apart from global lattice symmetries, the magnitudes of octahedral rotations and
Ir—O-Ir bond angles have also been shown to have a strong impact on the electronic
properties [62]. This property, as well as its manipulation through heteroepitaxy, will be
further explored in Chapter 3.
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Figure 1.6: Gapped nodal line. (a) Symmetries of the Pbnm orthorhombic perovskite structure. (b) Pseudocu-
bic representation of the Pbnm orthorhombic perovskite unit cell, exhibiting a a~ b~ ¢™ rotation pattern. (c)
Illustration of a nodal line semimetallic state, resulting from the intersection of two Dirac cones (adapted from
ref. [63]). (d) Electronic structure for SrIrO5 epitaxially grown on GdScOz (001), with the red and blue curves
denoting the hole- and electron-like Jo¢ = 1/2 bands. The right panel represents an enlarged view around the
gapped nodal line. Panels (a) and (c) adapted from ref. [60].

1.3. ITINERANT FERROMAGNET SRO

Similar to perovskite SIO, SRO has a Pbnm orthorhombic symmetry characterized by
a a b~ c* Glazer rotational pattern i.e., out-of-phase rotations about two pseudocubic
axes and an in-phase rotation about the third (see Fig. 1.7a). In bulk single-crystal form,
it has octahedral rotations of ~ 6° [66], which are strongly affected by heteroepitaxy. In
particular, when grown on compressive substrates such as STO (see Fig. 1.7b), the lat-
tice symmetry reduces to a tetragonal a’a’c~ rotation pattern, with a uniaxial magnetic
anisotropy that points out-of-plane [66, 67]. Being a 4d element, it has a moderately
strong atomic spin-orbit coupling of ~ 0.1eV [68] which, in contrast to the iridates, can
be considered as a perturbation in the ;4 subspace. The larger bandwidth compared to
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Figure 1.7: Avoided band crossings in ferromagnetic SRO. (a) Pbnm orthorhombic unit cell of SRO (adapted
from ref. [64]). (b) HAADF-STEM image of a SRO thin film grown on a STO (001) substrate. (c1) Longitudinal
(top) and anomalous Hall resistivity (bottom) for a SRO single crystal, as well as pristine and Ca-doped SRO
thin films grown on STO. (c2) Theoretical and experimental anomalous Hall conductivity as a function of mag-
netization. (d) Illustration of a magnetic monopole arising from avoided level crossings between different ¢
bands. Panels (c1), (c2) and (d) adapted from ref. [65].

the iridates translates to a smaller U/ W ratio, rendering SRO a moderately correlated o
metal [64, 69]. Perhaps most importantly, SRO is an itinerant ferromagnet with a bulk
Curie temperature T¢ = 160K [70]. Interestingly, its seemingly more correlated isostruc-
tural sister compound CaRuO; (CRO) is a paramagnet, a difference which has been at-
tributed to smaller octahedral rotations in SRO as compared to CRO, resulting in a more
spiked density of states at the Fermi energy and a concomitant Stoner instability [71].
The ferromagnetic transition, which can be identified from a rather abrupt slope change
in the p,x(T) curve, can be suppressed by e.g., Ca doping (see Fig. 1.7c1). An impor-
tant consequence of the ferromagnetic phase transition is a spontaneously broken spin
rotation and time-reversal symmetry, which permits a nonzero Berry curvature when in-
tegrating over all occupied states of the Brillouin zone. The result is an emergent gauge
field that strongly depends on the electronic structure and magnetization, and produces
the anomalous Hall effect (see Fig. 1.7c) [72]. The Berry curvature is generally not uni-
formly spread throughout the Brillouin zone, but is typically spiked at points in k-space
near avoided crossings between bands that are mixed by e.g., the spin-orbit coupling
(see Fig. 1.7d). In the vicinity of such an avoided crossing, the three-dimensional Hamil-
tonian can be parametrized as a two-level system, with a vector f projected onto the
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Bloch sphere. Then the gauge field for a surface on the sphere is given by half the sub-
tended solid angle. In bulk SRO, such a point has been shown to occur at the I" point, be-
tween |yz) and |zx) derived bands, which produces a singular source of the gauge field,
referred to as a momentum-space magnetic monopole [65]. It should be noted however,
that extrinsic mechanisms [73, 74] of the anomalous Hall effect (AHE) have also been
proposed to play a role in SRO, particularly close to T¢ [75]. In the next section, we delve
a bit deeper into the concepts of anomalous transport and how in two-dimensions it can
be expressed in terms of a topological quantity known as the Chern number.

1.4. ANOMALOUS TRANSPORT

We consider a wavefunction in k-space yy and displace it by an infinitesimally small
amount ok. This yields

Wi+ok = Wk + 0k Viyry, (1.3)
such that

Wil — (Wilyie)
ok

= —igf. (1.4)

(Wil Vily) = (slliglo

In the presence of a k-space gauge field, or curvature, the quantity <, known as the
Berry connection or gauge potential, may be nonzero. The overlap between the two
wavefunctions separated by 0k is given by

51111110 WklWk+oK) = 511?—1}0 [1+ (Y Viclyie) - 6K] (1.5)
= exp (ist - dK). (1.6)

Then, by integrating around a closed loop, one finds

f (Wil Vil - dk = exp (lf dk'dk)
% %
=exp (iy), 1.7

with y known as the (closed-path) Berry phase, which is acquired as the wavefunction
adiabatically traverses a closed loop % in parameter space, in the presence of a gauge
potential [76]. Using Stokes’ theorem, the contour integral can be written as a surface
integral

}{dk-dszf (Vi x <) - d%k, (1.8)
€ 4
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with Vi x & = Qg the momentum-space Berry curvature, which represents the flux
that penetrates the surface area that is enclosed by the contour € i.e., the gauge field. In
a curved space, the usual derivative operation is not gauge invariant. Therefore, the in-
troduction of a gauge-covariant derivative is required as Vi — Vi—i<f. In a momentum-
space basis, the gauge-covariant position operators are given by [65]

V=V, —isl,. (1.9)

We consider a perturbation in the form of a simple electric field A’ = —e&, %. The addi-
tional contribution to the time-evolution of the position operators is then given by

dy Ioay
—\V\=_|H
<dt> = H 7]

__ie&c[fc A]
= h , Y

_ eby (Odky adkx)
h

ok,  Oky
= %g’ng( S (1.10)

and is known as the anomalous velocity. Since it manifests perpendicularly to the ap-
plied field, one can define the transverse anomalous conductance O'AH vAHe/ &x, which
is found by integrating over all occupied states throughout the Br1110u1n zone and sum-
ming over all electronic bands n

2
o) Zﬂhsz fler)Qs d’k, (1.11)

with f (e}?) the Fermi-Dirac distribution of the dispersion relation e} of band 7. For sys-
tems wnh time-reversal symmetry, the Berry curvature is an odd function with respect
to k, meaning that its integration throughout the Brillouin zone reduces to zero. For
systems with inversion symmetry, the Berry curvature is an even function of k, which
means it reduces to zero everywhere in the presence of simultaneous time-reversal and
inversion symmetry [77]. At zero temperature and for a single fully occupied band n,
equation (1.11) simplifies to

Q% d’k
xy’ 27‘[h ffBZ

h Cn, (1.12)

with C,, the Chern number of band n, which is a topological quantity that constitutes a
quantized contribution to the anomalous Hall conductance. It may be interpreted as the
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winding number of a chiral vortex-like object of the Berry connection with an associated
topological charge. For a fully occupied band (Chern insulator), the anomalous Hall
conductance is quantized. In the case of partially occupied bands i.e., band structures
with a Fermi surface, the conductance is not quantized due to contributions from states
at the Fermi energy [77]. For a given (Bloch) wavefunction v, the Berry curvature can be
written as

Qe =iV, ok, — iV, i, = Vi, @IV, ) = Vi, YIVe, ¥)
= Vi, WV, ) — i Vi, ¥IVi, )
= —i[|IViw) x (View ] . (1.13)

For two wavefunctions v, and vy, we can write

<1//m‘v“:h//n> =€ YV ) + {Wmlyy) Ve,
= <1//m|VI:I|1//n> + <1//miI:I|V1//n>

= (Um|VH|Wn) +€m WmlVy,), (1.14)
which gives
VA
WV = M (1.15)
n—€m

Then the total Berry curvature of band n is given by

Qﬁ =-i Z [(Wmlkan> X (kanll,Um) ]Z

m#n

- Z [(Wm|vkﬁ|1/’n> x <Wn|ka:I|1/’m>]z
m#n (em_en)Z

Y m Y| Ve Alyn) (wal Vi, Alym)

m#n (em - 61’1)2

(1.16)

which illustrates that when two bands m and n are nearly degenerate, the Berry cur-
vature is singularly enhanced. Additionally, since equation (1.16) is odd with respect to
permuting m and n, the sum over all bands Zan’(’, as well as the sum over all Chern
numbers }_, C,, returns zero. The topology and anomalous properties of SRO in the
two-dimensional limit, as well as its manipulation through interface engineering will be
explored in Chapters 4, 5 and 6.

1.5. OUTLINE OF THIS THESIS
In this thesis, we study heterostructures and thin films consisting of the 4d and 54 transition-
metal oxides STRuO; and SrIrO3, with a focus on interface-driven structural, electronic
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and magnetic reconstructions. The remainder of this thesis is outlined as follows.

Chapter 2 describes the main experimental techniques used throughout this thesis for
the synthesis, structural analysis and electronic characterization of SrlrO3— and StRuO5—
based heterostructures and thin films; pulsed-laser deposition, X-ray diffraction, device
fabrication and cryogenic magnetotransport measurements.

In Chapter 3, we study the octahedral connectivity across the interface between SrTiO5
and SrIrO3, which exhibits an anomaly in the resistivity at the SrTiO5 cubic-tetragonal
structural phase transition. Through transport measurements, synchrotron X-ray diffrac-
tion measurements and density-functional theory (DFT) calculations, we show that this
behaviour can be understood as orthorhombic structural domains of the SIO film adapt-
ing to the tetragonal multi-domain state of the STO substrate.

In Chapter 4, we describe a theoretical analysis of STRuOs in the ultrathin limit, showing
that the anomalous Hall effect of monolayer SrRuO3; can be understood in terms of sets
of topological bands. We subsequently show that the sign of the anomalous Hall effect
can be manipulated by creating symmetric interfaces of STRuO; with both SrTiO5; and
SrIrOs. In asymmetric SrlrO3/SrRuO3/S1TiO3 heterostructures, we find that the anoma-
lous Hall effect is well described by a phenomenological two-channel AHE model. We
subsequently show that this behavior can be mimicked by ultrathin SrRuOj; bilayers, sep-
arated by an insulating SrTiO5 spacer.

In Chapter 5, we interface ultrathin SrRuO5 with the wide bandgap insulator LaAlOs.
Transmission electron microscopy and magneto-optical characterization reveal a polar
SrO/Ru0,/La0 interface configuration, that experiences a magnetic reconstruction as a
result of charge-frustration. We subsequently show through DFT, tight-binding calcula-
tions and magnetotransport that the resulting inversion symmetry breaking and pinning
of excess charge have a profound effect on the anomalous Hall effect, driving a reorga-
nization of the topological charges in momentum space and changing the sign of the
momentum-space Berry curvature.

In Chapter 6, we synthesize SrRuOj; thin films on SrTiO5 (111) substrates. We argue,
based on transmission electron microscopy and X-ray diffraction, that the films are co-
herently strained with the orthorhombic in-phase rotation axis oriented along the (001)
lattice direction. Through high-field magnetotransport measurements, we show evi-
dence of a high mobility hole-like band that becomes more prominent towards the ultra-
thin limit. Thick films exhibit an unsaturating linear positive magnetoresistance, which
we attribute to guiding center motion magnetoresistance.

Chapter 7 summarizes the findings of this thesis and provides a number of suggestions
for future directions to be explored.



EXPERIMENTAL TECHNIQUES

“No amount of experimentation can ever prove me right;
a single experiment can prove me wrong."

— Albert Einstein

This chapter describes the main experimental techniques used throughout this thesis for
the synthesis, structural analysis and electronic characterization of SrlrO3— and StTRuO3—
based heterostructures and thin films; pulsed-laser deposition, X-ray diffraction, litho-
graphic device fabrication and cryogenic magnetotransport characterization.

15
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ETEROEPITAXY in complex oxides is a powerful and versatile method towards realiz-
H ing novel phenomena in condensed matter systems. In pursuit of this goal, material
synthesis, structural analysis and electronic characterization are indispensable tools. In
this chapter, we describe the main experimental techniques used throughout this thesis
to synthesize and characterize SRO- and SIO-based oxide thin films and heterostruc-
tures. A typical workflow consists of sample synthesis through bottom-up growth using
pulsed-laser deposition, followed by surface and structural characterization such as re-
flection high-energy electron diffraction (RHEED), atomic force microscopy (AFM) and
X-ray diffraction. Finally, devices are fabricated using electron-beam lithography and
characterized electronically through cryogenic magnetotransport measurements. In the
next sections, we discuss the basic concepts and methodology used throughout this the-
sis regarding pulsed-laser deposition, X-ray diffraction, device fabrication and magne-
totransport characterization.

2.1. PULSED-LASER DEPOSITION

Pulsed-laser deposition (PLD) is a technique for the synthesis of thin films and het-
erostructures. It was first demonstrated in the 1960s [78], but only became more widely
used after its capabilities for the efficient synthesis of thin film cuprate high-temperature
superconductors were demonstrated (79, 80]. Another milestone was the TiO, single
termination of STO substrates through subsequent treatments with, water, buffered hy-
drofluoric acid and high temperature O, annealing [81, 82], enabling the PLD growth of
atomically smooth ultrathin films and heterostructures with well-defined interfaces [7].
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Figure 2.1: Pulsed-laser deposition. (a) lllustration of a pulsed-laser deposition setup incorporating a pulsed
KrF excimer laser, infrared diode laser heater, in-situ RHEED, rotating target and pyrometer. (b) Illustration
of the Ewald’s sphere intersecting reciprocal lattice rods and an example of a diffraction pattern visible on the
fluorescent screen.

Fig. 2.1a illustrates the configuration of the PLD setup, as used throughout this the-
sis. A 5mm x 5mm x 0.5mm substrate (typically STO) is mechanically clamped on a
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heater stage and positioned in the center of a vacuum chamber with a base pressure
p < 5x 108 mbar. Gases such as O, and Ar can be inserted and the chamber gas pres-
sure can be controlled using a combination of gas flow controllers and variable valve
positioning of the main turbomolecular pump. The substrate temperature is controlled
by an infrared diode laser incident on the backside of the metal holder. The tempera-
ture is estimated with a pyrometer measuring infrared thermal radiation, aimed at the
substrate holder from the front. In practice, the diode laser heater current is used to
benchmark the growth temperature. To avoid damage due to thermal shock, substrates
are heated and cooled slowly (typically 10 —20°C/min). Deposition is performed with a
pulsed (1Hz) KrF ultraviolet (excimer) laser (A = 248nm) incident onto a sintered (SRO,
SIO) or single-crystal (STO, LAO) target of the desired material to be grown. The inter-
action of the laser with the target causes atomic species to be ablated, creating a plasma
plume that is incident on the heated substrate at 55mm distance. During this process,
the kinetic energy of ablated species can vary from tens of eV to tenths of eV, depending
on the background gas pressure, substrate-target distance and laser fluence [83-85]. The
latter is determined by dividing the nominal laser power per pulse incident on the target
~ 25m] by the measured (rectangular) laser spot size ~ 1 mm x 2mm and correcting for
the attenuation of the laser entry window. A typical value for the fluence is 1J/cm?.
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Figure 2.2: Synthesis of perovskite thin films. (a) Intensity of the first-order RHEED spot during the growth of
a 26 u.c. SIO film. The inset shows the RHEED pattern after the growth has been completed. (b) X-ray 6 — 260
scan for the film from (a). The inset shows the rocking curve around the (002)pc peak of the SIO film.

Thin film growth is monitored using in-situ RHEED, which utilizes a 30kV electron
beam with an emission current of typically 1-10pA. The beam is incident on the sub-
strate at a grazing angle, producing a spotted diffraction pattern that can be observed
using a fluorescent screen and a camera. A crystalline surface exhibits a RHEED pattern




18 2. EXPERIMENTAL TECHNIQUES

characterized by concentric spots or streaks (see Fig. 2.1b), which arise due to the inter-
section of the reciprocal lattice rods with the Ewald’s sphere [86, 87]. During Frank-van
der Merwe (layer-by-layer) growth, the intensity of the RHEED spots oscillates as the sur-
face alternates between low and high densities of step-like defects. Such a growth mode
occurs when the mean free path of adatoms on surface is smaller than the size of the
terraces exhibited by miscut crystal surfaces (typically several hundred nm). In contrast,
step-flow growth occurs when the mean free path is larger and adatoms collide with
the steps at the terrace edges. Since this process preserves a constant step-defect den-
sity during the growth, it does not produce RHEED oscillations, but is usually identified
from pronounced intensity drops after every laser pulse, followed by exponential recov-
eries [88]. Fig. 2.2a illustrates the layer-by-layer growth of a 26 u.c. SIO film on a STO
(001) substrate, with the inset showing the post-growth RHEED pattern. The growth
parameters are po, = 0.1 mbar, substrate temperature T =~ 600°C and laser fluence of
F =1J/cm?. After the growth is complete, samples are annealed in p = 300 mbar O, gas
at 550 °C for 1 hour and subsequently cooled to room temperature in the same pressure.
All samples are capped either with a crystalline or amorphous layer (typically STO) to
prevent sample decay from exposure to ambient conditions, as described in ref. [89].

Further structural information can be gathered from X-ray characterization (discussed
in the next section), such as shown in Fig. 2.2b. The (002) diffraction conditions for the
STO substrate and SIO films are indicated by the dashed lines. The position of the SIO
diffraction pattern indicates a larger c-axis lattice parameter (cpc = 4.08A) compared to
the cubic STO substrate (¢ = 3.905A). In-plane lattice matching therefore leads to com-
pressive strain exerted by the substrate on the SIO film. The Laue oscillations' observed
in the vicinity of the SIO peak arise due to the combination of the finite thickness of the
SIO layer and long-range crystal coherence. The inset shows the rocking curve around
the SIO (002) peak, which measures the mosaicity of the crystal planes perpendicular to
the c-axis.

2.2. X-RAY DIFFRACTION

As illustrated prior, X-ray diffraction is a useful technique for the characterization of
crystals. Diffraction measurements in this thesis have been performed either at a syn-
chrotron facility? or using a Bruker D8 Discover with a Cu K-a source producing an 8keV
(A = 1.54A) X-ray beam (see Fig. 2.3a). Crystallographic characterization of thin films
can be performed through techniques such as Bragg diffraction, reflectometry, rocking
curves, reciprocal space mapping and crystal truncation rod measurements. A typical
setup consists of a microfocus radiation source, beam slit, monochromator, beam atten-
uator and a pinhole collimator. The radiation diffracted from the sample subsequently
passes through a motorized slit onto a 1D silicon strip detector. The monochromator
improves spectral resolution at the expense of beam intensity and can be omitted, if the
photon count takes priority over angular resolution (e.g., for reflectivity measurements).
The attenuator is included to moderate the beam intensity and to avoid damage to the

LColloquially referred to as finite-size oscillations or thickness fringes.
2Diamond Light Source, Beamline 116 (Didcot, UK)
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detector due to overexposure. If the detector is used in 0D mode i.e., summing the in-
tensity of all pixels on the 1D grid, the slit opening (typically < 1mm) determines the
acceptance angle of the detector and therefore the angular resolution (typically ~ 0.02°).

(@) () (1/2,0,3/2)
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space

real space

_—

k

Figure 2.3: X-ray diffraction. (a) lllustration of an X-ray diffraction setup in a Bragg geometry. (b) Doubling of
the unit cell vertices in real and reciprocal space due to octahedral rotations.

In the far-field approximation, the diffracted X-ray amplitude of a crystal is given by [90]

A= Zexp(—iAk-rm))(anexp(—iAk-rn) , 2.1)

where the first term sums over all lattice points m and the second term over all atoms
in the chosen basis n associated with each lattice point, referred to as the structure fac-
tor. The term Ak constitutes the scattering vector given by ki, — koyu: and f denotes the
form factor of the constituent atoms i.e., a measure of the scattering amplitude from
the atomic electron density. Constructive interference between diffracted waves occurs
when the so-called Laue conditions are satisfied, given by

Ak-a=27nh
Ak-b=2nk
Ak-c=27l, (2.2)

with (a, b, c) the basis vectors of the real-space unit cell. The Ak that satisfy (2.2) are
known as the reciprocal lattice points and produce a peak in the diffracted X-ray in-
tensity for a given reflection (k). The intensities of different (hkl) reflections respect
the symmetry equivalent sites. For example, the inversion symmetric monoclinic space
group P2/m has a two-fold rotation symmetry with a perpendicular mirror plane. There-
fore, if the mirror plane is normal to the z-axis, a point (x, y, z) is equivalent to (x, y, 2),
(%, 7,2) and (X, 7, z) and the reflections (hkl), (hkl) (hkl) and (hkl) will have (approxi-
mately) equal intensities, whereas the intensity of e.g., (k1) may differ. It is also possible
for waves to interfere destructively, which are known as forbidden or systematically ab-

sent reflections. The presence or absence of different reflections therefore underlies the
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unit cell symmetry and can be used to identify to which of the 230 possible crystal space
groups it belongs. High-symmetry unit cells such as cubic, tetragonal and orthorhom-
bic have right angles between their vertices, which translates to right angles in recipro-
cal space. When the vertices deviate from right angles (e.g., monoclinic, rhombohedral),
the degeneracy of the shearing direction causes the formation of structural domains and
subsequently a splitting of the off-specular reflections, which can be visualized through
reciprocal space maps [91].

The octahedral rotations mentioned in the previous chapter double the perovskite unit
cell vertices in real space, which translates to a halving in reciprocal space (see Fig. 2.3b).
Therefore, the measurement of half-order reflections can be employed to verify the pres-
ence or absence of certain lattice distortions, as well as to quantify their magnitude [57,
92]. A general guide to half-order reflections has been given by A.M. Glazer [58], from
which the eponymous classification of oxygen octahedral rotations came forth. Table 2.1
describes the six possible octahedral rotations and the half-order diffraction peaks they
produce. Octahedral rotations may also promote A-site cation displacements via steric
forces. For example, in the a~ b~ c¢* Pbnm structure, A-site cation displacements occur
in the plane spanned by the two out-of-phase axes, which is perpendicular to the in-
phase axis [57]. A second example is the rhombohedral a”a™ a™ structure (e.g., LaAlOs),
where cation displacements occur along the (111) 5 direction [58].

Table 2.1: Half-order reflections arising from octahedral rotations. Symbols a, b and ¢ denote the pseudocu-
bic lattice axis of rotation and + whether that rotation be (+) in-phase or (-) out-of-phase. The reciprocal lattice
points (4, k, I) are expressed in terms of the doubled unit cell. Adapted from ref. [58].

rotation (h,k, 1) condition example

a’ even-odd-odd k#1 (013), (031)
bt odd-even—odd h#l (103), (301)
ct odd-odd-even h#k (130), (310)

a” odd-odd-odd k#1 (131),(113)
b~ odd-odd-odd h#l (113),(311)
c” odd-odd-odd h#k (131),(311)

Similar to RHEED, half-order reflections can be identified by measuring crystal trun-
cation rods (CTRs), which can be observed when a reciprocal lattice point intersects the
Ewald’s sphere. The incidence angle of the beam is kept fixed at a small value to max-
imize surface sensitivity, while the polar and azimuthal exit angles of the beam, as well
as the azimuthal rotation angle of the sample are varied. A two-dimensional detector is
used to record the diffraction intensities in /-scans i.e., a moving along the [/-axis in re-
ciprocal space while recording the diffracted radiation. The intensity of a given reflection
Iy is denoted by [57]

L
I = Io.—pZDlehkllz, (2.3)
sin7) 5
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where the sum }; D; takes into account fractions of different rotational domains, the
factor L,/ sinmn corrects for the angular dependence of the beam footprint and polariza-
tion, and Fjy; is the atomic structure factor. For a perovskite in the pseudocubic repre-
sentation, the latter can be expressed as [57]

24
Fprr = for- Z exp[2mi(huy, + kv + lwpy)]

m=1

8
+ fa Z exp 2ri(hu, + kv, + lwy)]
n=1

8
+fs Y exp[2ni(hup + kvy + Lwp)], 2.4)
p=1

with fo,, fa and fg the form factors of elemental oxygen, the A-site and B-site, respec-
tively and the coordinates (u, v, w) the real-space positions of the atoms in the pseu-
docubic unit cell. The coordinates (u, v, w) are functions of the rotation angles about
the a, b and c axes a,  and v, respectively. Accordingly, experimental data can be fit to
simulated diffraction spectra for the quantification of octahedral rotation patterns [57,
92, 93].

2.3. DEVICE FABRICATION

METHOD A

Devices used for electrical characterization of SrIrO3— and SrRuOs-based thin films and
heterostructures are fabricated by one of two methods, labeled A and B (see Fig. 2.4).
Method A is visually depicted in Fig. 2.4a. A bilayer liftoff resist (PMMA 495kDa + 950
kDa) is deposited on the sample through spin-coating at 4000 rpm?®. The shapes of elec-
trical contacts are written using electron-beam lithography*, which are subsequently
developed by immersing the sample consecutively in DI water (15s), a 1:3 mixture of
MIBK:IPA (60s) and pure IPA (15s). After development, metal contacts (typically 5 nm Pd
+ 30-50nm Au) are evaporated after a 10 s in-situ Ar-milling cleaning step. Subsequent
liftoff is done by immersing the sample in warm (50 °C) acetone or (80 °C) 5 (NMP). To
define devices suitable for electrical transport measurements, a second lithography step
isrequired. After another spin coating step, the non-device areas are exposed and devel-
oped. The conductive film is then etched away using Ar-milling at an etch rate of ~ 1nm
per minute, using the PMMA resist layers as an etch mask. Finally, the PMMA etch mask
is removed through immersion in warm acetone or NMP.

METHOD B
If metal contacts are not required i.e., if Ohmic contacts can be obtained through wedge/ball
bonding directly to the sample, method B can be used, which requires only a single

3To prevent charging effects during electron-beam exposure, a conductive layer of water-soluble ~ 30nm Elec-
tra92 is spun on top of the PMMA bilayer.

4With a dose ~ 750uC/ cm? and an acceleration voltage 100kV

5N-methyl-2-pyrrolidone
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Figure 2.4: Device fabrication. (a-b) Schematic illustration of two different methods (labeled A and B) for the
fabrication of electronic devices in complex oxide heterostructures. The top left images are AFM topographic
scans of a TiO,-terminated STO substrate and a 6 u.c. SIO film with a 10 u.c. crystalline STO capping. (c)
Optical microscope images of Van der Pauw (VdP) and Hall bar devices using method A and (d) using method
B. The dashed lines are a guide to the eye.

lithography step (see Fig. 2.4b). After spin-coating, non-device areas are exposed, de-
veloped and etched away using Ar-milling. To obtain an optical contrast between device
and non-device areas, a dielectric oxide (e.g., SiO, or HfO,) with a thickness of ~ 30nm
is RF-sputtered after the etching step. After lifting off the remaining resist, samples are
annealed on a hot plate (350°C) for several hours to cure any oxygen vacancies that may
have formed in the STO substrate during the etching step®. Some examples of devices
fabricated using methods A and B are shown in Fig. 2.4c and Fig. 2.4d, respectively.

2.4. TRANSPORT CHARACTERIZATION

After the fabrication procedure, samples are pasted onto a printed circuit board (PCB)
attached to chip carriers with electrical contact pins. Electrical connections between
the PCB and devices are subsequently made through ultrasonic wedge bonding with

SElectric shorts between devices can easily occur due to conductive oxygen-deficient STO.
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Figure 2.5: Magnetotransport characterization. Schematic illustration of the setup used for the transport
characterization of devices at cryogenic temperatures and in magnetic fields up to 12 T.

Al/Si wire. The chip carrier is then attached to a probe stick and inserted into a cryo-
stat. The bulk of the transport measurements in this thesis have been performed in
an Oxford flow cryostat with a base temperature of 1.5K, equipped with a supercon-
ducting magnet. Transport measurements are performed as schematically illustrated
in Fig. 2.5. Using a lock-in amplifier, a low frequency (17.77Hz) AC voltage is applied
coaxially to a voltage-current converter via a differential amplifier isolator. The result-
ing current is sourced through the sample via room temperature low-pass n-filters. The
resulting longitudinal (Vy) and transverse (Vy,) voltages are amplified with CMOS or
JFET gate input differential amplifiers and recorded by two lock-in amplifiers with cou-
pled oscillators, via a second differential isolator amplifier’. Quantities such as sheet
resistance are calculated by dividing the measured voltage drop by the sourced current
and multiplying by the sample aspect ratio (or van der Pauw factor 7/In2 = 4.53). The
sample temperature is controlled with an Oxford ITC4, incorporating a resistive heater
and a resistance thermometer that is in direct contact with the metal backplate of the
chip carrier. Resistance versus temperature characteristics are determined by cooling
the sample from 300K down to base temperature at a rate of ~ 2K/min, while sourcing
a constant current and measuring the resulting voltage drops. Field-dependent mag-
netoresistance and Hall effect measurements are performed at fixed temperature, while
sweeping the superconducting magnet in a chosen field range at rates between 0.1 T/min
and 0.5T/min.

"Further information regarding the measurement electronics can be found in ref. [94].







COUPLING LATTICE INSTABILITIES
IN SIO/STO HETEROSTRUCTURES

“Well begun is half done."
— Aristotle

Oxide heterointerfaces constitute a rich platform for realizing novel functionalities in con-
densed matter. A key aspect is the strong link between structural and electronic properties,
which can be modified by interfacing materials with distinct lattice symmetries. In this
chapter, we determine the effect of the cubic-tetragonal distortion of SrTiO3 on the elec-
tronic properties of thin films of SrlrO3, a nodal line semimetal hosting a delicate interplay
between spin-orbit coupling and electronic correlations. The compressive strain exerted
by the SrTiO3 substrate is found to force a binary domain structure in the SrlrOs film. We
further demonstrate that, below the transition temperature at 105 K, SrlrO3 orthorhom-
bic domains couple directly to tetragonal domains in SrTiOs. The close proximity to the
metal-to-insulator transition in ultrathin SrlrO; causes the individual domains to have
anisotropic transport properties, driven by a reduction of bandwidth along the in-phase
axis. The strong structure—property relationships in perovskites make these compounds
particularly suitable for static and dynamic coupling at interfaces, providing a promising
route towards realizing novel functionalities in oxide heterostructures.

Parts of this chapter have been published by T.C. van Thiel, J. Fowlie, C. Autieri, N. Manca, M. Siskins,
D. Afanasiey, S. Gariglio and A.D. Caviglia in ACS Mater. Lett. 2(4), 389-394 (2020).

Simulation of the rotation angles was performed by J. Fowlie. DFT calculations were performed by C. Autieri.
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NGINEERING matter with tailored properties is one of the main objectives in con-

densed matter physics. Perovskite oxides have been at the center of attention due
to the combination of a flexible lattice structure and strong structure-property relation-
ships. At heterointerfaces, structural phases and domain patterns that are not present
in bulk can manifest [95-97]. Such artificial phases can have a marked effect on elec-
tronic and magnetic properties and have been shown to modify features such as mag-
netic anisotropy [30, 31], interfacial ferromagnetism [98-100] and ferroelectricity [101].
Recent years have seen an increasing amount of attention focused on the exploration
of nanoscale domains, which have emerged as an abundant source of novel physical
properties [102-106]. Control of such domain patterns however, remains an open chal-
lenge. A possible way forward is to incorporate materials that undergo structural phase
transitions. A canonical example is SrTiO5 (STO), a widely used material that undergoes
a transition from a cubic to a tetragonal phase when lowering the temperature below
105 K. At this temperature, STO breaks up into ferroelastic domains in which TiOg oc-
tahedra rotate about one of three possible directions [107]. When STO is used as a sub-
strate for heteroepitaxial growth, the rotational distortion and resulting domain pattern
can interact with the thin film due to octahedral connectivity across the interface [23].
In this context, semimetal SrIrO; (SIO) is of particular interest, since dimensionality and
octahedral rotations have been shown to be pivotal in the delicate interplay between
spin-orbit coupling (SOC) and electronic correlations [46, 108, 109]. Efforts to study
SIO have primarily been fueled by theoretical predictions of a Dirac nodal ring, which
is at the boundary between multiple topological classes, depending on the type of lat-
tice symmetry-breaking [61, 110, 111]. In this respect, the interplay between the corre-
lation strength and electronic bandwidth is crucial as it determines the position of the
Dirac node with respect to the Fermi level [46, 110, 112]. The bandwidth is, among other
things, governed by the Ir—O—Ir bond angle, which may be controlled through cation
substitution, pressure tuning [113] or heteroepitaxy.

In this chapter, we demonstrate manipulation of the structural domain pattern of SIO
thin films, through interaction with the tetragonal distortion of STO. We find (i) that the
compressive strain exerted by the STO substrate forces a binary domain structure in the
SIO film and (ii) that STO tetragonal domains couple to SIO orthorhombic domains.
In ultrathin films, the STO tetragonal distortion induces an anisotropy in the longitu-
dinal resistivity of SIO, which can manifest as a metal-to-insulator transition. Density-
functional theory (DFT) calculations on ultrathin films corroborate the anisotropic char-
acter of the domains, revealing a depletion of states at the Fermi level along one lattice
axis, while along the other the system remains metallic.

3.1. TRANSPORT ANOMALY

The resistivity (p) versus temperature (T) characteristics of three SIO/STO heterostruc-
tures measured in a Hall bar (HB) geometry are shown in Fig. 3.1a. The film thicknesses
were chosen to be just above the critical point for the metal-to-insulator transition, such
that the properties of the films are most sensitive to interface effects while maintain-
ing a semimetallic ground state [108]. At T = 105K, p(T) displays a sudden change of
slope. This change in resistivity of the SIO film occurs simultaneously with the structural
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Figure 3.1: Simultaneous structural and electronic transition. (a) p(T) curves of SIO films of different thick-
nesses, measured in a HB geometry oriented along the (100) lattice axis. (b) Phase diagrams of SIO and STO.
Perovskite SIO is orthorhombic at all temperatures while STO undergoes a transition from a cubic to a tetrag-
onal phase below 105K. (c) Octahedral rotations and cation displacements of orthorhombic SIO viewed along
the pseudocubic [001] (top) and [100] (bottom) directions.

phase-transition in the STO substrate, indicating a strong octahedral connectivity across
the interface that couples the lattice degrees of freedom of the STO substrate to the elec-
tronic properties of the SIO film. We note that thicker films display similar behavior,
albeit less pronounced (see also section 3.5.1). The structural phase diagrams and lat-
tice structures of SIO and STO are shown in Figs. 3.1b-c [114]. Perovskite SIO has an
orthorhombic structure (space group Pbnm) from 300K down to low temperature, with
rotation angles of typically 10° or larger about the pseudocubic lattice axes [56, 115]. STO
is cubic (Pm3m) but transforms into a tetragonal phase (I4mcm) below 105K, where it
forms three possible domains. Its transition temperature, as well as the magnitude of the
distortion can be controlled by e.g., Ca- or Ba-doping [116-118].

3.2. BINARY DOMAIN STRUCTURE

Octahedral rotations double the perovskite unit cell vertices in real space, a phenomenon
that gives rise to half-order Bragg peaks in X-ray diffraction measurements. The presence
of specific half-order peaks is governed by symmetry [58], and the measurement of a set
of half-order peaks can be used to fully determine the rotational pattern of the film [57].
STO is characterized by aa®c ie., an out-of-phase rotation about the c-axis, which
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is slightly elongated [119]. Orthorhombic SIO is denoted by a~b~c¢* , having out-of-
phase rotations of the same amplitude about two axes and in-phase rotations of differ-
ent amplitude about the third axis [60]. To study the octahedral rotations in the SIO/STO
heterostructures, we performed synchrotron X-ray diffraction measurements. The films
have thicknesses of 40, 25, and 15 u.c. and are capped by an amorphous STO layer, pre-
venting an additional diffraction signal from the capping layer while shielding the film
from exposure to ambient conditions [89].
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Figure 3.2: Binary domain structure. (a) XRD L-scans of SIO films of different thicknesses, measured in the
vicinity of the (002) reflection of the STO substrate. (b) Half-order peaks arising from in-phase octahedral ro-
tations. (c) DFT calculated energy difference per formula unit for the in-phase axis (red) parallel and (blue)
perpendicular to the c-axis (growth axis) as a function of lattice constant for supercells consisting of four for-
mula units of STO and SIO. (d) Half-order peaks from different geometric domains.

Measurements of the (002) diffraction peak of these films are shown in Fig. 3.2a, which
demonstrate that the films are compressively strained. We first consider (h, k, /) Bragg
conditions where one of the three reciprocal lattice positions is an integer and the other
two are unequal half-order positions (1/2,1,3/2). This peak is present if the integer recip-
rocal lattice vector is parallel to the real-space direction of the in-phase axis [120]. As
shown in Fig. 3.2b, a peak is present when the integer reciprocal lattice vector is along h
and k, but not along I. From this we infer that the in-phase rotation (+) axis lies in the

plane of the film, and it exhibits a mixed population of a*a” ¢~ and a~a* ¢~ domains',

1We denote a = b due to the approximately square in-plane symmetry imposed by the substrate.
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consistent with previous reports [46, 121]. In the ABO5; Pbnm structure, the B-B distance
along the in-phase axis is slightly shorter compared to the out-of-phase axis. There-
fore, to minimize the lattice mismatch with the compressive substrate, the in-phase axis
should lie in-plane. The a~ axis, which experiences the largest strain, should then be
oriented along the ¢~ axis of STO tetragonal domains, such that a"a* ¢~ (a*a"¢™) do-
mains in the film couple to ¢~ a’a® (a’c~ a®) domains in the substrate. This is supported
by DFT calculations (Fig. 3.2c), which show that forming a~a™¢* domains is energeti-
cally unfavourable due to a larger in-plane lattice parameter when the in-phase axis is
oriented out-of-plane (ap. = 3.9430A) as compared to in-plane (apc = 3.9411A) [56]. In
addition, alignment of the ¢~ and a~ axes of STO and SIO, respectively, preserves the
continuity of the rotational symmetry across the interface. Different rotational domains
arise depending on whether the octahedron closest to the origin rotates clockwise or
counterclockwise about each axis. This can be probed by the {3/2,1/2,3/2} series of half-
order reflections [57]. Peaks are present for all reflection conditions (Fig. 3.2d), indicating
that the SIO film consists of four geometric domains with a (anti-)parallel to [100] and
[010], with approximately equal volume fractions.
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Figure 3.3: Electronic structure. (a) DFT calculated relaxed structure, viewed along the (top) a~ axis and
(bottom) a™ axis, (b) electronic structure with the out-of-phase (-) axis along I'—X and the in-phase (+) axis
along I'—Y. The grey and white areas indicate parts of the Brillouin zone comprising transport either fully or
partially along the out-of-phase and in-phase axis, respectively. The bottom panel shows an enlarged view
around the Fermi energy. The inset shows the two-dimensional Brillouin zone of the orthorhombic unit cell.
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Having established a coupling between the binary domain structure in the SIO film
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and the tetragonal domains in the STO substrate, we turn to the question of how this
interfacial domain coupling affects the electronic properties and the connection with
the observed anomaly in the p-T curve. While in the Pbnm structure, the B—B distance
along the in-phase axis is shorter compared to the out-of-phase axis, the B-O—B bond
angles are more tilted [122]. Accordingly, one would expect a reduction of bandwidth
along the in-phase axis due to reduced oxygen-mediated hopping [123], with anisotropic
transport properties as a consequence. Fig. 3.3 shows the DFT-calculated relaxed lattice
structure (Fig. 3.3a), as well as the electronic structure (Fig. 3.3b), assuming a correlation
strength U = 1.47eV, similar to previous work [108]. The out-of-phase (-) axis is oriented
along '—X and the in-phase (+) axis along I'—Y, with I the center of the Brillouin zone.
Electron wavepackets along I'—X have a group velocity oriented purely along the out-of-
phase axis and those along X—S include a component along the in-phase axis, which is
smaller than or equal to the component along the out-of-phase axis. Accordingly, I'—
X—S (gray region) comprises carrier transport oriented either fully or predominantly
along the out-of-phase axis (and analogously for S—I'—Y and the in-phase axis). Two
electron-like pockets are present along X—S and S—Y. However, only the former inter-
sects the Fermi level and the latter remains unoccupied. As a consequence, electronic
bands along the in-phase axis are depleted at the Fermi level and the system is antici-
pated to favour insulating behaviour along the in-phase axis and remain metallic along
the out-of-phase axis. This is a remarkable scenario, where the electronic structure is
finely tuned between a metallic and insulating phase by a reduction of bandwidth along
the in-phase axis.

Experimentally, we indeed observe anisotropic electronic properties. Fig. 3.4a shows
p(T) measured in a HB geometry and in two patterned van der Pauw (VdP) squares with
sizes of 375 and 750um for two electrical configurations. We directly observe that the
anomaly in p is much more pronounced in the VdP geometry than in the Hall bar and
that a strong anisotropy develops below 105K. As shown in Fig. 3.4b, the transition can
be remarkably sharp and can manifest as a metal-to-insulator transition. The derivative
dp/dT is shown in the bottom panel, which shows opposite behaviour in the two electri-
cal configurations i.e., a positive (metallic) or negative (insulating) slope depending on
the orientation. Microscopically, this can be viewed as current traversing an unequal do-
main population in the probing region of the VdP device (see Figs. 3.4c-d). Domains in
STO can be sized up to ~ 100um, which suggests, in accordance with our observations,
that the anisotropic character should be most pronounced in small devices and reduced
in larger devices due to statistical averaging over complex domain patterns [103, 104,
124]. The p(T) anomaly at 105 K can then be ascribed to a sudden reconfiguration of
the current paths as the SIO domains adapt to the onset of the tetragonal multi-domain
state of the STO substrate. We remark that at the boundaries between adjacent struc-
tural domains, the crystal unit cells are typically distorted [104]. Considering the strong
structure-property relationship in iridates, it is likely that the domain walls have differ-
ent electronic properties compared to the undistorted areas. Measuring transport and
spatially-resolved current flow, e.g., through scanning SQUID microscopy [125], may elu-
cidate their electronic properties.
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Figure 3.4: Anisotropic electronic transport. (a) p(7) curves of a 5 u.c. film comparing (light blue) a large
(750pum) and (red) small (375um) VAP geometry, measured in two mutually orthogonal configurations of cur-
rent and voltage probes. The dark blue curve represents the p(T) curve recorded in a 150um wide Hall bar
(aspect ratio 3:1). (b) Enlarged view of p(T) around the cubic-to-tetragonal transition of STO at 105K (top) and
the corresponding dR/dT curves (bottom). (c) Optical microscope images of (left) the 375pum VdP device and
(right) ¢~ a%a® and a%c a® tetragonal domains in a STO substrate in a 375um square area. (d) Illustration of
current traversing a binary domain population in the probing region of the device.

3.3. SUPPRESSION OF OCTAHEDRAL ROTATIONS

To further explore the effect of the STO tetragonal distortion on the octahedral rota-
tions in SIO, we performed temperature-dependent diffraction measurements across
the transition temperature. By fitting the half-order Bragg peaks with a Gaussian func-
tion and comparing the areas under the curves, we quantify the octahedral rotation an-
gles and cation displacements as a function of temperature [92]. The oxygen positions
are obtained by comparing the intensities of the peaks with the calculated structure fac-
tor of the oxygen octahedra. Standard nonlinear regression is used to determine the
optimal values of @ and y, defined in Fig. 3.5. The determined in- and out-of-plane
rotation angles a and v, respectively, are plotted versus temperature for SIO films of dif-
ferent thicknesses in Fig. 3.5a. The angles are found to be nearly constant over the entire
temperature range and weakly dependent on the film thickness (Fig. 3.5b). Fig. 3.5c vi-
sualizes the low temperature lattice structure. The rotational angles are substantially
reduced with respect to bulk SIO. Considering that STO has been reported to strongly
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Figure 3.5: Temperature dependence of octahedral rotations. (a) Rotation angles of the 15, 25, and 40
u.c. films as a function of temperature. (b) Temperature-averaged rotation angles as a function of film thick-
ness. (c) Visualization of the octahedral rotation pattern as seen (from left to right) along the ¢~, a~ and a’
axes, respectively.

suppress octahedral rotations in other oxide heterostructures [30], we attribute this to
the interaction with the STO substrate [126]. We also find an enhancement of the angles
for the thinner films, possibly pointing to larger rotational distortions in the unit cells
closest to the STO/SIO interface. Interestingly, we do not observe a clear deviation of
the SIO rotation angles across 105K, further pointing to the reconfiguration of the multi-
domain state as the underlying cause of the observed resistivity anomaly at 105 K.

3.4. CONCLUSIONS

In summary, we established an interfacial coupling in ultrathin STO/SIO heterostruc-
tures and demonstrated the emergence of a binary orthorhombic domain pattern in SIO
that couples directly to the tetragonal domains in the STO substrate. For each domain,
the electronic bandwidth along the in-phase rotational axis is suppressed, resulting in
strongly anisotropic transport properties that can manifest as a metal-insulator transi-
tion. This coupling mechanism is not limited to iridates, but may be extended to control
physical properties such as magnetism, multiferroicity and superconductivity in a wide
variety of orthorhombic materials, e.g., ferrites, manganites and nickelates [24, 93, 127-
131].
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Figure 3.6: Resistivity anomaly in 30 u.c. film. (a) Resistance as a function of temperature for a 30 u.c. SIO
film. The inset shows an enlarged view in the vicinity of 105 K. Panel (b) shows the derivative dR / dT.

3.5. SUPPLEMENTARY INFORMATION

3.5.1. RESISTIVITY ANOMALY IN A 30 U.C. SIO FILM

In Fig. 3.6, we show transport measurements of a 30 u.c. SIO film. The full resistance
curve as a function of temperature is shown in Fig. 3.6a, with the inset representing an
enlarged view around the cubic-tetragonal transition of the STO substrate. While not
as pronounced as in the thinner films, an anomaly is observed at the transition tem-
perature, also identified from the derivative with respect to temperature shown in panel
Fig. 3.6b. The underlying reason for the less pronounced features in thicker films is their
more strongly metallic and three-dimensional character, resulting in more pockets inter-
secting the Fermi energy, therefore rendering the anisotropic properties less prominent.

3.5.2. DETERMINATION OF THE OCTAHEDRAL ROTATIONS

The X-ray diffraction measurements were carried out at the 116 beamline at Diamond
Light Source in the form of a series of off-specular crystal truncation rods (CTRs), cen-
tered on half-integer Bragg diffraction positions. The CTRs were recorded on a Pilatus
100k photon-counting pixel detector, at a fixed incidence angle of 4° and a photon en-
ergy of 8keV. For each sample, the same series of CTRs was recorded at temperatures
ranging from 10K to 300K. We find that that all films, at all temperatures, adhere to
the Pbnm symmetry with the short (in-phase) axis always perpendicular to the growth
axis. In other words, the system can be described in Glazer notation as a combination
of ata”c¢™ and a a*c¢™ [58]. The population fractions of these domains can be esti-
mated by comparing the intensities of e.g., (1/2,1,3/2) and (1, 1/2,3/2), which were found
to be approximately equal in the area of the beam spot. Rotations about the a and b
axes, whether they be out-of-phase or in-phase, are assumed to be equal in magnitude
given the approximate square in-plane symmetry of the heterostructure [57]. Finally,
four geometric domains (oriented along [100], [100],[010] and [010]) are found to exist
in approximately equal proportion from observing the presence of equally intense Bragg
peaks that belong to the same family, such as (3/2,1/2,3/2), (—3/2,1/2,3/2), (3/2,—1/2,3/2) and
(—3/2,—1/2,3/2), which amount to rotations of the sample about its own normal by 90°.
Further quantitative information of the rotation angles was obtained from the intensi-
ties of the allowed half-integer Bragg peaks in the manner first introduced by May and
coworkers [57, 92]. The experimental integrated intensity, lexp, was extracted from each
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Figure 3.7: Half-order peak fit. Experimental and simulated half-order peak intensities of a 25 u.c. SIO film
for temperatures 10K and 250 K. The black dots indicate simulated half-order peak intensities for « = f = 2.5°
and y =4°.

CTR and compared to a simulated diffraction intensity, sy, for the same (4, k, [) and for
a given set of Glazer angles, a, f and y. Then, upon varying the input angles, the best
fit simulated structure is found by the minimizing the residual sum of squares (RSS),
defined as

RSS = Y |Tsim (B, k, 1) — Texp (B, K, D[ 3.1)
n
with
2 4 24
Lim(hk, D =) Y | for- Y exp(2mi(hxnpy + kYnpv + Lznpv)) (3.2)
v=1p=1 n=1

The simulated diffraction intensity is calculated from the square of the structure factors
for the 24 0%~ ions that constitute the perovskite pseudocubic unit cell of SIO doubled
in all three directions. The two equally populated orthorhombic domains as well as the
four equally populated geometric domains must also be summed over, represented by
the indices v and p respectively. The atomic positions, (Xnvp, Ynvp, Znvp) for each of the
n oxygen atoms used to generate the structure factors are obtained after careful applica-
tion of three dimensional rotation matrices to an undistorted octahedron, as described
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in ref. [93]. This method permits determination of Sr-cation displacements, however the
best fitting results were obtained by locking them to a cubic sublattice.

Fig. 3.7 shows an example of a fitting result for a 25 u.c. film, comparing tempera-
tures 250K and 10K. As discussed previously, the rotation angles are nearly independent
of temperature and significantly reduced with respect to bulk SIO, presumably due to
compressive strain exerted by the substrate.
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Figure 3.8: Distortions in STO. L-scan in the vicinity of the (3/2,1/2,5/2) reflection of the STO substrate.

3.5.3. DISTORTIONS IN STO ABOVE THE CONDENSATION POINT

Fig. 3.8 shows XRD L-scans in the vicinity of the STO (3/2,1/2,5/2) reflection for a 30 u.c.
SIO film, which probes out-of-phase rotations. We first focus on the curve at 20K, which
is well below the cubic-to-tetragonal transition temperature of STO. The intense peak at
L = 2.5 originates from the substrate, whereas the broader peak situated slightly below
L = 2.4 originates from the SIO film. As the temperature is increased, the substrate con-
tribution is seen to diminish, but it does not vanish entirely. For temperatures 120K and
above, the sharp feature is no longer present but a broader peak around L = 2.5 remains
discernible up to 300K. This indicates the presence of tetragonality in STO well above
105K. As discussed prior, the strong octahedral connectivity across the interface causes
the STO substrate to force a rotational pattern on the SIO film. Such a coupling can work
both ways, meaning that the SIO film may also promote rotations in the top layers of the
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substrate. Alternatively, this could be the result of the STO surface layers behaving differ-
ently from the bulk [132, 133]. We remark that the degree of tetragonality in STO above
105K is small and that macroscopic condensation of the entire substrate into a tetrago-
nal state, coinciding with a redistribution of the domain configuration and current paths
in the SIO film, only occurs at 105K. Nevertheless, it is possible that it contributes to the
pinning of domains, meaning there is a larger probability of encountering a similar (or
identical) domain structure in STO (and possibly SIO) across different heating/cooling
cycles. Possibly, this contributes to the degree of anisotropy already present above 105K
in Fig. 3.4a.
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Figure 3.9: Half-order peaks in ultrathin films. (a) Half-order peak intensities for a 10 u.c. SIO film on STO
measured at (red) 300 K and (blue) 20 K. The intensity values have been normalized to the (3,1,3) peak intensity.
(b) L-scan in the vicinity of the (3/2,1/2,3/2) reflection for a 4 u.c. SIO film, comparing high (300 K, red) and low
temperature (20 K, blue).

3.5.4. DIFFRACTION MEASUREMENTS ON ULTRATHIN FILMS

In Fig. 3.9, we show diffraction data on a 10 u.c. and 4 u.c. film, comparing half-order
peak intensities at 300 K and 20 K. We find that for the 10 u.c. film, some subtle structural
differences between 300 K and 20 K are present. For the 4 u.c. film, not all reflections had
a sufficient signal intensity to perform a complete analysis. Nevertheless, the compar-
ison between high and low temperature in panel (b) reveals a significant change of the
(3/2,1/2,3/2) reflection at low temperature, suggesting a more pronounced change in rota-
tion angles of ultrathin SIO across the STO phase transition. The peak observed at 300 K
at L = 1.5 corresponds to the STO substrate and is indicative of tetragonal distortions in
STO above the transition point.
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Figure 3.10: (a) Schematic illustration of the polarized light microscopy setup, (b) image recorded with crossed
polarizers, showing STO tetragonal domains and (c) illustration of (b) showcasing the different domains joined
by twin boundaries.

3.5.5. IMAGING TETRAGONAL DOMAINS IN STO

Below 105 K the structure of STO is split into three types of tetragonal domains, each
corresponding to a rotation and elongation of the unit cell along one of three equiva-
lent directions. We demonstrated that to minimize the lattice mismatch, ¢~ a’a® and
a’c” a® domains in the STO substrate are coupledto a~a* ¢~ and a*a” ¢~ domainsin the
overlying SIO film, respectively. Since tetragonal domains in STO are birefringent [134],
this provides an opportunity to optically study the multi-domain state. Here we use
polarized-light microscopy to visualize the domain structure of a STO substrate (see
Fig. 3.10a). The light from an LED source was collimated, polarized with a Glan-Taylor
prism and focused on the sample surface by an optical objective. The light reflected from
the sample was collected by the same objective and directed to the sensor area of a digital
camera. The polarization contrast was acquired by placing a second polarizer (analyzer)
in the optical path of the reflected beam such that the mutual polarizations of the two
polarizers were nearly orthogonal (cross-Nikol configuration). To maximize the signal,
the measurements were done at the lowest accessible stable temperature of 4 K. As dis-
cussed in ref. [104], a°c~a® and ¢~ a°a® domains in STO are joined by twin boundaries
oriented at approximately 45° with respect to the (100) or (010) lattice axis. In the vicinity
of the domain boundary, the STO unit cells are distorted, resulting in a locally modified
birefringence. Accordingly, in the cross-Nikol configuration, the tetragonal domains ap-
pear bright and the boundaries between them appear dark. In Fig. 3.10b, we show a
microscopy image of the polarization contrast obtained in the cross-Nikol configura-
tion. To facilitate comparison with the devices discussed in section 3.2, a Cr/Au open
square geometry of inner width 375 pm is patterned on top. Nine different domains are
discernible within the square area. Fig. 3.10c shows a trace of the domains. Note that
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this experiment only identifies the domain boundaries and not the domains themselves.
The illustration in (c) represents therefore only one of two possible configurations. The
relatively large size of the domains with respect to the device dimensions leads to an
increased probability of encountering an unequal distribution of domain areas. In this
particular example, we find a distribution of four versus five with the majority domain
type having of about 4% larger surface area within the square. As the probing area of
a van der Pauw device is smaller than the full square area, the imbalance probed in a
transport experiment is statistically likely to be larger.

3.5.6. DFT COMPUTATIONAL METHODOLOGY

DFT calculations were carried out within the generalized gradient approximation (GGA),
by using the plane-wave VASP package and the PBEsol for the exchange-correlation func-
tional with spin-orbit coupling [135, 136]. Computations were performed for a supercell
with 4 formula units of STO and 4 formula units of SIO, with the in-phase axis parallel
to the growth axis, as well as a supercell with 8 formula units of STO and 8 formula units
of SIO with the in-phase axis perpendicular to the growth axis. A8 x8x2and 6 x6x2
k-point Monkhorst-Pack grid was used for all calculations on the supercells of 40 and 80
atoms, respectively. The structural relaxation was performed separately for each volume.
Hubbard U effects between Ir sites were included within the GGA + U [137], with a value
Ju =0.15U for the Hund’s coupling. Experimentally observed insulating behaviour is re-
produced by introducing G-type antiferromagnetic order with U = 1.47eV. This value is
close to the previously reported value for antiferromagnetic SIO [108].



THE ANOMALOUS HALL EFFECT IN
ULTRATHIN SRO

“I thought one should have the attitude of:
"What do you care what other people think!’"

- Richard Feynman

Three-dimensional strontium ruthenate SrRuOj is an itinerant ferromagnet that features
Weyl points acting as sources of an emergent magnetic field. Integrating SrRuO; in oxide
heterostructures is potentially a novel route to engineer emergent electrodynamics, but its
electronic band topology in the two-dimensional limit remains unknown. In this chapter,
we show that ultrathin SrRuO; exhibits topologically non-trivial bands at the Fermi en-
ergy. Their band anti-crossings show an enhanced Berry curvature and act as competing
sources of emergent magnetic fields. We control their balance by designing heterostruc-
tures with symmetric (SrTiO3/SrRuO3/SrTiO5 and SrIrOs/SrRuQs/SrIrOs) and asymmet-
ric interfaces (SrTiO3/SrRuQ3/SrIrO3). Symmetric structures exhibit an interface-tunable
single-channel anomalous Hall effect, while ultrathin SrRuO; embedded in asymmetric
structures shows hump-like features consistent with multiple anomalous Hall contribu-
tions. We further demonstrate that this effect can be mimicked by designing ultrathin
SrRuOj bilayers separated by an insulating SrTiOs spacer, forming an all-oxide extraordi-
nary Hall balance device.

Parts of this chapter have been published by D.J. Groenendijk*, C. Autieri*, T.C. van Thiel*, W. Brzezicki*
et al. in Phys. Rev. Res. 2(2), 023404 (2020) and by T.C. van Thiel*, D.J. Groenendijk* and A.D. Caviglia in
J. Phys. Mater. 3(2), 025005 (2020).

Theoretical results were obtained by C. Autieri, W. Brzezicki, P. Barone, A. Filippetti, S. Picozzi and M. Cuoco.
STEM characterization was performed by N. Gauquelin, D. Jannis, KW.H. van den Bos, S. van Aert and
J. Verbeeck. Magneto-optical characterization was performed by J.R. Hortensius and D. Afanasiev. SQUID
measurements were performed in collaboration with M. Gibert.
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HE Berry phase refers to the phase acquired by a quantum state when it adiabatically
traverses a closed path in parameter space [76]. In crystals, this mechanism applies
to the electron wavefunction in the space spanned by the Bloch momentum coordinates.
Analogous to the phase acquired by moving charges in a magnetic field, the Berry phase
mechanism causes electrons in an electric field & to acquire an anomalous component
to their group velocity
10E(k) e
v(k) = "ok hé“‘xb(k), 4.1)
where E(k) is the dispersion relation and b(k) is the momentum-space Berry curvature.
The latter term describes the non-trivial geometry of the band structure and acts as an ef-
fective magnetic flux, which generally underlies topological transport phenomena such
as the quantum, spin and anomalous Hall effect (AHE) [72, 76, 138-140]. The anomalous
velocity is transverse to the electric field and gives rise to a Hall voltage, with a sign and
magnitude that depend sensitively on the band structure topology. In systems with fer-
romagnetic order and an appreciable spin-orbit coupling, the Berry curvature is strongly
enhanced near avoided band crossings, which act as a source or sink of the emergent
magnetic field [141]. A prototypical system is the transition-metal oxide SrRuO3; (SRO),
a 4d itinerant ferromagnet [68]. Its anomalous Hall conductivity in the bulk depends
sensitively on the magnetization and on the position of the Fermi energy with respect to
the Weyl points in the three-dimensional electronic structure [65, 72, 142, 143]. Extrinsic
(scattering) mechanisms are known to contribute to the AHE in SRO [75, 144, 145]. How-
ever, when the Weyl points are in close proximity to the Fermi energy the intrinsic Berry
curvature mechanism becomes dominant [143], particularly at temperatures far below
the Curie point [72, 75].

The Berry curvature is particularly sensitive to electronic reconstructions. Accordingly,
integrating ultrathin SRO within heterostructures is a promising route to engineer topo-
logical transport phenomena. A suitable material for this purpose is SrIrO; (SIO), a 5d
paramagnetic semimetal with strong atomic spin-orbit coupling(~ 0.4 eV) [45, 46, 108,
109, 146] and excellent structural compatibility with SRO. Recently, the behavior and
control of the AHE in SRO ultrathin films and heterostructures have been at the center of
intense research [147-155], fueled by the observation of hump-like features in the trans-
verse resistivity [37]. Such features are generally considered to be a manifestation of the
topological Hall effect (THE). In this scenario, topologically non-trivial spin textures give
rise to Berry curvature sources in real-space [156-158]. Embedding SRO in SrTiO5 (STO)
and SIO heterostructures (SIO/SRO/STO) sets a favorable environment for non-collinear
spin-textures (e.g., skyrmions) because of the strong spin-orbit coupling present in SIO
and the breaking of inversion symmetry across the interface [37, 147]. Moreover, hump-
like features in the Hall response have also been observed in SRO thin films interfaced
with STO and vacuum [41, 151, 159, 160], pointing to an important role played by asym-
metric boundary conditions and momentum-space sources of Berry curvature.

In this chapter, we describe a theoretical analysis of the low-energy electronic struc-
ture and band topology of SRO in the two-dimensional limit. The analysis reveals a set
of topologically non-trivial bands at the Fermi energy, associated with sources of Berry
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curvature, bringing about competing contributions to the anomalous Hall response. We
subsequently use these insights to investigate theoretically and experimentally the AHE
in ultrathin SRO films with (a)symmetric boundary conditions. Asymmetric heterostruc-
tures show hump-like features in the vicinity of the magnetization reversal, which we
show are well described by a phenomenological two-channel model. We subsequently
demonstrate that this effect is mimicked by ultrathin SRO bilayers separated by an insu-
lating STO spacer, where the two SRO layers have slightly different thicknesses.

(b) 4

2

w 0

Figure 4.1: Topological bands in ultrathin SRO. (a) Next-nearest-neighbor interorbital hopping. (b) Disper-
sion of Ru #,¢ bands along ky = ky for a representative value of the magnetization. (c) Berry curvature associ-
ated with topologically non-trivial Ru f2g bands close to the Fermi level with Chern numbers C = +2. (d) Spin
polarizations (o ;) for the corresponding bands.

4.1. TOPOLOGICAL BANDS

We first discuss the topological properties of monolayer SRO, starting from the Ru-based
Irg electronic structure. In section 4.6.1, we show that different contributions to the
Hamiltonian— the spin-orbit coupling, nearest neighbour and next-nearest neighbour
hopping in the (xy)-plane—all preserve the product of the spin state and orbital par-
ity, referred to as the spin-orbital parity. It then follows that any matrix elements in a
tight-binding Hamiltonian that couple spin-orbital states with different parities are zero,
analogous to a selection rule. In other words, one can group states with positive and neg-
ative spin-orbital parity such that the 6 x 6 Hamiltonian becomes block diagonal, with
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each block spanning a 3 x 3 submatrix. The positive parity submatrix is spanned by the
states [-1 ), [+1]) and |0 1). Similarly, the negative submatrix is spanned by the states
[-11),[+11)and |0 |). There are a number of remarks to be made about the parity con-
servation. First, it permits to investigate the band structure of monolayer SRO separately
for each parity sector [161]. Second, it is valid in the presence of a spin splitting (due to
e.g., an external magnetic field or intrinsic magnetization), but only for (effective) fields
oriented along the quantization (z) axis. Third, in the absence of such a spin splitting,
the two sectors are degenerate. Introducing an external magnetic field or magnetiza-
tion therefore has the effect of lifting the degeneracy of the parity sectors i.e., shifting
the constituent bands in energy. Density-functional theory (DFT) derived tight-binding
calculations for the monolayer reveal that in the presence of spin-orbit coupling, the
next-nearest neighbour inter-orbital hopping (see Fig. 4.1a) mixes bands with a d,,; and
dy. character, producing two topologically non-trivial bands carrying a Chern number
C = +2, accompanied by a single, trivial band with C = 0, (see Fig. 4.1b). The ensuing
Berry curvature of the topological bands is shown in Fig. 4.1c, which exhibits sharp peaks
located at the avoided band crossings. Since the lowest energy bands in Fig. 4.1b are
non-trivial, the Berry curvature contribution of each band cannot vanish and is robust
to changes in the Fermi level or, in general, of the corresponding electron occupation’.
Their splitting and relative occupation leads to a dominance of one of the contributions,
including sign changes, when considering the averaged Berry curvature. The spin-orbit
coupling causes the bands with opposite Berry curvature and dy.,, orbital character to
have a distinct momentum dependence of the spin polarization (o ), with an opposite
sign developing nearby the points of maximal Berry curvature accumulation, as shown
in Fig. 4.1d. This illustrates the connection between the Berry curvature spikes and a
swift change in the spin-orbital state, which has recently been experimentally verified
through synchrotron CD-ARPES? measurements [162].

We note that the opposite parity sectors produces bands with precisely opposite Chern
numbers, meaning that in the absence of a net magnetization, the electronic structure
becomes trivial. The magnetization is therefore an important parameter governing the
overall magnitude and sign of the Berry curvature and therefore the anomalous Hall ef-
fect.

4.2. INTERFACE RECONSTRUCTIONS

We first investigate SRO films with symmetric boundary conditions. We consider het-
erostructures composed of STO/SIO(2)/SRO(4)/SIO(2)/STO(10) and STO/SRO(4)/STO(10),
where the number in brackets denotes the number of unit cells. Strikingly, we find that
the sign of the AHE is opposite for SIO/SRO/SIO (Fig. 4.2a) and STO/SRO/STO (Fig. 4.2b)
heterostructures. This immediately shows that symmetry breaking in ultrathin SRO di-
rectly controls the magnitude and sign of the Berry curvature. The magnitude of the AHE
(R} as a function of temperature is shown in Fig. 4.2c. While R}}! of the STO/SRO/STO

X
is predominantly negative, R‘)}? for SIO/SRO/SIO remains positive in the entire temper-
ature range, confirming the expectation that the occupation of the topologically active

I This concept is further explored in Chapter 5.
2circular dichroism angle-resolved photoemission spectroscopy
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Figure 4.2: AHE in SRO/STO and SRO/SIO. (a-b) Hall resistance of symmetric (a) SIO/SRO/SIO and (b)
STO/SRO/STO heterostructures as function of temperature. The curves are offset horizontally and the clas-
sical (linear) Hall effect has been subtracted. (c) Evolution of the experimentally measured AHE amplitude
(R"}}j) in temperature. (d) Evolution of the calculated intrinsic contribution to o xy for Ru/Ti and Ru/Ir bilayers
as a function of the average Ru magnetization. The dashed black line indicates the approximate saturation
magnetization value of the STO/SRO/STO heterostructure, as estimated from SQUID measurements.

Ru ¢ bands depends sensitively on the electronic and magnetic reconstruction at the
interface. This behaviour can be qualitatively captured by modelling Ru/Ti and Ru/Ir
bilayers i.e., systems with a single SRO unit cell coupled to a single STO or SIO unit cell®.
As shown in Fig. 4.2d, for a small/intermediate amplitude of the Ru magnetization, the
AH conductivity of the Ru/Ti bilayer is negative, while for the Ru/Ir bilayer it is positive.
In the former, only the Ru d,,; bands contribute since STO is electronically inert, while
for the latter, the intrinsic competition of the topological Ru bands is modified through
the hybridization of the Ir/Ru dy., . orbitals, and possibly through interface-driven spin
canting. Indeed, the qualitative shapes of the hysteresis loops shown in Fig. 4.2a are con-
sistent with a stronger in-plane component to the magnetic anisotropy as compared to
Fig. 4.2b.

We also note that the rather large coercive fields observed are likely caused by, or in
large part contributed to, the presence of defects acting as pinning sites [163, 164]. Thicker
films were found to have smaller coercive fields, suggesting (i) that interface disorder is
a contributing factor and (ii) that surface anisotropy is prominent. The latter typically

3The out-of-plane next-nearest neighbour hopping is neglected, conserving the spin-orbital parity.
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leads to a perpendicular magnetic anisotropy for thin films, with an effective anisotropy
constant [165]

2K

Kegf = Ky + —, (4.2)
d

where d is the film thickness and subscripts (v, s) denote volume and surface con-

tributions, respectively. In the ultrathin limit, the surface contribution is expected to

dominate.
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Figure 4.3: HAADF-STEM. (a) HAADF-STEM measurement of a STO/SRO/SIO heterostructure. (b) Mean c/a
ratio of the perovskite unit cell across the heterostructure.

To study the effect of asymmetric boundary conditions, we now investigate the tricolor
STO/SRO/SIO system. Given the different trends observed in the symmetric systems,
we expect competition in the total Rg‘,‘? in this case. The atomic arrangement at the in-
terfaces is investigated by high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) and is displayed in Fig. 4.3a (see also section 4.6.4). Compo-
sitional analysis by electron energy loss spectroscopy (EELS) shows that the Ti/Ru and
Ti/Ir interfaces are atomically sharp, while at the Ru/Ir interface, a slightly larger de-
gree of intermixing is observed. After quantifying the atomic column positions in the
HAADEF-STEM image, a detailed analysis of the atomic positions shows that octahedral
tilts are suppressed and both the SRO and SIO tend towards a tetragonal rather than an
orthorhombic symmetry. In addition, we find that the c/a ratio (tetragonality) of the
unit cell varies across the SRO and SIO layers (Fig. 4.3b). Since the magnetic anisotropy
of SRO is known to be sensitive to strain and tetragonality [166-168], this potentially af-
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fects the easy axis direction of the different SRO layers and hence the local magnetization
of the Ru atoms.

1.0

0.5

R, (@)

STO/SRO/STO 5T

Magnetic field (T)

Figure 4.4: AHE in asymmetric heterostructures. Measured Hall resistance of (top) an asymmetric
STO/SRO/SIO heterostructure and (bottom) a symmetric STO/SRO/STO heterostructure as function of tem-
perature. The curves are offset horizontally.

The measured AHE of the asymmetric STO/SRO/SIO is shown in the top panel of Fig. 4.4.
With increasing temperature, the AHE changes sign at the reversal temperature T =48 K
and peaks appear to be superimposed on the Hall effect, slightly above or below the co-
ercive field (B,.). This is in stark contrast with the AHE of the STO/SRO/STO heterostruc-
ture (bottom panel), where the magnitude (RJ’}E) decreases with increasing temperature.
The peaks seemingly superimposed on the Hall effect are present between 35 and 58
K and reach their maximum amplitude at Ty, i.e., when R?E appears to be zero. This
strongly suggests that their occurrence can be intrinsically linked to the sign reversal of
the AHE. In the following section, we will explore this concept further.

4.3. THE TWO-CHANNEL MODEL

Having assessed the sign tunability of the AHE in symmetric STO/SRO/STO and
SIO/SRO/SIO heterostructures, we next consider the anomalies of the Hall resistivity in
asymmetric STO/SRO/SIO. One would expect that the resulting AHE in the asymmet-
ric heterostructures can be considered as a superposition of AH channels with opposite
signs and suitable weights [169-171]. Indeed, the data is well described by two such
contributions, each having a slightly different coercive field (see Fig. 4.5a). When a cur-
rent is applied in the plane of the heterostructure and an out-of-plane magnetic field
is varied in the range [0, B, —B, 0], the total AHE is given by the sum of the AHE of the
two contributions. Depending on their relative magnitudes, three different behaviors
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Figure 4.5: Two-channel AHE model. (a) Addition of two AHE contributions with opposite signs of Rﬁ}? and
different coercive fields. (b) Illustration showing the opposite spin accumulation of the two individual contri-
butions. (c) Measured total AHE curves with the ordinary Hall component subtracted. The black dashed lines
represent a fit to two individual loops. (d) The two anomalous Hall components that add up to the total Rayy
curves in (c).

can be discerned for B, 11 < B.1. For opposite signs of the anomalous amplitude, major-
ity spin is accumulated on opposite terminals, resulting in opposite Hall voltages (see
Fig. 4.5b). When the anomalous amplitudes are equal in magnitude, the total AHE re-
duces to zero. In Fig. 4.5¢, the ordinary Hall component has been subtracted and the re-
maining anomalous Hall component (Ray) is presented. As the temperature is increased
from 46K towards 51K, the behavior of the total AHE evolves from the leftmost scenario
in Fig. 4.5a to the rightmost scenario, with the middle scenario emerging at Tg =48K. In
section 4.6.2, we show that in the small Hall angle limit (Ryy << Ryy), the summation of
two Hall channels R}, and Ry, is given by

o (RSN (RS i
ot 1 ii
R =~ (Rix) RyX+(R§§x) Ri (4.3)
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i.e., the two Hall resistances are scaled by the fraction of the total current they carry.
Since in ultrathin SRO films the longitudinal resistance is about three orders of magni-
tude larger than the Hall resistance, this expression is valid and the total Hall resistance
can indeed be investigated as a linear sum of two individual channels, as depicted in
Fig. 4.5a. Combining equation (4.3) with the empirical relation [65] R’;}f = RyM,, we
introduce the following phenomenological model

AH,tot _ pi j ii i1
RAEO = RiME 4 R MY
= Ritanh |o'(B - BY)| + R{'tanh "B - BlT) ], (4.4)

where R; is the anomalous Hall coefficient, M, the out-of-plane component of the
magnetization, B, the coercive field and w a parameter describing the slope at B = B,.
The hyperbolic tangent is a sigmoid function that simulates the switching of the mag-
netization at the coercive field. For simplicity, we have assumed the current fractions to
be approximately equal and absorb the scaling factor into R;. An excellent agreement is
obtained between this model (dashed black lines in Fig. 4.5c) and the data, enabling us
to extract the individual AH components as a function of temperature (Fig. 4.5d). The
corresponding RJ‘}E values are shown in Fig. 4.6a; both components show a smooth evo-
lution in temperature, with one disappearing above 58K (green) and the other below 35K
(purple). At 48K the two components are equal, leading to the fully compensated case.
The dashed lines illustrate a possible dependence of R‘;}?(T) at higher and lower tem-

peratures, which suggests that R’}}? and B, of the two contributions follow a qualitatively
similar temperature dependence, shifted by 23K. This implies that, for T < 35K and
T > 58K, Rf,‘? of the two contributions are of the same sign or one of the contributions is
below the detection limit of our experiment, rendering the total AHE indistinguishable
from that of a single spin-polarized channel.

There are various observations to be made concerning the relationship between the
two opposite sign AH channels and the role of inhomogeneities in the magnetization.
First, we point out that the magnetic anisotropy is affected by asymmetric boundary con-
ditions. Fig. 4.6b compares the in- and out-of-plane magnetization for a STO/SRO/STO
and STO/SRO/SIO heterostructure*. We observe that at SRO/SIO interfaces, the out-of-
plane component of the magnetization is reduced and an in-plane component emerges.
Considering the tetragonality profile discussed in Fig. 4.3a, a non-uniform magnetiza-
tion along the growth axis may be expected. Second, we note that an in-plane distri-
bution of coercive fields is also likely to play a role. Possibly, the combination of com-
pressive and tensile strain exerted by the STO and SIO layers, respectively, promotes the
formation of spatial domains with varying unit cell dimensions, which could result into
magnetic domains with different switching fields and AHE amplitudes. The agreement
of the data with the two-channel model then suggests a bimodal distribution of switch-
ing fields, which manifests most prominently in the vicinity of a sign change of the AHE.

4The largely out-of-plane component of the magnetization suggests that the magneto-crystalline and/or sur-
face anisotropy dominate over the shape anisotropy, which tends to favour an in-plane orientation of the
magnetization for thin films. However, this may not be the case in devices with different shapes or in the
presence of magnetic domains.
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Figure 4.6: Temperature dependence of the double AHE. (a) Total RAE and the extracted RA}C{ from the two
anomalous Hall components as a function of temperature. The dashed lines illustrate a possible tempera-

ture dependence of R?;I (b) In- and out-of-plane magnetization for a (green) STO/SRO/STO and (purple)
STO/SRO/SIO heterostructure, measured by SQUID.

For the employed phenomenological model, the choice of two AH loops with slightly
different coercive fields is fully compatible with the field and temperature dependence
of the AHE and of the magnetization, as extracted from measurements of the magneto-
optical Faraday effect (Fig. 4.7a). In particular, comparing the hysteresis loops for the
double or single AH model (Figs. 4.7b-d), we find that it is virtually impossible to dis-
cern the presence of two components with different switching fields from magnetiza-
tion measurements, even when the two magnetizations have the same magnitude. This
also supports the notion that it may be impossible to distinguish two AHE contributions
when they are of the same sign. The two-channel AH model should also be of relevance
to other systems displaying the topological Hall effect, provided that a sign inversion is
enabled by a temperature-dependent Hall response. It has recently also been proposed
in the context of magnetically doped topological insulators [172].

4.4. EXTRAORDINARY HALL BALANCE

To further exemplify the two-channel model, we synthesize a heterostructure consisting
of two layers of ultrathin SRO, separated by an insulating STO spacer. We tailor the SRO
layer thicknesses such that they exhibit different magnetic properties, while retaining
similar resistance values. For this purpose, we chose the SRO layer thicknesses to be 4
u.c. and 5 u.c. for the bottom and top layers respectively, with a 4 u.c. STO spacer in
between. A heterostructure consisting of distinct ferromagnetic layers is known as an
extraordinary Hall balance (EHB), which acts as a memory device with four states [170].
Thelongitudinal resistance is shown as a function of temperature in Fig. 4.8a. The deriva-
tive (dR/dT) is shown in the inset, where a sharp peak is observed at approximately
130 K. While a slight difference has been reported in the dR/dT behaviour between bulk
crystals and thin films [173-175], in both cases the peak is suggested to be caused by a
logarithmic divergence of the specific heat due to short-range spin fluctuations across
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Figure 4.7: Superposition of AH and magnetization loops. (a) Measured Faraday rotation angle as a function
of the applied field for various temperatures ranging from 40 K to 75 K. The curves are offset horizontally for
visual clarity. (b) Simulation of two separate (opposite) AH components as a function of the applied field
and (c) the resulting total R?}CI for the case of two different coercive fields (indicated by the open circles). (d)
Simulated magnetization profile as a function of the applied field, comparing a single loop with a double loop
scenario. The two magnetization loops are extracted from the curves in (b) and are equal in magnitude.

the magnetic phase transition [68, 176, 177]. As such, the peak at 130 K in the dR/dT
identifies the Curie temperature of one of the SRO layers. Careful inspection reveals a
shoulder at ~ 115K, identifying the magnetic phase transition of the second SRO layer.
Considering that the T¢ in SRO depends sensitively on the layer thickness in the vicinity
of the thickness-driven metal-insulator transition [178, 179], we attribute the high and
low T¢ to the 5 u.c. and 4 u.c. layers, respectively. This confirms a different temperature
evolution of the magnetizations of the two layers, resulting in two distinct spin-polarized
conduction channels. In Fig. 4.8b, we show the magnetic field dependence of the Hall
effect at 10K. The data shows that two magnetic transitions take place at different B,.
We clearly recognize that the magnetization of one channel switches abruptly, while the
other channel switches more gradually and at a slightly larger coercive field. We attribute
the channel that switches abruptly to the bottom SRO layer, as it is likely more ordered
due to the growth on the atomically flat surface of the STO substrate. This is consistent
with the abrupt switching typically observed for a single SRO layer. We expect the sec-
ond SRO layer to be more disordered as it is grown on top of the SRO/STO stack, which
has accumulated some surface roughness. The concomitant variations in surface topog-
raphy could give rise to additional pinning sites and magnetic domains with switching
fields having a broader distribution than those of the bottom layer, resulting in a shal-
lower slope at B,.

The temperature dependence of the AHE is shown in Fig. 4.8c and is measured in a
four-point Van der Pauw configuration. By cooling under application of + and —50 mT
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Figure 4.8: SRO bilayers (a) Longitudinal resistance (R) versus temperature (7). The inset shows the deriva-
tive (dR/dT), with the gray dashed lines denoting the Curie temperatures of the two layers. (b) Transverse
resistance as a function of magnetic field at T = 10K. The arrows indicate the coercive field of the 5 u.c. layer.
(c) Anomalous Hall effect as a function of temperature.

magnetic fields, saturation of the magnetization is ensured. Subsequent subtraction of
the two curves and dividing by 2 removes the voltage offset originating from misalign-
ment of the contacts and gives the total Hall resistance. This can be expressed as the sum
of an anomalous and ordinary Hall component R, = R?? + R;;d. Due to the high carrier
density of SRO (~ 10?2cm™3), the ordinary Hall component for a 50mT field is in the or-
der of tens of mQ and therefore much smaller than the anomalous component, which is
in the order of several Q2. We can therefore neglect R;;d such that Ry, = R/}}?. At ~ 120K,
we observe a sign change, which is characteristic of the intrinsic topological contribu-
tion to the AHE [180]. Above this temperature, the positive contribution dominates up
until the Curie temperature, where the magnetization vanishes.

For an EHB device, it is required that the two layers have different coercive fields. While
this property has been established in Fig. 4.8b, there are no field values at 10K where the
magnetic state is perfectly stable i.e., plateaus where dR),x/dB = 0. We therefore proceed
to study temperature dependent magnetic field sweeps to identify a regime where mul-
tiple magnetic states can be stabilized. A particularly interesting region is in the vicinity
of the sign change observed in Fig. 4.8c. Considering the different temperature evolu-
tions of the two channels, it is likely that in this range, one channel exhibits a positive
AHE while the other remains negative. Accordingly, we can expect a variety of differ-
ent magnetic and electronic configurations. In Fig. 4.9a, we show magnetic field sweeps
in the temperature range 90K < T < 130K. Fig. 4.9b gives an enlarged view of sweeps
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Figure 4.9: Temperature evolution. (a) AHE sweeps for various temperatures. The curves are offset hor-
izontally for visual clarity. (b) Enlarged view of sweeps in the vicinity of the sign reversal temperature. (c)
Disentanglement of the AHE data into two individual channels, labelled ‘1’ (red) and ‘2’ (blue). (d) The config-
urations of the anomalous coefficient Rs, magnetization M and anomalous amphtude RAH at 90K and 110K
for the two channels along three points of the sweep. Arithmetic operators ‘+" and ‘- denote the sign and the
arrows denote the magnetization orientation.

recorded at 110K, 115K and 120K. In agreement with Fig. 4.8¢c, we find that with increas-
ing temperature, the overall sign of the AHE changes from negative to positive between
115K and 120K. In addition, we find that for several temperatures — particularly for 90K
and 110K — three plateaus are present with a stable magnetic state. Remarkably, for
90K, the first plateau has a higher Ry value than the second plateau, whereas the situ-
ation is inverted at 110K. To gain more insight in the behaviour of the two channels, it
is necessary to separate the signal into its two individual components. Fitting equation
(4.4) to the experimental data permits to simulate the AHE of the two individual chan-
nels, the results of which are shown in Fig. 4.9c. The top row shows the measured Ry,
while the middle and bottom rows show simulated AH curves. The blue and red curves
(bottom row) are the individual AH channels used for the simulation. The ordinary Hall
component is subtracted with a linear fit at high field. Note that both the width (B,)
and the height (R ) of the hysteresis loops in this figure are rescaled for visual clarity.
The simulated curves provide an excellent description of the experimentally observed
behaviour. Both AH components show a sign change, as well as a decrease of B, with
increasing temperature, consistent with the behaviour of single SRO layers. Channel 1
(red) changes sign at ~ 100K and channel 2 (blue) at ~ 120K. Additionally, the coercive
fields of the two channels are well separated, which is essential for an EHB device. In
Fig. 4.9d, we illustrate the EHB functionality of the heterostructure for 90 K and 110 K,
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where stable plateaus are observed. The three different magnetic states of the forward
sweeps B < By» < B.1, B;2 < B< B, and B.» < B;; < B are labelled (i), (ii) and (iii),
respectively. The table summarizes the signs of the anomalous coefficients (Ry), the ori-
entation of the magnetization (M) and the resulting AHE amplitude (R/;J},I) for channels
1 and 2 (red and blue). The key difference between the two temperatures is the sign of
channel 2, which is negative at 90K, but positive at 110K. This causes the different be-
haviour in state (ii) for the two temperatures, resulting in a step down of RQJP,I at90 K, but
astepup at 110 K.

4.5. CONCLUSIONS

Finally, we discuss the two-channel scenario in the context of recent studies performed
on SRO thin films and heterostructures, where similar anomalous Hall characteristics
were observed and attributed to the skyrmion-driven topological Hall effect [37, 147,
181]. Within this picture, the topological Hall effect would be enhanced in the case of
SIO/SRO/SIO due to Dzyaloshinskii-Moriya interaction at both interfaces (contrary to
our observation). However, our data cannot exclude contributions from real-space Berry
curvature effects due to non-collinear spin textures forming in a specific range of tem-
perature and magnetic fields. Our analysis suggests robust topological effects due to the
Berry curvature in reciprocal space and that this scenario explains the superposition of
AH components in asymmetric structures. We remark that, due to the strong connection
between the magnetization and AHE, there would likely be an interplay between non-
collinear magnetism and the momentum-space Berry curvature. Hence, SRO-based
heterostructures represent a unique platform to exploit and investigate the interplay of
Berry curvature effects in both real and momentum space. The evolution of 3D Weyl
points to pairs of topological bands in the 2D limit is a phenomenon that is not limited
to ruthenates, but extends to magnetic ;g systems in general. The same holds for the
sensitivity of the total Berry curvature to interface effects and thus we expect that sim-
ilar phenomenology would arise in other heterostructures based on ferromagnetic f»¢
systems.

4.6. SUPPLEMENTARY INFORMATION

4.6.1. CONSERVATION OF SPIN-ORBITAL PARITY

A mirror image operation with respect to the (x,y) plane is given by a parity opera-
tion (x,y,z) — (—x,—y,—z) followed by a 7 rotation around the z-axis (-x,—-y,—z) —
(x,y,—2). Angular momentum is invariant under parity, thus only the rotation operation
needs to be considered. In the basis spanned by the d-orbital cubic harmonics [xy), | yz)
and |zx), the mirror operation is given by

1 0 0
Ql=fo -1 o]. (4.5)
0 0 -1

The orbital angular momentum operators in this basis are expressed as
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0 0 i 0 -i 0 0 0 O
Ly=n|0 0 Of, L,=n|li 0 0| and L,=H|0 O —i (4.6)
-i 0 0 0 0 O 0 i O
and the squared operators are given by
1 00 1 00 0 0O
Lz=n*{o 0 0|, Li=n*|0 1 0| and LZ=R*[0 1 0], 4.7)
0 0 1 0 0 O 0 0 1

from which we find the relation Q% = I - 212 with I, = L,/h. The spin state is invariant
under parity, but transforms under a 7 rotation around the z-axis as iG ;, such that Qg =
i6, with 6, the Pauli spin matrix for the z-component. This motivates to define the
spin-orbital parity operator

P=6,0(1-20%), (4.8)

with I the identity matrix. The full mirror symmetry operation is given by Q, = M ®
Qs ®Q. = —iM® P, where M mirrors the positions of the lattice sites 7 along z°. In other
words, the spin-orbital parity can be interpreted as the spin-orbital part of a mirror sym-
metry operation with respect to the (x, y) plane. For spin-orbitals in the spherical har-
monic basis, the spin-orbital parity can be expressed as 2m (—1)"", with mg and m; the
spin and magnetic quantum numbers, respectively. The |xy) orbital, being a linear com-
bination of m; = +2 states, has even orbital parity. Similarly, the |yz) and |zx) orbitals
are linear combinations of the m; = +1 states and therefore have odd orbital parity.

We first determine how the spin-orbit coupling behaves under parity. In terms of the
spin (8+ =S, + iSy) and orbital ladder operators (L. = L +i I:y), the spin-orbit coupling
is expressed as

(L+S-+1-84)+L.S,, 4.9)

which commutes with P and therefore preserves the spin-orbital parity. Another way to
see this is from the opposite signs of the spin and orbital ladder operators, which simul-
taneously flip the spin and orbital parity such that the spin-orbital parity is conserved,
despite them not being conserved separately.

Next, we consider the nearest and next-nearest neighbour hopping. The Slater-Koster
interatomic matrix elements are shown in Table 4.1. To find the nearest neighbour hop-
ping term along e.g., the x-axis in a cubic lattice, we set [ = 1 and (m, n) = 0. We first
consider the direct (d-d) hopping between the nearest neighbours in a cubic geome-
tryG, for which we find

5This is an 7 x n matrix where 7 is equal to the number of layers.
6The direct hopping is small compared to oxygen-mediated hopping, but is included for the sake of complete-
ness.
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Vidr 0 0 Vaidn 0 0
0 Vaids (VI ﬁgboz 0 Viadr 0
0 0 Vadn 0 0 Vaas
Vaias 0 0
and A= 0 Vg 0 |. (4.10)
0 0 Vadn

Note that all matrices are diagonal, indicating that nearest neighbour hopping is only
allowed between the same orbitals. In addition, the spin state is unaffected, meaning
that both the spin and orbital parities are conserved. We further remark that the V45
term is generally small and can be neglected [183]. Setting it to zero yields

and similarly

1 00 v
H;(a)io =Vyaz |0 0 0]= ;Zﬂ f,i
0 0 1
N Vadar » - Vaar ;
Vi gy Ve i

Table 4.1: Slater-Koster interatomic matrix elements [182]. Variables [, m, n denote the direction cosines and
Vador Vadr Vads the two-center integrals of two atomic sites of choice for o, 7 and § hybridizations of the

p— and d-orbitals.

element

expression

Iy x y
Ix,yz
tx,zx
lyxy
lyyz
Ly,zx
Iz,xy
73 yz
tZ,Zx
Txy,xy
Lyz,yz
Lzx,zx
Lxyyz
Iy y,2x

Lyz,zx

\/glszde + m(l - le)vpdn

V3ImnVy,as —2ImnV,gy

V3PV, +n(1-21%) Vg

\/§lm2Vde + l(l - Zmz)Vpdn

V3m?nVyag +n(1=2m?)Vygn

V3ImnVy,as —2ImnV,gy

ﬁlmandU—Zlmandn

V3mn? Vpdo + m(l _2”2)Vpdn

V3In? Ve + 1(1-212) Vy

3Pm*Vgy + (lz +m? —4lzm2)Vddn + (n2 + lzmz)Vdd{j
3m2n?Vyge + (m? + n? —4am*n?) Vg + (I + m*n?)Vaas
3202V, 44 + (12 +n?—4? nz)Vddn + (m2 + lZnZ)Vddg
3ImPnVy, + ln(l —4m2)Vdd,, + ll’l(lﬂ2 - I)Vdd5
3PmnVy g, + mn(l _412)Vddn + mn(12 - I)Vdd5
3Imn? Vg, + lm(l _4n2)vddn + lm(n2 - I)Vdd(S
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For the hopping via the p-orbitals of the oxygen ligands, we consider an effective hop-
ping term [184, 185]

1
eff _ dp pd
1) = sz:tik i (4.12)

where k = (x,¥,2), (i, j)) = (xy, yz,zx) and A is the charge transfer energy between the
metal ion and oxygen ligand. For [ =1 and m, n = 0, the only nonzero terms are fy,
(= —txy,y) and iz zx (= —Izx,z). The Hamiltonian is then given by

Vzd 1 00 V2d
;100 _ _ _pdn ___pdn ;o
Hpy=-—-[0 0 0|=-—-5FL%. (4.13)
0 0 1
Similarly, we find for the other nearest neighbours
Vzd Vzd
010 _ _ _pdT 32 Fy001 _ _ _PdT 32
Hdpd——hZ—ALy and Hdpd__hZ_A z* (414)
The combined Hamiltonians are then given by
2
N 1 |4 dn | »
100 _ * __pdm |22
A = o\ Vaan - =~ |12
2
A010Ni Vi — Vpdﬂ j2
- hz ddn A y
VZ
N 1 dm |~
= | Vaar - ”A” iz, (4.15)

which shows that the nearest-neighbour hopping along lattice axis a is directly pro-
portional to the corresponding component of the squared orbital angular momentum
operator L,. Since the matrices are diagonal, the spin-orbital parity is conserved. For
the next-nearest neighbour terms, we only need to consider the direct d-d hopping. Ne-
glecting V45, we find these terms to be

3Vido —2Vian 0 0
gl = 0 Vaar Vaar |,
0 Vaar  Vaan

A Vadar  Vadn 0
0= Vaan  Vaar 0 ,

0 0 3Viaae —2Vaar
A Vadn 0 Vadn
A= o 3Vyu—-2Vier O |. (4.16)

Vadn 0 Vadn
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Separating the Hamiltonian into diagonal H, and off-diagonal parts H,4, we find for
the latter

0 0 O
a0 =vy [0 0 1,
01 0
01 0
2% =V [1 0 0],
0 0 O
0 0 1
B =V |0 0 0. (4.17)
1 0 0
Now we note that
0 0 O
{Lo Ly} =Lcly+LyLy=-R*|0 0 1
01 0
and similarly
0 0 1 01 0
{L,L}=-r*[0 0 of, {L,L.}=-kr*|1 0 0. (4.18)
1 0 0 0 0 O
Comparing equations (4.18) and (4.17), we find
N V V
110 ddn 101 ddn
Hyq = 72 {Lx Ly}, Hod T —5 Lz Ly}
N V,
and HOl'=- dd”{Ly, L.}, (4.19)

which shows that the inter-orbital hopping between next-nearest neighbours in the
(a, b) plane is proportional to the anti-commutator between the corresponding orbital
angular momentum operators as {La, Lb} To examine how these terms affect the orbital
parity, we express L, and Ly in terms of the ladder operators, which gives

{Le L)} = (L2 i?). (4.20)

Operating on a state with magnetic quantum number m;, we can see that the result
is always a superposition of only states with m; + 2 (or zero). Since the orbital parity is
given by (—1)"", we see that it is conserved for inter-orbital hopping in the (xy)-plane.
For the other hopping terms, we find
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{L,,L;}= E(L+LZ +L,Ly—-L_L,-L,L)

{L, Ly} = E(LZL+ +L L +L L +L_L;), (4.21)

which produces a superposition of states with m; + 1 and therefore does not conserve
the orbital parity. Finally, we note that an external magnetic field or intrinsic magnetiza-
tion along the z-axis produces only terms proportional to L, and S, and therefore also
preserves the spin-orbital parity”.

We conclude that the spin-orbit coupling, nearest neighbour, next-nearest neighbour
hopping in the (x, y) plane and external fields or magnetization along the z-axis all con-
serve the spin-orbital parity. Then the Hamiltonian becomes block diagonal with the 3 x
3 positive (negative) parity submatrix spanned by the fog (Ler = 1) states [—1]) (=1 1)),
[+1]) (I+1 1)) and [0 1) (0 |)), with |0) ~ |xy) and |£1) ~ \%(sz} +ilyz)) [186].

4.6.2. SUMMING TRANSVERSE VOLTAGES

Two transverse resistances can in general not be added linearly. It is valid however, to

linearly add two transverse conductances as

tot i .

S =oty 4ok,
with i and ii denoting two individual contributions to the Hall conductivity. To express

the conductance in terms of resistance, one has to invert the conductance matrix %

given by

o (4.22)

y:("” ny), 4.23)
—Oxy Oxx

where we have assumed isotropic conductance (g = 0yy) and implemented g, =
—0Oyy i.e., the Onsager-Casimir relation [187]. Inverting this matrix gives

-1 Oxx Ox ! 1 Oxx —O0x Ryx Ry
R=9"1= ' o=——— V= 7, (4.24)
—Oxy Oxx O%xT0%y Oxy  Ouxx Ryx  Rxx
such that
o o
Rex=——2— and Ryy=——5. (4.25)
o4+ 0%y 0%+ 0%,

In the small Hall angle limit (Ryy << Ryy or equivalently oy, < 0xx), we have Uix +
0%, = 0%, and the above expressions simplify to

Ryx =

o
and Ryx=—> =R2,0xy, (4.26)
O xx xx

such that o = Ry,/R2,. Then equation (4.22) becomes

This is not the case for fields along the x or y axes.
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Ri Rii
o= (4.27)
(Rex)”  (Ri)
The total longitudinal resistance of the two parallel channels is given by
Ri Rii
RYl = XX (4.28)
Rix+ Rk
Implementing o) = R;,‘;}/(R;C‘}t)z finally gives
. 2 ; 2
Rii . Ri o
Ry =|—>—| R, +|—"+| R} (4.29)
TR RE) T R+ R )
Rtot\2 Rtot\2
= ( Jlfx) Ry, + (—fj‘) Ry (4.30)
Rxx RXX

which shows that the total transverse resistance is the sum of the individual contribu-
tions, weighted by the fraction of the total current they carry.

4.6.3. DFT COMPUTATIONAL METHODOLOGY

DFT calculations were performed using the VASP package [188] based on the plane wave
basis set and projector augmented wave method, with an energy cut-off of 500 eV [135].
In the treatment of the exchange-correlation, the LSDA (local spin density approxima-
tion) with the Perdew-Zunger parametrization of the Ceperly-Alder data was employed
for the exchange-correlation functional [189, 190]. The STO/SRO/SIO heterostructure
was constructed using a lateral supercell of v/2a x v/2a. The in-plane lattice parameter
was fixed to the STO substrate, while for the out-of-plane lattice parameters the exper-
imental values of the single unit cell of SRO and SIO were used. The hopping param-
eters were estimated from the electronic structure of the non-magnetic SRO/SIO and
SRO/STO interfaces without Coulomb repulsion. After obtaining the Bloch wave func-
tions from DFT, the maximally localized Wannier functions [191, 192] were constructed
using the WANNIER90 code [193]. Starting from an initial projection of atomic d-basis
functions belonging to the £z manifold and centered on metal sites, the #»¢-like Wan-
nier functions were obtained. To extract the hopping parameters from the electronic
bands at low energies, the Slater-Koster interpolation, as implemented in WANNIER90,
was used. This approach is applied to determine the real-space Hamiltonian matrix el-
ements in the frg-like Wannier function basis for the SRO/SIO and SRO/STO interfaces.
Atomic relaxation was performed for all the considered systems. The internal degrees of
freedom were optimized by minimizing the total energy to be less than 107> eV and the
remaining forces to be less than 10 meV A~'. A 6 x 6 x 1 k-point grid centered in T’ was
used for the calculation of the heterostructure. Hubbard U effects on the Ru and Ir sites
were included within the LSDA+U approach, using the rotational invariant scheme [137].
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Figure 4.10: Surface and X-ray characterization. (a) RHEED intensity oscillations during the growth of SRO,
SIO, and STO, with the inset showing the diffraction pattern after the SIO growth. (b) Synchrotron X-ray diffrac-
tion measurements of STO/SRO/STO and STO/SRO/SIO heterostructures. The black dashed lines are simula-
tions of the diffracted intensity. (c) AFM topographic image of the surface of a STO/SRO/SIO/STO heterostruc-
ture, displaying a step-and-terrace morphology.

4.6.4. STRUCTURAL, TRANSPORT AND MAGNETIC CHARACTERIZATION

Fig. 4.10a shows the RHEED intensity during the growth of a SRO(4)/SIO(4)/STO(10) het-
erostructure on a TiO,-terminated STO(001) substrate. The clear intensity oscillations
indicate that all three layers grow in a layer-by-layer fashion. The anomalous initial oscil-
lation during the SRO growth can be attributed to a change in surface termination from
TiO, to SrO [88]. The number of unit cells quantified by X-ray diffraction and STEM was
generally found to be one less compared to estimations based on first-order spot RHEED
oscillations. Likely, the desorption of RuO, during the growth of the first unit cell leads
to a strongly intermixed first layer with a small Ru content, which is difficult to detect
by other structural characterization techniques [194]. Therefore, we adopt the conven-
tion of discarding the first oscillation in determining the number of unit cells grown,
as estimated from RHEED oscillations. Fig. 4.10b and Fig. 4.10c show synchrotron X-
ray diffraction measurements of a SRO(4)/SIO(2)/STO(10) heterostructure and an AFM
topographic map of a SRO(4)/SIO(4)/STO(10) heterostructure, respectively. The clear
Laue oscillations, as well as the step-and-terrace morphology are indicative of long-
range crystal coherence and flat surfaces. The atomic structures were further investi-
gated using high-angle annular dark-field scanning transmission electron microscopy
(HAADF-STEM), in combination with electron energy loss spectroscopy (EELS) at the
Ti-Ly 3, Ru-My 5, Sr-Ly 3 and Ir-My 5 edges. A dark-field measurement and EELS compo-
sitional map are shown in Fig. 4.11. The EELS compositional map is obtained from the
normalized integrated intensities of the aforementioned edges. The color code in the
color composite (middle panel) is Sr (red), Ti (yellow), Ir (blue) and Ru (green). A pro-
file of the normalized integrated intensities along the growth direction is shown in the
rightmost panel. Since the A-site Sr-ion is shared throughout the heterostructure, the
interfaces are formed at the B-sites. Hence, the Sr intensity profile is omitted. The Ti/Ru
and Ti/Ir interfaces are found to display intermixing within only a single layer, whereas
at the Ru/Ir interface, the intermixing extends into the subsequent RuO, layer, corre-
sponding to an Ir content of approximately 20 + 10%.




60

4. THE ANOMALOUS HALL EFFECT IN ULTRATHIN SRO

STO

STO

ADF

color composite

chemical profile

' Ti

i 1 — r

—— Ru
= -5
- 44 o

)

=]

a

™
SN ,~ WP .—3/5

3
= -2
~ —1

0 0.5 1
Normalized EELS
integrated intensity

Figure 4.11: Compositional analysis. From left to right: ADF atomic Z-contrast image for a SRO/SIO het-
erostructure with simultaneously acquired EELS maps of the Ti-Lp 3, Ru-My 5, Sr-Lp 3 and Ir-My 5 edges. All
atomic maps are overlapped to form a color composite (middle panel) with Sr (red), Ti (yellow), Ir (blue) and
Ru (green). The right panel shows the normalized intensity profile of the B-sites.
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Figure 4.12: Octahedral tilts. (a) ABF image of the STO/SRO/SIO heterostructure. (b) Octahedral tilt angles

determined from the oxygen positions.

In- and out-of-plane lattice parameters of the STO/SRO/SIO heterostructure were de-
termined by extracting the atomic positions from the HAADF-STEM image (Fig. 4.3).
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StatSTEM was used to model the image as a superposition of Gaussian peaks using sta-
tistical parameter estimation theory [195], which takes into account the overlap of neigh-
bouring intensities. The tetragonality was then determined by dividing the out-of-plane
(c) over the in-plane (a) lattice parameter of each unit cell. These measurements are
averaged row-by-row and the corresponding statistical errors are determined. An annu-
lar bright-field (ABF) image of the heterostructure is shown in Fig. 4.12a, which permits
visualization of the oxygen sites. Analysis of the oxygen positions shows that the octa-
hedral tilts across the heterostructure are close to zero, indicating that the films are in a
nearly tetragonal state (see Fig. 4.12b).
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Figure 4.13: Synthesis of ultrathin SRO bilayers. (a) RHEED intensity of the first-order diffraction spot during
PLD growth of the first SRO and STO layers. The inset shows an illustration of the grown heterostructure on
the STO substrate, which consists of 4 u.c. SRO, 4 u.c. STO, 5 u.c. SRO and a 10 u.c. STO capping layer. (b)
Post-growth RHEED patterns after each layer.

In Fig. 4.13a, we show the RHEED intensity of the EHB bilayer sample during the growth
of the bottom SRO layer. As discussed prior, the initial oscillation is associated with a
termination conversion from RuO, to SrO [88, 194], which results in an enhancement
of the surface diffusion of the ablated species. Discarding the initial oscillation, we stop
the deposition at the fourth intensity maximum, after which a strong intensity recovery
is observed, indicative of a high mobility of the atomic species at the surface. We subse-
quently grow the 4 u.c. STO spacer, followed by the 5 u.c. SRO layer and finally a 10 u.c.
STO capping layer that provides a symmetric boundary condition to the heterostructure,
as well as protection from ambient conditions. The RHEED patterns after completion of
each layer are shown in Fig. 4.13b. The well-defined spots of the SRO surfaces indicate
that they are atomically smooth, whereas the slightly streaked spots of the STO surfaces
are indicative of a shorter crystal coherence length compared to the SRO surfaces.

Fig. 4.14a shows the sheet resistance versus temperature curves of SRO(4)/STO(10) and
SRO(4)/SIO(2)/STO(10) heterostructures. We find that the introduction of 2 u.c. of SIO
reduces the sheet resistance, confirming that the SIO layers participate in transport and
therefore mix with SRO states at the Fermi level. Interestingly, we find also a slight reduc-
tion of the T, identified from the abrupt slope change. This may be related to the inter-
facial coupling between Ru and Ir (e.g., charge transfer [196]) or to the intermixing ob-
served in the top layers. Regardless, this observation indicates that interface effects have




62 4. THE ANOMALOUS HALL EFFECT IN ULTRATHIN SRO

@ 30 : : (b) 3F— : — 9y
SRO/SIO
o0y
281 73
z2 2 50k 5
26k SrRoO/STO 2 52
el s
= 2
'| L
24 10K %
-_ O i 1 1 1 ] 0 1 1 1
g 22r 2 0 2 2 0 2
g y Magnetic field (T) Magnetic field (T)
%20 (d) (e)
oc SRO/SIO T T T 4 T
/ 1.5 SRO/STO ] SRO/STO
1.8 3t
S qt 1 s
€ 50K :
[ o)
1.6 2 E 2F
S05¢ m | é 1}
1.4 10K 3
12 | | or \ \ \ ] 0r— \ :
0 100 200 300 -2 0 2 -2 0 2
Temperature (K) Magnetic field (T) Magnetic field (T)

Figure 4.14: Longitudinal resistance and in-plane SQUID magnetometry. (a) Resistance as a function of tem-
perature for SRO(4)/STO(10) and SRO(4)/SIO(2)/STO(10) heterostructures. (b) Magnetization of the SRO/SIO
heterostructure as a function of in-plane magnetic field and (c) the corresponding derivative. The arrows indi-
cate the coercive field. Panels (d) and (e) show the magnetization and corresponding derivative, respectively,
for the SRO/STO heterostructure.

an impact on the magnetic properties of SRO. Figs. 4.14b-e show in-plane SQUID mag-
netometry as a function of field and the corresponding derivatives of SRO(4)/SIO(2) and
SRO(4)/STO(10) heterostructures. The derivatives exhibit peaks at the magnetization
reversal i.e., the coercive fields. For the SRO/SIO heterostructure, we observe peaks in
the derivative, confirming the presence of an in-plane component of the magnetization.
The additional step in the M (B) and corresponding peaks in the dM/dB data at approxi-
mately zero field may be attributed to magnetic contributions of the STO substrate [197].
For the STO/SRO/STO sample, we do not observe clear signatures of in-plane magnetic
switching, likely due to a much smaller in-plane component of the magnetization com-
pared to SRO/SIO. This points to a perpendicular orientation of the magnetic easy-axis
with respect to the film plane for the SRO/STO samples, while the SRO/SIO samples are
slightly more canted.

Further magnetic characterization of the heterostructures was performed using the
magneto-optical Faraday effect, which is proportional to the out-of-plane component of
the sample magnetization M, via O = V M, t, where ¢ is the sample thickness and V the
Verdet constant. Representative samples were grown on double-side polished STO sub-
strates to allow for transmission measurements. The rotation of the polarization plane
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Figure 4.15: Magneto-optical Faraday effect. (a) Temperature dependence of the height of the magneto-
optical hysteresis loop (@max). The solid line shows a Landau fit. (b) Coercive field B, as a function of temper-
ature.

of linearly polarized laser light (1 = 633 nm, hv = 2.0 eV), was measured at normal in-
cidence as a function of applied (out-of-plane) magnetic field and temperature. The
changes in the polarization of the transmitted light were measured using a Wollaston
prism, which splits the beam into two perpendicularly polarized components. The dif-
ference in intensity of the two beam components resulting from the magneto-optical
Faraday effect is proportional to the polarization rotation (fr) and was measured with
a pair of balanced photodiodes. The small thicknesses of the samples and the trans-
mission geometry of the experiment ensure that the entire SRO film is probed homoge-
neously. Fig. 4.15a shows the height of the hysteresis loop (Omax) as function of tempera-
ture. Fitting the data with a power law of the form 6.« = A(T¢ — T)¢ yields a Curie tem-
perature of 98K and a critical exponent « of 0.53, in excellent agreement with a second-
order phase transition, expected for an itinerant ferromagnet. This indicates that, in the
considered range, the Verdet constant is at most only weakly dependent on tempera-
ture, in contrast to the strong temperature dependence of RQYH, which changes sign and
varies significantly in magnitude. The Curie temperature agrees well with the value de-
termined from magnetotransport measurements. As discussed in section 4.3, while two
separate anomalous Hall components could be clearly identified between 35K and 58K
due to their opposite signs, two magnetization components with different coercive fields
cannot be identified in the magneto-optical response. A single coercive field value is ex-
tracted and shown as a function of temperature in Fig. 4.15b.







CHARGE AND TOPOLOGICAL
RECONSTRUCTIONS AT THE
LAO/SRO INTERFACE

“Further, science is a collaborative effort."

— John Bardeen

In oxide heterostructures, different materials are integrated into a single artificial crystal, resulting
in a breaking of inversion-symmetry across the heterointerfaces. A notable example are polar in-
terfaces, where valence discontinuities lead to otherwise inaccessible charge and spin states. This
approach paved the way to the discovery of numerous unconventional properties absent in the bulk
constituents. However, control of the geometric structure of the electronic wavefunctions in corre-
lated oxides remains an open challenge. In this chapter, we create heterostructures consisting of
ultrathin SrRuO3, an itinerant ferromagnet hosting momentume-space sources of Berry curvature,
and LaAlO3, a wide-bandgap insulator. Transmission electron microscopy reveals a LaO/RuO,/SrO
interface configuration, leading to excess charge being pinned near the LaAlO3/SrRuO3 interface.
We demonstrate through magneto-optical characterization, theoretical calculations and transport
measurements that the real-space charge reconstruction modifies the momentum-space Berry cur-
vature in SrRuQ3, driving a reorganization of the topological charges in the band structure.

Parts of this chapter have been published in Phys. Rev. Lett. 127 (12), 12720-2 (2021) by T.C. van Thiel, W. Brzez-
icki, C. Autieri, J.R. Hortensius, D. Afanasiev, N. Gauquelin, D. Jaen, N. Janssen, D.J. Groenendijk, J. Fatermans,
S. van Aert, J. Verbeeck, M. Cuoco and A.D. Caviglia.

STEM characterization was performed by N. Gauquelin, D. Jaen, J. Fatermans, S. van Aert and J. Verbeeck.
Magneto-optical characterization was performed by J.R Hortensius and D. Afanasiev. Theoretical results were
obtained by W. Brzezicki, C. Autieri and M. Cuoco.
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N recent years, an increasing amount of attention has been focused on topological
Iphases in condensed matter [198]. Symmetry is a decisive element, as it can either
be essential or detrimental for topological order [199, 200]. An iconic example is the
quantum Hall effect, where the breaking of time-reversal symmetry is associated with a
nonzero Chern number [201]. A second example is the Weyl semimetal, which breaks
either time-reversal symmetry, inversion symmetry or both [202]. Transitions between
different topological phases may be achieved through e.g., external electric or magnetic
fields [203-205], a change in chemical composition [206-209], or application of pres-
sure [210-212]. While typically associated with an energy gap, such transitions are not
limited to insulators and semimetals. They may also occur in strongly metallic sys-
tems [213], which are usually characterized by a high density of interacting electrons [214].
A candidate material is the itinerant ferromagnet StRuO; (SRO) [65], which over the past
years has been the subject of intense research [37, 41, 147, 155, 160, 215-219]. How-
ever, manipulating the topological properties of SRO-based heterostructures remains an
experimental open challenge. Unlike insulators and semimetals, the high carrier den-
sity renders electrostatic gating, although possible [147, 218, 220, 221], an inefficient
method for manipulating the position of the Fermi level with respect to the momentum-
space sources of Berry curvature. This calls for a different approach where the focus
lies not on tuning the position of the Fermi level, but rather on changing the topolog-
ical charges within the Brillouin zone i.e., inducing a topological transition. In this re-
spect, oxide heterostructures provide an ideal platform due to the strong breaking of
inversion-symmetry across the interfaces, especially between materials with different
charge states [8, 42, 222, 223].

In this chapter, we demonstrate control of the momentum-space topological prop-
erties of ultrathin SRO, by creating a charge-frustrated interface. We synthesize RuO,-
terminated SRO ultrathin films interfaced with the wide-bandgap insulator LaAlO5 (LAO).
The charge frustration at the polar interface leads to charge doping of SRO well beyond
the capabilities of a conventional electrostatic gate, therefore forming a pronounced
profile of excess charge along the growth axis. We then demonstrate that in the ultra-
thin limit, this charge reconstruction modifies the momentum-space Berry curvature
and leads to a reversal of its sign for all temperatures below the magnetic transition,
thereby controlling a topological transition in momentum-space.

5.1. INTERFACE CHARGE-FRUSTRATION.

In Fig. 5.1, we present scanning transmission electron microscopy (STEM) data of a non-
polar STO/SRO/STO and polar STO/SRO/LAO heterostructure. Due to both STO and
SRO having the same Sr A-site cation, the interface between these two ABO; perovskites
consists of BO, layers (B = Ti, Ru) separated by a shared SrO plane. Consequently, both
STO and SRO preserve the B*" valence state and the planar charges are zero on both
sides of the interface. In contrast, we find that SRO and LAO are not separated by SrO,
but by a shared LaO plane, indicating that the SRO film is RuO,-terminated. This is a
surprising observation since, due to the highly volatile nature of Ru,Oy species, the SrO-
termination has been argued to be more stable in oxidizing conditions [68, 88]. Recently,
water-leaching has been demonstrated as a viable method for the synthesis of RuO,-
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Figure 5.1: Atomic characterization. High-angle annular dark-field images of (a) STO/SRO/STO and (b)
STO/SRO/LAO heterostructures with the insets showing bright-field images of the interface regions. (c) In-
tensity profile along the growth-axis for the atomic A (gray) and B-sites (blue) of (b).

terminated SRO films [224]. However, the SRO surface has been reported to decompose
upon heating after exposure to ambient conditions, complicating the synthesis of SRO-
based heterostructures with ex-situ chemical treatments [225]. From this perspective,
the in-situ stabilization observed here poses a substantial advantage over ex-situ ap-
proaches and is a promising mechanism that invites further exploration. Irrespective
of its origin, the observed LaO/RuQ,/SrO interface has important consequences for the
Ru charge state. On the SRO side Sr** requires Ru** for charge neutrality, while on the
LAO side La* requires Ru®*, therefore rendering the interface effectively equivalent to
the hybrid compound Srj sLa; sRuO;. In a fully ionic picture, charge neutrality is then
accomplished by a Ru®>®* charge state i.e., a —0.5e excess charge at the interfacial layer
(see Fig. 5.2a). In conjunction with the charge doping, the polarity in the LAO layers cre-
ates an attractive electric potential drawing charges towards the interface. Due to the
abundance of free carriers in StRuOj; (7, ~ 10%2¢cm™3), the corresponding electric field
is screened over a length r, which can be estimated by the average distance between
free carriers [226]. For our films, this estimate yields r ~ (ne)‘% =5Ao0r1-2 crystal unit
cells. Fig. 5.2b shows the out-of-plane unit cell deformation along the growth axis. We
find that for both heterostructures, the SRO film, as well as the STO and LAO overlayers,
are coherently matched to the in-plane unit cell parameter of the substrate. The mis-
match between the unit cell sizes is accommodated through a c-axis elongation in SRO
and contraction in LAO, indicating that the lattice structure is governed by the substrate
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Figure 5.2: Charge and structural profile. (a) Illustration of the charge frustration and the resulting profile of
the chemical potential E¢ close to the Fermi energy Er at the LaO/RuO, interface. (b) The c/a ratio along the
growth axis. (c¢) O-M-O bond angles for the A and B-sites of the STO/SRO/LAO heterostructure, defined with
respect to the STO substrate.

and not by the capping layer. This is further substantiated by a strong suppression of the
octahedral tilts, yielding a tetragonal lattice symmetry (see section 5.6.1). The absence
of antiferrodistortive tilts indicates that the polar field in LAO must be compensated in
another manner. In the well-known LAO/STO system, this is accomplished by a polar
mode in the LAO layer, where the O-Al-O bonds buckle in response to the internal elec-
tric field [227, 228], a distortion which propagates into the top few unit cells of the STO
substrate. Here, we observe a similar phenomenology i.e., a polar mode in the LAO layer
that propagates into the top unit cell of the SRO layer (Fig. 5.2¢).

5.2. MAGNETIC RECONSTRUCTION

We next investigate a second consequence anticipated for the excess charge accumula-
tion i.e., a change in the spin state of the Ru ions. In contrast to some of its magnetic
3d counterparts, the crystal-field splitting in SRO (~ 3eV) is larger than both the Hund’s
interaction (~ 0.3eV) and the Coulomb repulsion (~ 2eV), owing to the spatially larger
4d orbitals [229-231]. As a result, the four d electrons in SRO reside in the ¢ orbitals,
producing a (4d*) S = 1 spin state. Any additional charge transferred from the LAO layer
also occupies the 7,z manifold, reducing the average spin state to 3/4 < Sayg < 1 due to
the spin flip. Such a reduction of the spin moment directly manifests in the value of
the saturation magnetization M and the Curie temperature T¢, which both scale with
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Figure 5.3: Magneto-optical Faraday effect. (a) Illustration of the experimental geometry for probing
the magneto-optical Faraday rotation. (b) Faraday rotation as a function of applied magnetic field for a
SRO(5)/LAO(10) heterostructure for various temperatures. (c) The amplitude of the hysteresis loop Omax as
a function of applied field for SRO(5)/STO(10) (gray), SRO(5)/STO(2)/LAO(8) (orange) and SRO(5)/LAO(10)
(blue) heterostructures. The solid lines represent Landau fits.

S(S+1). In magnetic systems, both T and M; can thus serve as indicators of a charge
reconstruction and are expected to be lowered when electronic charge is transferred
to SRO. Indeed, La®* doping has been demonstrated to efficiently suppress ferromag-
netism in La,Sr;_ RuO; compounds, which was attributed to the low-spin Ru** oxidation
state [232-234]. We therefore proceed to investigate the spontaneous magnetization as
a function of temperature, by means of the magneto-optical Faraday effect (Figs. 5.3a-
b), which is directly proportional to the out-of-plane component of the magnetization
M,. In Fig. 5.3c, we show the Faraday rotation 0 as a function of temperature for SRO
films with various capping layers. To compare the different M and T¢, we fit the data
to @ = 07| T — T¢|*?, treating 6 as the magnetization M. According to expectation, we
find a clear suppression of both T¢ and 6 for the SRO(5)/LAO(10) sample, as compared
to SRO(5)/STO(10). To verify that this is an interface-driven effect, we also investigated
SRO(5)/STO(2)/LAO(8), which is structurally similar to SRO(5)/LAO(10), but has two lay-
ers of STO that shield SRO from the valence discontinuity. As expected, both M; and T¢
are significantly larger compared to the LAO-capped sample and nearly identical to the
STO-capped sample, further supporting that the charge and magnetic reconstruction
are driven by the charge frustration at the LaO/RuO, interface.

5.3. CHARGE-DRIVEN SYMMETRY BREAKING

We now turn to the question of how the interface-driven charge and magnetic recon-
struction affects the momentum-space Berry curvature and the anomalous Hall effect
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Figure 5.4: Excess charge profile and topological reconstruction. (a) Layer-resolved charge and magneti-
zation profile for STO/SRO(4)/STO (gray) and STO/SRO/LAO (blue) calculated by DFT. (b) Effective tight-
binding model of two coupled SRO monolayers, with excess charge g = —0.5e in the top layer, as well as an
on-site electrostatic potential V and interlayer coupling yz. (c-d) Dispersion relations of the 12 Ru ;¢ bands
at M = 0.5 ug/Ru for the effective model with (c) a weak pinning (y = 1) and (d) a strong pinning (y = 0.5)
scenario, including an orbital Rashba SOC AR = 0.04¢ correction and an on-site potential V = —0.2¢ in the
top layer.(e) Calculated anomalous Hall conductivity 0’;?, in which the grey dashed line represents the refer-

ence case with two Ru** layers (¢ = 0) and the coloured solid lines represent the scenarios with excess charge
g = —0.5e with either weak (green) or strong pinning (blue).

(AHE). Aside from the altered magnetization, the charge frustration introduces two ele-
ments; (i) a shift in the chemical potential due to the charge doping and (ii) breaking of
inversion-symmetry due to the electric field along the growth axis. To determine their
impact, we first address the question of how far the field penetrates into the SRO film.
The top panel in Fig. 5.4a shows the DFT-calculated charge profile across the SRO layers,
using the Ru site closest to the STO substrate as a baseline value. As expected, charge
doping is absent for the STO-capped heterostructure, yielding a symmetric charge pro-
file. For the LAO-capped sample however, we find, in accordance with the previous esti-
mate for the screening length r, a doping of approximately —0.1e and —0.04e for the two
unit cells closest to the SRO/LAO interface, leading to a strongly asymmetric charge pro-
file. Note that the charges do not add up to —0.5e due to the covalent bonding between
ions considered in DFT i.e., a considerable portion of the additional charge resides in the
interstitial space and oxygen ligands. The impact on the magnetization is immediately
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clear from the bottom panel of Fig. 5.4a, which, in agreement with the magneto-optical
characterization, shows that the two unit cells near the interface have a lower magneti-
zation compared to the STO/SRO/STO reference case, which has also been proposed by
arecent theoretical study [235]. These results provide a clear picture; the SRO film expe-
riences an electronic and magnetic reconstruction that persists 2 u.c. from the interface
and causes a strong inversion-symmetry breaking.

To determine the effect of the reconstruction on the momentum-space Berry curva-
ture, we introduce an effective tight-binding model of a SRO bilayer with interlayer cou-
pling yt, where ¢ is the nearest-neighbour hopping energy (see Fig. 5.4b)!. The charge-
frustration and symmetry breaking is simulated by including an additional charge —0.5¢
in the top layer, an attractive electrostatic potential V = —0.2¢ and a small orbital Rashba
correction Ag = 0.04¢ (see section 5.6.4). The parameter y represents the tendency of
the excess charge being pinned to the top layer i.e., the screening length r defined in
Fig. 5.2a. From a band structure perspective, this translates to a steeper bending of the
chemical potential E¢ near the interface. We consider two scenarios; weak and strong
charge pinning, or high and low y, respectively. Figs. 5.4c-d show the dispersion re-
lations of the twelve Ru ;¢ bands for the two scenarios, at a representative value of
the magnetization. The kinks that can be observed at the band anticrossings represent
momentum-space (anti-)vortices of the Berry connection, acting as either positive or
negative charges of Berry curvature. We highlight one band as an example, whose Chern
number transitions from C = -1 to C = +3 between the weak and strong pinning sce-
narios. In the dispersion, this manifests as a change in the position and character of the
band (anti-)crossings. Overall, we find a substantial evolution of the topological charges
between the two scenarios.

One can approximate the total Berry curvature by the averaged Chern number (C),
which is calculated by summing the Chern numbers of the individual bands, weighted
by their occupation. We find a transition of (C) = —1.3 to (C) = +0.5, between the weak
and strong pinning scenarios, respectively. Concurrently, the filling factors between the
two scenarios remain virtually unchanged. In fact, it can be shown that for any linearly
decreasing profile of the filling factors with energy, the sign of the total Berry curvature
is purely determined by the sum of the Chern numbers associated with the indirect gaps
of the twelve f>¢ bands (see section 5.6.5). This indicates that the sign change is driven
by a topological transition in momentum-space and is not simply due to a change in
band occupation. To further demonstrate the robustness of this result, we directly cal-
culate the anomalous Hall conductivity for a wide range of values for the magnetization
(Fig. 5.4e). In agreement with the topological charge reconstruction, we find a transition
from a fully negative to a fully positive AHE for nearly all magnetization values. These
results identify the charge pinning, and the resulting inversion-symmetry breaking, as
the dominant effect in altering the topological charges and reconstructing the Berry cur-
vature.

1The next-nearest-neighbour hopping energy was set to 0.16¢
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Figure 5.5: Anomalous Hall effect. (a) [llustration representing the evolution of the momentum-space topo-
logical charges. Upon increasing the charge pinning, the system moves through a Weyl point in the synthetic
space spanned by ky, ky and the charge pinning parameter y. (b) Measured anomalous Hall resistivity p/}?
for SRO films of varying thickness capped by both STO and LAO as a function of temperature. The inset in (b)
shows an example of the magnetic-field dependence of the AHE, from which the amplitude p?? is extracted.

5.4. MOMENTUM-SPACE TOPOLOGICAL RECONSTRUCTION

To illustrate the topological reconstruction, we consider a three-dimensional parameter
space, spanned by the Bloch momentum coordinates ky and k, and the charge pinning
parameter vy as the third dimension. The reconstruction can then be understood as the
system moving through a Weyl point, where the bands experience a closing and reopen-
ing of an energy gap upon increasing the charge pinning parameter y. The evolution
changes both the number and sign of the topological charges in the two-dimensional
Brillouin zone. We have visualized this concept in Fig. 5.5a, where the sources of Berry
curvature are represented by chiral vortex-like objects of the Berry connection, which
change both in winding direction and in number across the transition. In a transport
experiment, this translates to an inversion of the sign of the emergent field and conse-
quently the AHE. Fig. 5.5b shows the AHE amplitude as a function of temperature for
films of various thicknesses m capped by STO and LAO. For the thinnest films (m = 4),
we find a positive AHE for the LAO-capped sample for all temperatures below the T¢.
In contrast, it is negative for the 4 u.c. STO-capped sample. These two heterostruc-
tures represent the left and right scenarios in Fig. 5.5a and the sign inversion of the AHE
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can be understood as the system experiencing a magnetic and topological reconstruc-
tion, driven by the onset of charge pinning at the polar interface. As the thickness is in-
creased for the LAO-capped samples, we find a transition to a more negative behaviour
of the AHE in temperature, which can be understood as the contribution of the charge-
reconstructed layers becoming increasingly diluted as the total film thickness increases,
effectively diminishing the impact of the interface on the anomalous Hall response. Ac-
cordingly, one expects both heterostructures to converge to the same state as the num-
ber of layers is increased. Indeed, for increasing layer thickness, both heterostructures
tend towards the same behavior of the AHE.

5.5. CONCLUSIONS

While electric field penetration in bulk metals can be safely ignored, its importance in
the ultrathin limit cannot be neglected. The key element is the extremely short penetra-
tion depth of the electrostatic potential in metals, which can cause a strong inversion-
symmetry breaking in the near-interface region. The resulting electronic and magnetic
reconstructions can have a decisive effect on the momentum-space topological proper-
ties of correlated systems, including, but not limited to SrRuO3. The charge frustration
arising from the interface with LaAlO; provides a unique opportunity for studying the
effect of symmetry breaking on its momentum-space topology. Due to the insulating na-
ture of LaAlOs, there is neither mixing of states at the Fermi energy nor interface-driven
spin canting, as has been reported in e.g., the StfRuO3/SrIrOj; interface, which has been
the topic of multiple studies in recent years [37, 147, 181, 217, 236]. In this sense, the sys-
tem considered here offers a more direct approach towards controlling the momentum-
space topology in ultrathin SrRuO; and potentially other correlated metals. Our results
are also of relevance to the scenario of uncapped SrRuO; films, as exposed surfaces with
dangling bonds can manifest as an electrostatic boundary condition, albeit complicated
by the unavoidable interaction with adsorbed ambient chemical species.

In summary, we have demonstrated how a valence charge discontinuity induces both
amagnetic and topological reconstruction in ultrathin films of the itinerant ferromagnet
SrRuO3. We identify the pinning of the excess charge donated by the polar LaAlO5 over-
layer and the resulting inversion-symmetry breaking to be the dominant effect in alter-
ing the magnetization and momentum-space Berry curvature, leading to a full inversion
of the sign of the emergent magnetic field. These results demonstrate how engineering
charge discontinuities can be utilized to control the topological properties in oxide het-
erostructures and establish the potential of interface design towards the manipulation
of the geometric structure of wavefunctions in correlated matter.

5.6. SUPPLEMENTARY INFORMATION

5.6.1. STRUCTURAL CHARACTERIZATION

All samples were grown on (001) TiO,-terminated SrTiO; (STO) substrates by pulsed-
laser deposition (PLD), using a 248 nm KrF excimer laser at a 1 Hz repetition rate. The
laser fluences were 1.2 Jem™2 for SRO and 1.0 Jem ™2 for the LAO and STO capping layers.
STO substrates were mechanically clamped onto a heater stage, which was heated by
an infrared diode laser. SRO layers were deposited at ~ 600°C in an oxygen partial pres-
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Figure 5.6: Growth and surface characterization. (a) Intensity of the first-order RHEED spot during the
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and (c) an AFM topographic image of the LAO surface. The inset shows the height profile. (e) X-ray diffraction
6-20 scans, with the solid lines representing the data and the black dashed line simulations. The curves are
shifted vertically for visual clarity.

sure of 0.1 mbar. The growth was monitored with in-situ RHEED, recording the first-
order diffraction spot (see Fig. 5.6a). The first oscillation corresponds to a change in
surface termination of the substrate from TiO, to SrO [88]. Subsequent oscillations rep-
resent depositions of full unit cells (consisting of RuO, and SrO planes). Starting from
a SrO layer, this nominally leads to a SrO-terminated film. The deposition is stopped
at an intensity maximum, after which an intensity recovery is observed, indicative of
a high surface mobility of atomic species in the top layer. The final RHEED pattern of
the SRO surface is shown in the inset and exhibits intense spots, implying an atomically
smooth surface. Next, the oxygen partial pressure is reduced to 6 x 107> mbar and the
sample is further heated to an estimated ~ 800°C at a rate of 10°C/min. To verify that
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the SRO surface does not degrade, the RHEED patterns were monitored during heat-
ing (see Fig. 5.6b). Evidently, the surface quality is maintained up to high temperatures
(> 850°C). To refill oxygen vacancies that may have formed during the growth, all sam-
ples are post-annealed in 300 mbar O, for 1h and subsequently cooled to room temper-
ature at 20°C/min in the same pressure. An AFM topographic image of the LAO surface
is shown in Fig. 5.6c, which shows the heterostructure adopts the step-and-terrace mor-
phology of the substrate. Fig. 5.6d shows 0-20 X-ray diffraction measurements (solid
lines), as well as simulations (dashed lines) [237]. The simulations were obtained with
the designated number of SRO unit cells with ¢ = 3.98A (compressive strain) and 10 u.c.
LAO with ¢ = 3.72A (tensile strain) for the LAO capping layer.

The SrO/AlO, interface configuration would form the hybrid compound La;_,Sr,AlO4
which, due to the available charge states of Sr (2+), La (3+) and Al (3+), has a net charge
(for x # 0) and would therefore require off-stoichiometry to achieve charge neutrality,
therefore a LaO/RuO, interface may be more likely. Lastly, it is worth noting that since
the average kinetic energy of ablated La in the previously discussed growth conditions
is in the order of several tens of eV (for Al, it is several times less). Under these con-
ditions, adatoms have sufficient energy to disassociate SrO bonds (~ 5eV [238]), which
constitute the surface of the SRO layer prior to LAO growth [83, 88]. For higher oxygen
pressures (p ~ 10~ mbar), this is no longer the case. The stopping power of adatoms
is ~ 100eV/nm [239], which suggests that at energies in the order of tens of eV, cation
implantation is unlikely, but intermixing will still occur over a length scale of ~1 u.c.,
in agreement with the STEM data shown in Fig. 5.1. To further exclude kinetic dam-
age to the SRO film during capping layer growth as a contributing factor, we grew the 5
u.c. SRO film with a 10 u.c. STO capping layer in the same conditions as the LAO layer,
which results in Sr cations arriving at the substrate with a similar energy as La [83, 85].
The STO-capped sample was found to have a T = 140K i.e., significantly higher than
its LAO-capped counter part (7¢ = 110K), in agreement with a recent report [163]. This
suggests that in case Ru-deficiency is induced by kinetic plume damage, it does not sig-
nificantly impact the critical temperature. Indeed, it was recently shown that the T¢ of
MBE-grown films with thickness < 5nm (~ 12 u.c.) is unaffected by Ru-deficiency as high
as 30% [164]. Rather, interfacial disorder was concluded to dominate decay of the itiner-
ant ferromagnetic properties for ultrathin films. This interpretation also agrees with our
observations of the SRO/SIO interface discussed in Chapter 4.

In Figs. 5.7a-b, we show the ABF images of the STO/SRO/LAO and STO/SRO/STO het-
erostructures. The STO-capped sample was grown in 0.1 mbar O, at T = 600°C. In
agreement with the HAADF images, the adjacent positions of La (Z = 57) and Ru (Z =
44) atoms across the SRO/LAO interface are indicative of a LaO/RuO, configuration.
The insets illustrate the fitted positions for the oxygen atoms, as well as the A- and B-
site cations, which are used to determine the profile of the O—M—0O bond angle (M =
A, B) along the growth axis. In contrast to the LAO-capped heterostructure, for the STO-
capped heterostructure we observe buckling of both the O—A—0 and O—B—0 bonds that
becomes more pronounced towards the sample surface. We also find somewhat larger
buckling angles in the SRO film, which may be due to the larger angles observed in the
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Figure 5.7: STEM characterization. Annular bright-field images of the (a) STO/SRO/LAO and (b)
STO/SRO/STO heterostructures. The insets illustrate the fitted atomic positions for the (red) oxygen anion,
as well as the (orange) A- and (blue) B-site cations. (c) Bond angle profile for the STO/SRO/STO heterostruc-
ture. Panels (d) and (e) show the in-plane unit cell deformation and octahedral tilts along the growth axis for
STO- and LAO-capped SRO films, respectively.

STO capping layer. This in turn may be attributed to off-stoichiometry promoting po-
lar nano regions [240]. Figs. 5.7d-e show the in-plane unit cell deformation and octa-
hedral tilts along the growth axis for the two heterostructures. In agreement with the
X-ray characterization shown in Fig. 5.6d, we find that the lattice parameters of the SRO
film and the LAO- and STO-capping layers are coherently matched to the STO substrate
(a =3.905A). The unit cell size mismatch is then accommodated through compressive
and tensile strain in the SRO and LAO layers, respectively. We also find a strong suppres-
sion of the octahedral tilts for both samples.

5.6.2. MAGNETIC AND TRANSPORT CHARACTERIZATION

The magneto-optical characterization was performed in the same manner as discussed
in section 4.6.4 (see also Fig. 5.8a). The Faraday rotation of three heterostructures with
different capping layers (see Fig. 5.8b) is shown in Figs. 5.8c-e. The height of the hys-
teresis loop (indicated by the orange arrow) is directly proportional to the out-of-plane
component of the sample magnetization M,. As discussed in the main text, we find
a suppression of the Faraday rotation for the LAO(10) capping layer compared to the
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Figure 5.8: Magneto-optical characterization. Illustrations of (a) the experimental setup for probing the
magneto-optical Faraday effect (WP: Wollaston prism) and (b) the three different samples measured. (c-e)
Faraday rotation O as a function of magnetic field for the heterostructures indicated in (b). The curves are
shifted vertically for visual clarity. (f) Coercive field B, as a function of temperature.

STO(2)/LAO(10) and STO(10) capping layers, which we attribute to an altered valence
and spin state of Ru at the RuO,/La0O interface. We also find a suppression of the coer-
cive field (Fig. 5.8f), indicating a weakened magnetic state.

In Fig. 5.9, we show the magnetic-field-dependent Hall effect. Note the opposite orien-
tation of the loops between the SRO(4)/LAO(10) and SRO(4) /STO(10) samples (Figs. 5.9a-
b), an indicator of an opposite sign of the momentum-space Berry curvature between
the two scenarios. As discussed in Chapter 4, the peaks seemingly superposed on the
hysteresis loop for the LAO-capped sample have over the past years been a source of
debate, with them either being attributed to real-space magnetic skyrmions (see e.g.,
refs. [37, 147]), or to a spatially inhomogeneous profile of the magnetization (e.g., refs. [160,
217]). They only occur in the vicinity of the coercive field (i.e., during the magnetiza-
tion reversal) and do not affect the anomalous amplitude in the fully magnetized state.
While interesting in their own right, the peaks are not relevant to the discussion on the
momentum-space sources of Berry curvature considered here. We also note that they are
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absent in STO-capped samples and vanish in the LAO-capped samples as the SRO layer
thickness is increased (see Fig. 5.9c). The large values for the coercive field observed
in all samples may be attributed to Ru-deficiency, which causes a pinning of magnetic
domain walls during the switching of the magnetization [163, 164].
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Figure 5.9: Hall effect. Transverse resistance as a function of magnetic field and for various temperatures
for (a) a SRO(4)/LAO(10) and (b) a SRO(4)/STO(10) heterostructure. (c) Comparison of the magnetic-field
dependent Hall effect at 1.5 K for SRO(5)/LAO, SRO(6)/LAO(10) and SRO(5)/STO(10).

In Fig. 5.10a, we show the sheet resistance as a function of temperature for various
STO- and LAO-capped SRO ultrathin films. According to expectation, we observe a low-
ering of the sheet resistance with an increasing number of SRO layers. For the thinnest
films, slight upturns at low temperature can be observed, indicative of disorder-induced
carrier localization, resulting from the close proximity to the thickness-driven metal-
insulator transition [179]. The slightly increased resistivity of the LAO-capped samples
with respect to the STO-capped samples may be attributed to a more resistive interface
resulting from La-doping, which creates a nearly filled hole-like f,; band with a lower
conductivity [232, 233, 241]. Another explanation may be enhanced scattering due to
La intermixing, which has also been reported in La-doped Sr,RuO, [242]. Additionally,
polar interfaces are susceptible to defects (e.g., oxygen vacancies) [10, 196], which may
contribute to a more resistive interfacial layer.

As discussed in Chapter 4, at the Curie temperature Tc, R(T) exhibits an inflection
point, caused by short-range spin fluctuations across the magnetic phase transition [176].
The inflection point corresponds to a peak in the dR/dT, the center of which is used to
identify T¢, which is shown in the inset as a function of the SRO layer thickness m. We
find (1) a suppressed Curie temperature in LAO-capped samples and (2) arequirement of
2 additional unit cells in LAO-capped samples to recover the T¢ of the STO-capped sam-
ples. To verify that the growth conditions do not significantly affect the SRO properties,
we grew the STO capping layer for the SRO(5)/STO(10) sample in the same conditions
as the LAO capping layers. The T was found to be ~ 140K, in agreement with a recent
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Figure 5.10: Ferromagnetic transition. (a) Sheet resistance as a function of temperature for various het-
erostructures, with the inset showing T extracted from the peak in the dR / dT. (b) Hall effect in the vicinity
of T¢ for (top) the SRO(4)/LAO(10) and (bottom) the SRO(4)/STO(10) sample.

report [163]. This indicates that neither low pressure annealing nor the growth kinetics
under these conditions have a significant impact on the critical temperature of the fer-
romagnetic state.

Fig. 5.10b shows the Hall effect in the vicinity of the Curie point for the SRO(4)/LAO(10)
and SRO(4)/STO(10) samples. We consider a state ferromagnetic if a finite remanence is
present. For both heterostructures we find that as the temperature is increased towards
Tc the hysteresis tends to zero, but a small remanence remains observable as a vertical
‘jump’ at low field. When T¢ is exceeded, the system enters a phase characterized by
fluctuating residual moments [70, 243, 244], which are readily aligned by an external
magnetic field. In the Hall effect, this manifests as the presence of an appreciable slope
at zero magnetic field, yet the absence of a remanence. For the LAO-capped sample,
we observe a deviation from a perfect vertical slope in the vicinity of 90 K. For the STO-
capped samples the same phenomenology is observed, but shifted up in temperature by
20-30 K. These observations are in agreement with the R-T curves shown in Fig. 5.10a,
as well as the magneto-optical characterization (Fig. 5.8).

5.6.3. DFT COMPUTATIONAL METHODOLOGY

Spin-polarized first-principles density-functional theory calculations were performed
within the Local Spin Density Approximation (LSDA), by using the plane wave VASP
DFT package [188, 245] and the Perdew-Zunger parametrization [189] of the Ceperley-
Alder data for the exchange-correlation functional [190]. The interaction between the
core and the valence electrons was treated with the projector augmented wave (PAW)
method [246] and a cutoff of 500 eV was used for the plane wave basis. For Brillouin
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zone integrations, a 12 x 12 x 1 k-point grid was used for the geometric relaxation and
a 24 x 24 x 1 k-point grid for the determination of the density of states (DOS), electron
charge and magnetization profiles. The atomic charge was calculated by integrating a
sphere of 1.402 A radius around the Ru sites. The internal degrees of freedom are op-
timized by minimizing the total energy to be less than 3 x 10> eV and the Hellmann-
Feynman forces to be less than 20 meV/A. The Coulomb interaction U at the Ru and Ti
sites was included in the LSDA+U approach using the rotationally invariant scheme pro-
posed by Liechtenstein [137]. U = 4 eV was used for the Ti 34 states, whereas U = 0.20eV
and Jy = 0.15U are considered for the Ru 4d states. The hopping parameters were de-
termined as described in section 4.6.3.
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Figure 5.11: Anomalous Hall conductance. Calculated anomalous Hall conductance 0"/;}1_,{ for the bilayer
model with various on-site potentials V and interlayer hopping parameters yt as a function of magnetiza-
tion. The orbital Rashba corrections are (a) /lf =0.04¢ and (b) Ag =0.08t. The gray dashed lines represent the
reference curves with no additional charge.

5.6.4. SYMMETRY BREAKING IN THE BILAYER MODEL

In Fig. 5.11, the anomalous Hall conductance curves discussed in section 5.3 are shown
for additional values for the on-site potentials V and interlayer coupling vy, as well as
two different values for the orbital Rashba correction in the top layer Af. As discussed
previously, these parameters represent the degree of charge pinning to the top layer and
therefore the inversion symmetry breaking along the z-axis. From the curves, it becomes
apparent that y is the most influential parameter, followed by /15 and the on-site poten-
tial V. To elucidate the influence of vy, the role of the interlayer coupling in the total
anomalous Hall conductance 02! must be assessed. The bilayer model system has con-
tributions coming from the individual layers o, 02 and a term o, that represents the
interference between the two layers, the latter of which is directly affected by the in-
terlayer coupling y¢. The layer decomposition of the bilayer anomalous Hall conduc-
tance is shown in Fig. 5.12. The contributions of the individual layers for the charge-
symmetric reference case are shown in Fig. 5.12a and a charge-asymmetric case is shown
in Fig. 5.12b. It is clear there is a pronounced role of the term 0, in determining Uﬁ)ﬁl. If
012 is neglected, the computed anomalous Hall conductance is found to be widely off, il-
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lustrating that the interlayer coupling is a crucial parameter. The pronounced influence
of the charge pinning can therefore be attributed to its role in altering the interference
between the layer-resolved anomalous Hall ‘channels’.
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Figure 5.12: Layer decomposition of the anomalous Hall conductance. Calculated anomalous Hall con-
ductance 0";? as a function of magnetization for (a) the charge-symmetric reference case and (b) a charge-

asymmetric case with y =0.5, V = —-0.2¢ and 7L§ =0.04¢. The bottom panels show the layer-resolved contribu-
tions o1 and 02, as well as the interference term o12. The top panels show the direct sum of o1 and o and the
total anomalous Hall conductance o o¢.

To illustrate the role of the orbital Rashba effect, we consider a simple symmetry break-
ing potential along the z-axis 7 = —e&yz, where e is the elementary charge and &, the
corresponding electric field strength. Because 7 is odd under a mirror reflection with
respect to the (x, y) plane, it inverts the orbital parity. In a first-order approximation,
the symmetry 7 acts only once; either in the direct d—d hopping or in one of the two
metal-oxygen hopping terms, described in equation (4.12) in section 4.6.1. In the latter,
the potential hybridizes d- and p-orbitals with opposite parities. The second step comes
from the unperturbed nearest neighbour hopping terms, described in Table 4.1, which
couples orbitals with the same parity. Along the x- and y-directions, this leads to the
following possibilities, respectively

lxy) — la) — |zx) lxy) — lay — |yz)
lyz) — 1y — lxy) and l|yz) — [x) — |xp.
lzx) — |z — |xy) lzx) — |x) — |xy

Only the terms that behave like axial vectors will contribute to the Rashba effect i.e.,
terms that rotate by n radians in the (x, y) plane upon the mirror reflection z — —z. The




82 5. CHARGE AND TOPOLOGICAL RECONSTRUCTIONS AT THE LAO/SRO INTERFACE

other terms preserve (x, y) inversion symmetry and will be proportional to cos(k,a) and
cos(kya). Discarding the inversion symmetric terms and incorporating the Bloch phase
factors along the appropriate hopping directions, one finds the Rashba terms to be

0 sin(kya) sin(kya)
H =2iAg| -sin(k,a) 0 0 , (5.1)
—sin(kya) 0 0

with Ar the coupling constant given by (y tpado +n flz, d) I Apq, where y& is the induced
interorbital hopping amplitude from the electric field, #,4 the metal-oxygen hopping
amplitude, A, 4 the charge transfer energy and n t’2j 4 acorrection resulting from the buck-
ling of the metal-oxygen-metal bonds i.e., the polar mode along the field direction [185].
Equation (5.1) in terms of the orbital angular momentum operators reads

2R

H' = ==[sin(kya) L. —sin(k:a)Ly ] (5.2)

The spin dependence arises when the orbital Rashba effect is combined with the atomic
spin-orbit coupling. For a hopping process along the x-direction, for example, A’ cou-
ples the spin-orbital state | xy, o) to | yz, o), which in turn couples to |xy,¢”) via the A Sof;yg y
term of the atomic spin-orbit coupling (and vice versa). The energy denominator in this
perturbation process is the splitting A, between the |xy) and |yz),|xz) orbitals, induced
by the potential 7 along z. One then finds the following energy corrections

2ARA
Eyy = R2%0 [sin(ky @) - sin(kya)6 ]
z
2ARA
E,, = Rz 2 sin(kxa)6 ),
2ARA
E, = —RA 22 sin(kya)6 x, (5.3)

z

where A, is the atomic spin-orbit coupling constant and & are the Pauli spin matri-
ces. From equations (5.2) and (5.3), it becomes apparent that the role of the Rashba
effect is to induce (spin-dependent) nearest neighbour interorbital hopping, which can
induce additional (time-reversal invariant) sources that can contribute to higher order
moments of the Berry curvature. From Fig. 5.11 however, it becomes apparent that these
sources produce only subtle differences to the net integrated Berry curvature.

5.6.5. CHERN NUMBERS

In Fig. 5.13, we show the twelve ;g bands and their Chern numbers for the weak and
strong pinning scenarios discussed in section 5.3. We proceed by demonstrating (i) that
for aband occupation that decreases linearly with energy, an approximate expression for
the anomalous Hall conductivity can be obtained in terms of the band-resolved Chern
numbers and (ii) that the sign of the anomalous Hall effect is then purely determined by
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Figure 5.13: Band-resolved Chern numbers. Electronic (top) bands and (bottom) filling factors n derived from
the bilayer tight-binding model for (a) the weak and (b) the strong pinning scenario for a magnetization value
0.5 ug/Ru. The Chern numbers associated with the indirect gaps between bands n and n + 1 are indicated to
the right as 2C. The differences between subsequent ~C correspond to the Chern numbers of the invididual
bands.

the sum of the Chern numbers associated with the indirect band gaps. The anomalous
Hall conductivity Uﬁ,l depends on the momentum-space Berry curvature Q] as

AH e? X A 42
=— E Qrdok, 5.4
UXy h n=1JBZ f(€k) k ( )

where N is the total number of bands (twelve in this case) and f(ey) is the Fermi-Dirac
function of band n at energy E(k). The Chern number for band 7 is given by

1
Cn=— | Q' d°k. 5.5
n=o K (5.5)

Now we make a rough approximation, replacing the Berry curvature by its momentum-
space averaged value Q! ~ Q. Implementation in (5.5) yields

1 -
C,=—0,| d’k

2n BZ
=210, (5.6)
such that
Q' = iC (5.7
k™ ong ™ '

Then (5.4) can be approximated as
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o4y = —— € , .
VT hem iz Msz” K
where the final term in brackets is the filling factor n7,, of band n, simplifying (5.8) to

2

1 N
%2— Z 5.9)

While the filling factors have to be explicitly computed, it is anticipated that if the
bands are ordered in such a way that n = 1 is the lowest in energy, n = 2 is the second
lowest, etc., then the filling factor n,, decreases with n. The simplest form would be to
assume a linear relation n,, = a — fn with a and f real positive coefficients with the con-
straints ¢ = BN and a — 8 < 1 to ensure 0 < 17, < 1. From the filling factors shown in
Fig. 5.13, we find that the linear approximation works reasonably well. Now (5.9) be-
comes

N N
a) Ch—B) nCpl. (5.10)

First we note that the direct sum of all Chern numbers is zero, causing the first term in
brackets to vanish. The second term can be deconstructed as

N
Y nCp=C1+2C+3C3+4C4+...+ (N-1)Cn-1 + NCy
n=1

=C1+Cr+C3+Cy+...+Cn_1+Cpn
+Co+C3+Cy+...+Cn-_1+Cxn
+C3+Cy+...+Cn-1+Cy
+Cy+...+Cn_1 +Cpn

+...+Cn_1+Cn
+Cn-1+CpN
+Cp, (5.11)

which using ¥¥_, C,, = 0 can be written as
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N
Y nC,=0
n=1
-(Cy)
—(C1+ ()
—(C1+ G2+ C3)
—(Cl +C2+C3+C4)

—(C1+Co+C3+Cy+...+Cn-1)
—(C1+Co+C3+Cy+...+Cn_1+Cp)

N
-3 %, (5.12)
n=1

with 6, = Y1 _, C,; the sum of the Chern numbers up to band n, or alternatively, the
Chern number associated with the indirect gap between bands n and n+1 (indicated by
>Cin Fig. 5.13). Implementing this in (5.10), we obtain

am_ € B Y
R —— 6. 5.13
Txy = o ,;1 " (5.13)
Thus, the anomalous Hall conductivity can be approximated by the sum of all Chern
numbers associated with the indirect gaps. Note that since 8 > 0, the sign of 0";‘3},[ is solely

determined by ZI,YZI %, and is robust to changes in filling factors produced by e.g., a shift
in the Fermi energy.







QUANTUM TRANSPORTIN (111)
SRO/STO HETEROSTRUCTURES

“Every sentence I utter must be understood not as an affirmation, but as a question."

— Niels Bohr

Heteroepitaxy is a powerful tool that can be used to exercise control over both the crystal symmetry
and dimensionality of a condensed matter system. Projected onto the (111) crystal plane, cubic
perovskites exhibit a two-dimensional hexagonal lattice symmetry, with distortions to the unit cell
leading to the breaking of mirror line symmetries in the plane. In conjunction with time-reversal
symmetry breaking, this sets the stage for the manifestation of both zero and higher order moments
of the Berry curvature. Ferromagnetic SrRuQOg grown along the (111) crystal orientation is therefore
an ideal system to study the interplay between spatial and time-reversal symmetry breaking, as well
as their impact on the emergent field in momentum-space. In this chapter, we synthesize STRuO3
thin films on SrTiO3 (111) substrates and determine their structural and electronic properties as a
function of thickness, by means of transmission electron microscopy, X-ray diffraction and high-
field transport measurements. Our structural analysis is consistent with a Pbnm-type octahedral
tilt pattern, with the in-phase rotation axis oriented along the (001) crystal direction. In transport,
all films exhibit hole-like characteristics, with thicker films showing evidence of a high-mobility
band, as well as an unsaturating linear positive magnetoresistance, which we attribute to guiding
center motion in strong magnetic fields. These results set apart (111) thin films from their (001)
counterparts and highlight the potential of heteroepitaxy and crystal symmetry as a method for
engineering novel electronic properties in perovskites.

Parts of this chapter are in preparation for submission by T.C. van Thiel, P. Eck, U. Filippozzi, N. Gauquelin,
D. Jaen, D. Pizzirani, C. Miiller, E. Lesne, J. Verbeeck, S. Wiedmann, C. Ortix, G. Sangiovanni, M. Cuoco and
A.D. Caviglia.

STEM analysis was performed by N. Gauquelin, D. Jaen and J. Verbeeck. High-field measurements were per-
formed in collaboration with D. Pizzirani, C. Miiller and S. Wiedmann.
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ECENTLY, crystal symmetry and heteroepitaxial strain have emerged as key factors in
R realizing novel material properties. Examples include, but are not limited to, super-
conductivity in (110) oriented RuO, films [18, 19], multi-condensate superconductivity
in (110) oriented LaAlO5/SrTiO5 [247] and two-dimensional gate-tunable superconduc-
tivity at (110) and (111) KTaOj5 surfaces [248-250]. Of particular interest are (111) ori-
ented perovskite ultrathin films which, in the case of a cubic or rhombohedral lattice,
exhibit a buckled honeycomb lattice structure, with a threefold in-plane rotational sym-
metry [251, 252]. If the unit cell symmetry is lowered, due to e.g., a symmetry mismatch
across the substrate/film interface, substrate-induced strain or simply due to the bulk
compound having a priori lower symmetry, a breaking of mirror lines in the plane can
easily manifest, which is in contrast to more commonly studied (001) oriented crystal
thin films. In combination with inversion symmetry breaking at interfaces, this permits
nonlinear responses to applied electric fields [253-255], with efficient photon detection
and rectifying schemes as a possible application [256]. In this context, the itinerant fer-
romagnetic perovskite StfRuO; (SRO) is of particular interest. In the three-dimensional
bulk limit, time-reversal symmetry breaking enables the presence of Weyl points acting
as sources and sinks of an emergent field [65, 219]. In (111) oriented films, the Pbnm
orthorhombic symmetry breaks the .4, and .4/ ,5 mirror lines in the plane of the film,
which towards the two-dimensional limit can be expected to have a progressively more
prominent impact on the electronic structure. In addition, the three-dimensional strain
imposed by the substrate is expected to lower the octahedral symmetry of the crystal
field to trigonal, leading to a splitting of the f,¢ orbitals into a a4 singlet and e dou-
blet [186]. Accordingly, (111) oriented SRO thin films and heterostructures are of fun-
damental interest to study the combination of symmetry-breaking, dimensionality and
topology.

In this chapter, we determine the thickness-dependent properties of (111) oriented
SRO thin films grown on SrTiO3 (STO), by means of transmission electron microscopy;,
X-ray diffraction and (high-field) transport measurements. Our structural analysis is
consistent with a Pbnm-type a~b~c¢* octahedral rotation pattern, with the in-phase
rotation axis oriented along the (001) crystal direction. In addition, thicker films are
found to exhibit larger rotations compared to thinner films. We propose that the tri-
axial compressive strain exerted by the substrate is accommodated through the forma-
tion of Ruddlesden-Popper defects, as opposed to monoclinic distortions to the unit cell.
In transport, we find evidence of a dimensional crossover below ~ 5nm film thickness.
Unlike in (001) oriented films, Hall effect measurements indicate, with decreasing film
thickness, a progressively more prominent hole-like band. High-field measurements on
thicker films suggest the presence of semiclassical contributions to the magnetotrans-
port in the form of guiding-center motion magnetoresistance, made possible by the
combination of sufficiently high magnetic fields and mobility. These results unequiv-
ocally separate (111) oriented films from their (001) oriented counterparts in terms of
both lattice and electronic structure.

6.1. ATOMIC STRUCTURE

The cubic perovskite lattice structure and (two-dimensional) first Brillouin zone pro-
jected onto the (111) crystal face are shown in Fig. 6.1a. In this basis, there are three in-
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Figure 6.1: Buckled honeycomb lattice. Illustration of (a, top) the cubic perovskite unit cell projected onto
the (111) orientation in both real and reciprocal space and (bottom) illustration of replica bands for multiple
layers. The symbols I', M and K denote the high-symmetry points of the two-dimensional hexagonal unit cell.
(b, left) HAADF-STEM and (right) ABF image of a (21 nm) SRO (111) thin film on STO.

equivalent Ru sites; one in the center and the other two spanning two triangles mirrored
in the 110 axis, which have different vertical positions. The Sr site is situated in the center
of the unit cell at a height between the two triangles, which yields a buckled honeycomb
lattice structure in the ultrathin limit capturing one molecular formula unit of SRO. Ex-
perimentally, we view the lattice structure in two planes, namely the plane spanned by
the (111, 112), as well as the (111, 110) vectors. Henceforth, we shall refer to the former
and latter as the a- and B-plane, respectively. Starting from a three-dimensional (bulk-
like) structure, one can imagine thinning down the crystal along the (111) direction to-
wards the two-dimensional limit. For progressively thinner crystal slabs, one expects to
reach a quasi-2D regime, where a discrete set of k values is allowed in the form of replica
bands (see Fig. 6.1a). Fig. 6.1b shows HAADF-STEM and ABF images of the a-plane of
a ~ 21 nm film, with the overlay illustrating the lattice configuration at the interface be-
tween the STO substrate and the SRO film.

To study the strain state of the films, we perform X-ray characterization. Fig. 6.2a shows
a Bragg diffraction scan around the (111) peak of a 94 u.c. film, with a simulated c-axis
lattice parameter of 2.28A [237]. This corresponds to 94 repetitions of the bilayer unit
cell, which are coherently strained (~ 1% compressive strain) to the 110 lattice axis of
the substrate, as evident from the reciprocal space map shown in Fig. 6.2b. The thickness
was also confirmed by X-ray reflectometry, shown in the left inset of Fig. 6.2a. The right
inset shows the rocking curves of the substrate as well as the SRO film around the (111)
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Figure 6.2: Ruddlesden-Popper defect. (a) Bragg X-ray diffraction on a 21 nm film, with the insets showing
(left) X-ray reflectometry and (right) the rocking curve around the (111) peak. (b) Reciprocal space map around
the 312 peak of the STO substrate. (c) HAADF-STEM image showing a RP-defect oriented at an angle with
respect to the growth direction. (d, top) Enlarged view of the area around the defect and (bottom) intensity as
a function of position. The illustration to the right depicts the unit cell of Sr,RuO,, which exhibits double SrO
planes.

peak, the latter of which has a FWHM of ~ 0.06°. The rocking curve indicates stronger
mosaicity of the film with respect to the substrate, with a slight hint of an additional
peak, possibly pointing to crystal twinning. Fig. 6.2c shows a possible type of defect that
may contribute to this observation, namely a double SrO plane along the (001) crystal
orientation (see also section 6.6.2). In Fig. 6.2d, we show a rotated enlarged view of the
defected area, with an overlay of the crystal structure. This so-called Ruddlesden-Popper
(RP) defect corresponds to a single unit cell of Sr,RuO, i.e., a missing RuO, plane along
the (001) direction. Since the missing RuO, plane is not parallel to the growth direction,
we speculate that a line defect must have formed in a particular layer that has propagated
along the appropriate lattice direction as subsequent layers were deposited. In Sr,RuO,,
adjacent SrO layers are believed to be more weakly bonded compared to adjacent RuO,
and SrO layers, resulting in a natural cleavage plane [257, 258]. Previously, significant
monoclinic shearing has been reported in PbTiOj; films grown on (111) STO, resulting
from the three-dimensional character of the strain imposed by the substrate [259]. Such
shear strain might also be expected in our films, which could potentially lead to flex-
oelectricity and result in a so-called polar metal [260]. However, we do not find clear
evidence of such shear strain (see section 6.6.2). We propose that the observed RP de-
fects contribute to the accommodation of shear strain imposed by the substrate, thereby
diminishing monoclinic distortions to the unit cell.
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Figure 6.3: Rotation angles. (a) Inverted contrast ABF images of the 21 nm sample with (left) the 110 and (right)
the 112 lattice vector oriented into the page. The insets illustrate the rotation angles ¢’ and y’ as viewed in the
rotated basis. (b) Dark-field images of the same film, with the inset showing a dark-field image of a 2nm (11
u.c.) sample. (c, top) Determined rotation angles in the pseudocubic basis and (bottom) the lattice structure
near the interface in the rotated basis. The visualized rotation angles are to scale.

As illustrated in Fig. 6.3a, bright-field imaging of the a and  planes gives access to
the oxygen positions and therefore the octahedral rotation angles ¢’ and ¢’ about the
110 and 112 axes, respectively. These angles are a convolution of rotations in the pseu-
docubic basis and must be disentangled to identify the octahedral rotation pattern in
Glazer notation. However, in an alternating tilt pattern, the phase information about the
rotation angle is scrambled and there are a number of possible configurations that cor-
respond to a given set of extracted angles ¢’ and y’. A second piece of information that
is therefore required, is the plane in which the cation displacements occur. In Pbnm
orthorhombic perovskites, to which bulk SRO belongs, A-site cation displacements oc-
cur in the plane perpendicular to the axis of the in-phase rotation [57]. While other lat-
tice symmetries (e.g., monoclinic) resulting from expitaxial constraints are possible, we
assume in the following that the structure is Pbnm orthorhombic with minimal mono-
clinic distortions, the latter being accommodated by RP defects. The dark field images
presented in Fig. 6.3b show that displacements are visible in the  plane and (virtually)
absent in the a plane, which indicates that the in-phase axis lies in the latter. Further-
more, it is restricted to one of the three pseudocubic lattice axes; (100), (010) or (001). It
is easily verified that only the latter lies in the a plane and can therefore be identified as
the axis along which the in-phase rotation occurs!. From the STEM characterization, we
find ¢’ =~ 3°and y' ~ 4°, respectively. Using the approach outlined in section 6.6.1, we find
a number of possible rotation angles that can correspond to this observation, namely ei-
ther (6°,6° 0°) or (3°,3°,5°. In the Pbnm structure, the out-of-phase rotations are equal

!n the case where the in-phase axis lies along the (100) or (010) direction, displacements of approximately
equal magnitude are expected to be visible in both planes.
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in magnitude, whereas the in-phase rotations differ [120]. Accordingly, the only two pos-
sible sets of (a~ b~ ¢*) rotation patterns are (—6°, —6°,0°) or (—3°,—3°,5°). Since the former
should not produce any displacements due to the absence of in-phase rotation, we pro-
pose the latter as the rotational pattern of the films. We note that this implies that the
in-phase rotation axis has a strong component along the 112 axis, but no component
along the 110 axis. For the 2nm film, the angles ¢’ and y/, as well as the cation displace-
ments in the a plane (see the inset in Fig. 6.3b) are close to zero, indicating that in the
ultrathin limit, the SRO films tend towards an unrotated structure?. The structural pat-
tern of the thick film is visualized in Fig. 6.3c in the pseudocubic basis (top) and in the
rotated basis (bottom).
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Figure 6.4: Longitudinal resistance and anomalous Hall amplitude. (a) Sheet resistance as a function of tem-
perature for SRO (111) films of thicknesses ¢ in the range 2nm to 21 nm. The inset shows the Curie temperature
Tc as a function of ¢, with the dashed lines indicating T for SRO (001) thin films and single-crystals from liter-
ature. (b) Relative resistance change as a function of the temperature squared. The dashed lines represent low
temperature quadratic fits. (c) Anomalous Hall amplitude p‘;l)? as a function of temperature. The inset shows

the relation between p?? and pxyx at 1.5K, displayed on a logarithmic scale.

6.2. DIMENSIONAL CROSSOVER

Having determined the structural properties of the films, we proceed to investigate their
electronic properties by means of transport measurements. Fig. 6.4a shows the resis-
tance versus temperature characteristics of four SRO (111) films with thicknesses in the
range 2nm to 21 nm. With increasing thickness, we find progressively lower resistance,
with the residual resistivity ratio (RRR) p293x/p1.5x increasing from ~ 1.2 to ~ 12. These
values are higher than typically reported for PLD-grown (001) and (111) oriented films [261,

2Possibly, rhombohedral distortions manifest near the interface due to the different unit cell volumes between
SRO and STO.
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262], but lower than recently reported values for machine-learning assisted MBE growth
of (001) oriented SRO [263]. The upturn at low temperature observed for the 2nm film
has previously been linked to Efros-Shklovskii type variable-range hopping [262], which
is associated with a Coulomb gap. This is in contrast to (001) ultrathin films, where the
resistivity upturn has been attributed to Mott-type variable range hopping due to dis-
order [264]. As illustrated for the 5nm sample, the Curie temperature T is extracted
from the peak in the dR/dT. The extracted T¢ are shown in the inset as a function of
thickness. We find that both the 11nm and 21nm film exceed the T¢ that is reported
for SRO films grown on STO (001) of ~ 150K, even those with much larger RRR values
than reported here [65, 219, 263]. The 21nm film is found to reach the bulk single-
crystal T¢ of ~ 160K [68]. Recent works have reported an enhancement of T¢ = 168K
for SRO thin films grown on tensile (110) DyScO5 (DSO) substrates [265, 266], the origin
of which is yet to be elucidated. The presence of a high-spin state in SRO (111) has been
suggested [267, 268], however this interpretation was questioned by subsequent XMCD
measurements [269].

In Fig. 6.4b, we show the relative change in resistivity as a function of 72 for the 5nm,
11nm and 21 nm films. For the latter two we observe, similar to previous reports in (001)
films [219, 265], a quadratic dependence of the resistivity with temperature for T' < 25K
i.e., a Fermi liquid behavior. The 5nm film also shows a good agreement with 7?2 be-
haviour. However, we attribute this to the presence of a small upturn, seeing as the resis-
tance saturates at slightly higher temperature compared to the two thickest films. This
means that the quadratic behavior cannot be ascribed to Fermi liquid behavior, but is
rather due to disorder. These observations are consistent with an increasing (effective)
electron-electron repulsion strength, driving the system towards a correlated insulating
state in the two-dimensional limit. Recently, confinement effects in (001) oriented films
have been shown to experience orbital-selective confinement effects i.e., a primary in-
volvement of the dy, ., orbitals [162, 270]. In the monolayer limit, a non-magnetic inco-
herent d.y band with a soft gap was observed [162]. For (111) oriented films, the d.y, dy.
and d orbitals are projected isometrically onto the film plane. Therefore, confinement
of the crystal affects all orbitals nominally equally, which implies that it acts fundamen-
tally differently for (111) oriented films.

Fig. 6.4c shows the anomalous Hall resistivity p‘;}g as a function of temperature for the
four films. We find that the AHE is always negative, with a progressively smaller low-
temperature amplitude for increasing thickness. For the two thickest films, the curves
are similar to reports of single crystals [65]. The curves nearly overlap, suggesting that
their electronic structures are similar and that the anomalous Hall resistance Rj};l scales
linearly with the thickness. In contrast, the two thinnest films show a different behaviour,
with the anomalous Hall resistance no longer scaling linearly with the film thickness,
suggestive of a thickness dependence of the electronic structure. This motivates to sep-
arate the four films into a 3D (bulk-like) and a quasi-2D regime, with the 2nm and 5nm
films belonging to the latter and the 11 nm and 21 nm belonging to the former. The inset
shows |p J,x| at 1.5K as a function of py, on a logarithmic scale. The dependence of the
AHE on the longitudinal resistance can be modelled as




94 6. QUANTUM TRANSPORT IN (111) SRO/STO HETEROSTRUCTURES

P = apex+bp%,, 6.1)

with the linear term representing the skew scattering contribution and the quadratic
term representing both the side-jump and intrinsic mechanism [72]. Conventionally,
one is then to assume the relation p’}? x p%, and to fit the exponent. On a logarithmic
scale, such a relation is linear with a slope a. However, we find a nonlinear behaviour,
complicating such an analysis. Counterintuitively, for the 3D bulk-like films we find a =
2.2, whereas for the quasi-2D films «a is found to be 1.0. If skew scattering were to play
arole, one would expect it to be more dominant for the thicker films, which have much
lower residual resistivity.
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Figure 6.5: nonlinear classical Hall effect. (a) Total Hall effect of the 21 nm film at 1.5 K pggct and pyy with

the anomalous component p’}? subtracted. (b) Total and (c) classical Hall effect at 1.5K for the four different
film thicknesses, with the inset in (c) showing an enlarged view of the low-field region. (d) Zero-field slope as a
function of film thickness.

6.3. MULTI-BAND TRANSPORT

We proceed to study the electronic properties of the films via the Hall effect. Fig. 6.5a
shows the Hall resistivity at 1.5K for the 21nm film. The anomalous component is im-
mediately apparent from the sharp hysteresis loop. By considering the branches of the
hysteresis loop where no magnetic switching occurs i.e., when the field is aligned with
the magnetization, the anomalous component can be subtracted and the classical Hall
component distilled from p,. We find that the classical Hall effect is nonlinear, in con-
trast to (001) oriented films, where typically a linear behaviour is observed for ultrathin
films. Fig. 6.5b and 6.5c show the low-temperature total Hall effect and classical Hall ef-
fect for the four different thicknesses, respectively. The nonlinearity is found to become
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more prominent as the film thickness is reduced. For the 2nm film, the Hall effect is
found to be fully positive up to the measurement limit, although a decrease in slope to-
wards 12T is observed. Considering the negative slopes of the other films at large fields,
it is likely that an electron-like behaviour would be recovered for B > 12T. Fig. 6.5¢
illustrates a transition of the low-field slope from negative to positive below 5nm. To in-
terpret this observation, we consider the two-band model for the ordinary Hall effect in
the low-field limit [271]

. dpyx 1 inlﬂiinllﬂil
lim =—
B—0 dB e

) (6.2)
(nml + nnuu)z

where the subscripts I, IT denote the respective channels, e is the elementary charge,
n the carrier density and p the mobility. The denominator is the square of the total con-
ductivity of the two channels and the signs in the nominator depend on the carrier type
of the individual channels, with a positive (negative) sign indicating hole-like (electron-
like) carriers. From equation (6.2) it is clear that, to produce a positive low-field slope,
one or both terms in the nominator is necessarily hole-like. The slope in the high-field
limit is given by

d 1
lim Pyx _

= . 6.3
B—oo dB e(xnrxnyyp) 63)

Considering the electron-like behaviour for the thicker films and the change in slope
towards 12T for the 2nm film, one of the channels is likely to be electron-like (n; = —n,,
U1 = He), implying that the second channel must be hole-like (n;; = ny, prr = pp) and
that nhy%l > neu2. The electron-like behaviour at high fields means that n, > nj. Ac-
cordingly, the most likely scenario is that of a lower density higher mobility hole-like
band and a higher density lower mobility electron-like band. This scenario also accounts
for the shallower low-field slope of the thicker films®. Interestingly, with the exception of
the 2nm film, all samples show virtually identical low-field slopes. These observations
are suggestive of a (quasi-)2D hole-like band, with possible replica bands crossing the
Fermi energy as the film thickness is increased. In the 3D bulk-like regime, replica bands
transition into a continuous spectrum for k.. Their energy separation directly depends
on the confinement i.e., the film thickness. In a simple particle-in-the-box picture, one
finds that the number of replica bands intersecting the Fermi energy is of the order ¢/a,
with ¢ the film thickness and a the in-plane lattice constant (see section 6.6.3), which
gives ~ 3 bands for the 2nm film and ~ 8 bands for the 5nm film.

For the two thickest films, we expect that k, can be safely approximated as a continu-
ous variable. Fig. 6.6a shows a two-band fit for the 21 nm film. We find a good agreement
in the low-field region, whereas a slight deviation from linearity is observed towards 12 T.
This suggests that caution should be taken from fitted parameters, particularly since
without proper constraints, the problem is degenerate i.e., many choices of parameters
can fit the same curve. Indeed, following the fitting procedure described in section 6.6.5,

3We note that the negative slope in thicker films means that 7 /1% >nyp ui.
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Figure 6.6: Shubnikov-de-Haas spectroscopy. (a) Hall resistance Ry as a function of magnetic field at 0.4 K
for the 21 nm film, with the insets showing enlarged views of the (top) high-field and (bottom) low-field regions.
The dashed lines represent a two-band fit. (b) Longitudinal magnetoresistance with the current oriented along
the (112) lattice axis and the magnetic field oriented out-of-plane. The dashed line represents a second-order
polynomial fit. (c) Magnetoresistance as a function of the inverse magnetic field with the second-order poly-
nomial background subtracted. Gaussian smoothening has been applied to filter out faster frequencies. (d)
Shubnikov-de-Haas spectrum as a function of frequency. The top axis indicates the corresponding Fermi sur-
face area.

the fit would point to a hole density of ~ 10° cm™2 with a mobility of ~ 4000 cm?(Vs) ™.
For such low densities, the average spacing between quasiparticles is several thousand
times larger than the Bohr radius and carriers are expected to condense into a Wigner
crystal with effectively zero mobility [190, 272]. Accordingly these numbers can be con-
sidered unphysical and information about the band parameters must be gathered with
other techniques. For this purpose, we perform low-temperature (~ 0.4K) high-field
magnetotransport measurements. Fig. 6.6b shows the longitudinal magnetoresistance
measured up to 35T. The unsaturating linear behavior will be the subject of the next
section, while here we focus on the Shubnikov-de-Haas effect. Fig. 6.6c shows the MR
as a function of inverse field, after subtracting a second-order polynomial background
and subsequently filtering out fast oscillations. We find a sinusoidal behavior with a fre-
quency of ~ 60T, corresponding to a Fermi surface area of A = 3 x 10'2cm™2. For such
quantum oscillations to manifest, one must have B, > 1 [273], which provides a lower
bound estimate for the mobility > 1/B; = 600 cm?(Vs)~L. As we show in section 6.6.5,
this number agrees well with the mobility estimated from the two-band model, pro-
vided one incorporates the density obtained from the SdH spectroscopy. However, from
Fig. 6.6d, we find that the Fermi surface exhibits many more than just two contributions
and more refined electronic structure calculations will be required to fully elucidate the
transport properties. Nevertheless, as we shall discuss in the next section, the behavior
of the magnetoresistance for the two thickest films might be explained semiclassically.
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Figure 6.7: High-field transport. (a) Longitudinal magnetoresistance as a function of out-of-plane magnetic
field with the current oriented along the (left) 110 and (right) 112 directions at 0.4 K. (b) Parallel resistor model
fits to the data of (a) for the (top) 21 nm and (bottom) 11 nm films. The solid and dashed lines represent the
data and fits, respectively. The insets show the resulting current fractions of the linear term as a function of
magnetic field.

6.4. GUIDING CENTER MOTION MAGNETORESISTANCE

Fig. 6.7a shows the magnetoresistance (MR) measured along the 110 and 112 lattice axes
as a function of out-of-plane magnetic field. With increasing thickness we find for both
current directions a transition from a negative to a positive magnetoresistance, similar
to prior reports on (001) films [219, 263]. A negative magnetoresistance is a common ob-
servation in ferromagnets and is conventionally ascribed to either a suppression of spin-
dependent scattering events with increasing field [274-276] or more recently to Berry
curvature-dependent collision events [277]. An unsaturating positive linear magnetore-
sistance on the other hand, can have multiple origins, of which two are potentially rel-
evant for the system under study?; (i) the quantum magnetoresistance, which has a lin-
ear B dependence [278] and (ii) guiding center motion magnetoresistance (GCM MR),
which has linear and quadratic contributions, depending on whether for the involved
carriers k; < k; (linear) or k, > k; (quadratic), with k; determined by the disorder po-
tential landscape of the system [279]. We simulate this by a simple model consisting of
two parallel resistors R; = aB and R, = SB? (see section 6.6.4). The fits for the 21 nm
and 11 nm films are shown in the top and bottom panels of Fig. 6.7b, respectively, with
the insets showing the extracted current fraction for the linear channel. This mechanism
is valid if carriers have a finite k, and for B > B; = m* vg/(eé), with ¢ the disorder cor-
relation length. For bulk SRO, we have m* ~ 5mgy and vp ~ 10°m/s [179, 280, 281]. We
approximate ¢ as the averaged distance between defects, which gives ¢ on the order of a

4The classical magnetoresistance can also be relevant, but leads only to either a quadratic or saturated MR.
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few nm, for c¢; anywhere between 10! and 1073. Then B; ~ 500T, indicating that guid-
ing center motion is irrelevant for the main Fermi surface. However for the low-density
band (estimating m* ~ myg), we find B; ~ 10T, in good agreement with the experimental
data. For the thinner films, we expect that the combination of a quenched k, and more
disorder near the interfaces renders the fields required to observe the GCM MR too large.
Its magnitude can be can be estimated as [279]

_ Pxx(B) — pxx(0) ~
Pxx(0)

MR uB%Y, (6.4)

with u the mobility, B the magnetic field and ¢ given by

@ :tanBH/(1+tan29H), (6.5)

with 6 the Hall angle p ./ pxx. From Fig. 6.5¢, we estimate for the 21 nm film through
extrapolation p,,(35T) = 1.2 uQcm, which for pxy = 25uQcm gives tanfy = ¢4 = 0.05.
With the estimated mobility u = 600 cm?/Vs, equation (6.4) returns MR(35T) = 10%, in
good agreement with Fig. 6.7. While these estimates are rough, they suggest that the
experimentally observed data has the correct order of magnitude for GCM MR to be
present. Note that, since magnetoresistance effects in SRO are otherwise small, even
a moderate GCM MR may be observable.

Finally, we note that mechanism (i) might also be relevant, which can occur when a
small pocket in an otherwise large Fermi surface occupies the lowest Landau level [278].
In a Drude picture, the necessary conditions [282] can be formulated as nep/B < ¢; < 1.
For B ~ 10T, p = 10Q/sq. and c; ~ 1072, this condition is satisfied for n < 10'3cm™2, in
line with the condition for the linear MR due to GCM®.

6.5. CONCLUSIONS

In summary, we have shown that SRO thin films grown on STO (111) substrates are co-
herently and compressively strained with the in-phase octahedral rotation axis along
the (001) pseudocubic lattice axis. Transport measurements suggest that the electronic
structure exhibits a dimensional crossover below ~ 5nm, which occurs simultaneously
with a reduction of the Curie temperature. Films of all thicknesses in the range 2nm
to 21nm exhibit a nonlinear classical Hall effect, with the most prominent nonlinear
behaviour observed in the thinnest films. While the two-band Hall effect model was
found to fall short in describing the complex Fermi surface, high-field Shubnikov-de-
Haas measurements on the thickest film identified a low-density pocket with mobility
~ 600cm?(Vs)~!. We attribute the concurrently observed linear unsaturating positive
MR to guiding-center motion magnetoresistance, arising from the combination of suf-
ficiently high fields and mobility. We expect that electronic structure calculations will
elucidate the dimensional crossover and potentially to reveal the band responsible for
the high-mobility transport observed.

5For a three dimensional band, the estimate yields 7 < 1018 cm ™3
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6.6. SUPPLEMENTARY INFORMATION

6.6.1. CHANGE OF BASIS FOR ROTATION ANGLES
We let

1 1 1 1 1 !
Z=—|1], y=—| 1| and %'=—[-1 (6.6)

denote the basis vectors in the rotated coordinate system. The vectors (%', ', 2') map to
(2,7, 2) via subsequent ¢ = arccos(1/v/3) and ¢ = /4 rotations about the x- and z-axes,

respectively, denoted by R = ﬁ’fﬁi. In matrix form, this is expressed as

—sin¢g cos¢cosé cos¢siné
0 —sin¢ cosé

cos¢p cosésing singsiné
R:( ) 6.7)

We consider a vector ' with |r'| = 1 and of which the rotations about the x’-and y' axes
¢ and y', respectively, are known. We choose vectors parallel to the z’ axis to have y' = 0
and ¢’ = 0, respectively and define anticlockwise rotations to be positive. Then we have
the following set of equations;

tan¢’ = —coty’tan¢’, (6.8a)
cosy’

tan@’ = Y \/tan?y’ +tan? &', (6.8b)
|cosy'|

where 0’ and ¢’ are the polar and azimuthal angles, respectively, in spherical coordi-
nates. This convention requires y' # 0 and ¢’ # 7/2. The vector ¥’ can now be expressed
as

cos¢'sin6’
r = | sin¢’sinf’ 6.9)
cosO’

andr = (ry, ry, ;) can be computed viar = Rr'. Its rotation angles in the reference basis
(x,y, z) are finally given by

e Ty
¢ = arctan = (6.10a)
¥4
T'x
Y = arctan - (6.10b)
Z
Ty
¢ = arctan| — |. (6.10c)
T'x

The resulting angles are shown in Fig. 6.8.
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Figure 6.8: Rotation angles. Rotation angles in the pseudocubic basis about the x and y axes ¢, y and ¢,
respectively, as a function of rotation angles in the rotated basis ¢’ and y’.

6.6.2. SHEAR STRAIN

Fig. 6.9a shows a dark field image of a 11 nm film exhibiting a Ruddlesden-Popper defect.
In the vicinity of the defect, we find that the atomic positions are aberrated, arising from
atomic dislocations. PbTiO5 (PTO) films grown on STO (111) substrates have previously
been demonstrated to exhibit significant monoclinic shearing, resulting from the three-
dimensional character of the strain exerted by the substrate [259]. From Figs. 6.9b-c, it
is clear that no evidence of shearing is observed in our films. This is further substanti-
ated in Fig. 6.9d, which shows that the angle ¢ between adjacent cation sites is constant
throughout the film. While STEM analysis is not sensitive enough to fully rule out mon-
oclinic distortions to the unit cell, we can conclude that they are significantly smaller
compared to what is reported in ref. [259] and likely subtle at best. The symmetry dis-
crepancy between PTO and SRO grown on STO (111) may be attributed to the closer
lattice matching between SRO and STO, as compared to PTO and STO, as well as the pre-
viously discussed defects contributing to strain accommodation. Accordingly, we pro-
pose that the SRO films retain a Pbnm octahedral rotation pattern, with ultrathin films
tending towards an unrotated structure.

6.6.3. HOLE IN A BOX
A two-dimensional (hole-like) quasiparticle subject to confinement can be described by

n*k?

En(k) = —€n(0) - om

) (6.11)

where €,(t) is the energy at the top of each replica band that depends on the confine-
ment width ¢, m is the effective mass and » the band index. If we assume the lowest
band (n = 0) to be occupied with a fraction n and set g = 0, we have kr =nn/a, and Er =
n*n’h?/2ma®. The number of states per area for a spin-degenerate two-dimensional
system is N (k) = k2127, implementation of which gives

LU, 6.12)

N = 222 7h?
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Figure 6.9: Absence of monoclinic shearing. HAADF-STEM images of (a) a 11nm film and (b-c) a 21nm
film. The red lines illustrate the alignment of atomic columns along the (111) crystallographic orientation. (d)
Spatial profile of the angle ¢ between adjacent cation sites, extracted from the image in (c).

with N, the number of states per area at the Fermi energy for each band n. For the
particle-in-a-box scenario, we have

. = TR (6.13)
"7 ome2’ ’
such that
2 2
_m(n® n
M=% - ) (©14

To determine the number of bands intersecting the Fermi energy, we look for the high-
est n that satisfies NV, # 0, which gives n = 1 + nt/a. The in-plane lattice parameter of
SRO (111) thin films is ~ 0.6nm. For a half filled lowest band 1 ~ 0.5 and a confinement
width of ~ 2nm, this simple model predicts 2-3 bands to intersect the Fermi energy, with
higher order replica bands having a progressively smaller carrier density.

6.6.4. PARALLEL RESISTOR MODEL
We consider a simple circuit with a field-independent resistor R in series with two par-
allel field-dependent resistors R; = aB and R, = $B?, with B = B — B; and B, a threshold
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field beyond which the linear and quadratic contributions dominate the field-dependence
of the resistivity. Then the magnetoresistance is given by R;»/ Ry, with

_ Rle _ aﬁE’Z

= = —, (6.15)
“"Ri+R, a+pB

The relative current fractions passing through the two resistors R; and R, are given by

);
m= _ (6.16a)
a+fB
- (6.16b)
172 - a + ﬁg’ .

such that n; + n = 1. Fitting the magnetoresistance data to (6.15) then permits quan-
tification of the current fractions (for B > By). According to expectation, the quadratic
term dominates for low fields whereas the linear term dominates for high fields. The
field where the current fractions are equal is B; + a/ .

6.6.5. ESTIMATING THE MOBILITY
For an electron- and a hole-like band, the two-band model for the Hall effect is given by

— et + Nty + n(uepnB)® B
e

R =
" (neﬂe + nhﬂh)z + (n.ue,uhB)z

(6.17)

with n,, ny, the electron and hole sheet carrier densities, n = nj, — n, the total sheet
carrier density and p,, 1y, the electron and hole mobilities. In the high-field limit, this
reduces to

B
lim Ry, = — = hB, (6.18)
B—oo ne

with h the high-field slope given by i = 1/ne. In the low-field limit, we obtain

—Nefi5+nps B

limR,, = (6.19)
B0 (gt + nppp)” €
=IB. (6.20)
Defining 0 = e(nefte + nppp) and 6 = (,ueph/og)z, we can rewrite (6.17) as
1+9B?
Rys (6.21)

1+ 5 B2
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We further approximate n, > nj, and ngue > nppy, such that we can write

2 2
1 —Nelle + Nply,

lr——m——— (6.22)

e miug

2
:h(l—@“—’;) (6.23)

Ne e

and
= Bte (1 - l) (6.24)
Hh = He n, nl .

which boils down to nj, ,ui ~ Mg ,u% i.e., if two bands are observable in the classical Hall
effect, the product of their densities and squared mobilities is of the same order. From
the fit shown for the 21 nm film in Fig. 6.6a, we obtain //h = 0.643 and n, = —1/(eh) =
9.3 x 10'6 cm™2. From the low-temperature sheet resistance (Fig. 6.4a), we estimate p, ~
1/(neeRy) = 6cm?(Vs)~! and from Fig. 6.6c we find nj, = 3 x 10'>cm™2. Implementing
these numbers in equation (6.24) gives yj, = 620cm?(Vs)~!. To observe quantum os-
cillations, one requires [273] w.T = uB > 1. For the extracted uj, we find B > 16T, in
good agreement with the oscillation observed in Fig. 6.6c. However, the 6 extracted from
the fit in Fig. 6.6 predicts a lower sheet density n;, ~ 10%cm™2 and a higher mobility
~ 4000cm?(Vs) 1. As discussed in section 6.3, such a low density is expected to result
in a localization of carriers through condensation into a Wigner crystal (with effectively
zero mobility). We suggest these numbers to be an artefact resulting from the inability
of the two-band model to accurately describe the complex Fermi surface.

6.6.6. TEMPERATURE-DEPENDENT MAGNETOTRANSPORT

The temperature dependence of the magnetoresistance and classical Hall effect are shown
in Fig. 6.10. The MR only shows a positive behavior at the lowest temperature (1.5K)
and transitions to negative for T > 10K. This can be understood as the thermal energy
exceeding the cyclotron resonance energy i.e., kg T > hw and a reduction of the mobil-
ity below the threshold value. As a result, the criteria for observing the guiding center
motion magnetoresistance are no longer fulfilled. In the Hall effect, we find that the
low-field slope becomes progressively more strongly positive with increasing tempera-
ture. This may be explained by the hole-like band increasing its carrier density through
thermal occupation and/or the magnetization shifting bands and increasing its Fermi
surface.
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Figure 6.10: Temperature dependence. (a) Longitudinal resistance Ry and (b) classical Hall effect Ry of the
21nm sample as a function of magnetic field for various temperatures ranging from 1.5K to 140K, measured
along the diagonal of the sample plane (101 axis).
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“One never notices what has been done; one can only see what remains to be done."

— Marie Curie

This chapter concludes the findings of this thesis and provides a brief outlook for promis-
ing future directions to explore.
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ETEROSTRUCTURES of transition-metal oxides have been and continue to be an ex-
H citing platform for realizing novel physical phenomena. Arguably, this field started
with the discovery of a high-mobility electron gas at the LAO/STO interface (7], which
could be considered one of the canonical examples of emergent phenomena in the field
of complex oxides. Since then, interface engineering has become an indispensable mem-
ber of the 'complex oxide toolbox’. Throughout this thesis, we have utilized this toolbox
to try and uncover how interfaces affect structural, electronic and magnetic properties
in terms of crystal symmetry, charge states and topologically protected quantities.

In Chapter 3, we demonstrated that the cubic-tetragonal transition of SrTiO5 couples to
the orthorhombic domains of spin-orbit semimetal SrIrO5. In the vicinity of the SrIrO;
metal-to-insulator transition, the crystal anisotropy was found to produce anisotropic
transport properties. This, in turn, was found to cause an anomaly in the temperature
dependence of the resistivity, which we attributed to a reorientation of the current paths
resulting from the adaptation of orthorhombic domains in the film to the tetragonal do-
mains in the substrate. Since the Pbnm structure is common among perovskite oxides,
we expect that such a coupling of domains is not limited to the iridates, but can mani-
fest in a wide variety of orthorhombic oxides, such as nickelates, manganites, ruthenates
and ferrites. This provides numerous potential opportunities to manipulate electronic
and magnetic properties through interaction with a tetragonal substrate.

In Chapter 4, we analyzed the electronic structure of the itinerant ferromagnet SrRuO5
in the ultrathin limit, revealing a set of topological bands as the source of the anoma-
lous Hall effect. We subsequently showed that in symmetrically sandwiched heterostruc-
tures, the sign of the anomalous Hall effect can be controlled by interfacing StfRuO; with
SrIrO; and SrTiOs3. In asymmetric heterostructures, the magnetic field dependence of
the AHE was found to be well described by a phenomenological two-channel model and
could be mimicked by ultrathin SrRuOj bilayers, separated by a SrTiO5 spacer. Then, in
Chapter 5, we created a polar discontinuity in LaAlO3/SrRuQOj; heterostructures, induc-
ing a magnetic and electronic reconstruction, as well as a breaking of inversion sym-
metry along the growth direction. We subsequently showed that this reconstruction
leads to a reorganization of the two-dimensional topological charges in the Brillouin
zone and concurrently a reversal of the sign of the momentum-space Berry curvature.
These results have helped to understand the topological and global magnetic properties
of ultrathin SrRuOj3, but there is still much to uncover about the microscopic features of
the magnetic state. To this end, spatially-resolved measurements of the magnetization,
such as magnetic force microscopy, scanning SQUID microscopy or diamond nitrogen-
vacancy center magnetometry are invaluable.

In Chapter 6, we investigated the role of crystal symmetry on the properties of Sr-
RuO3;, by studying the thickness-dependent properties of (111) oriented SrRuOj thin
films. Structural analysis revealed more prominent octahedral rotations for thicker films
as compared to thinner films, with the in-phase rotation axis along the (001) pseudocu-
bic crystal orientation. We also found that, in contrast to (001) oriented films, the ordi-
nary Hall effect is nonlinear and indicates the presence of a hole-like band. High-field
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magnetotransport measurements showed evidence of highly mobile carriers and alinear
unsaturating positive magnetoresistance, which we attributed to guiding center motion.
To fully elucidate the origin of the observed transport features and shed light on which
symmetries, or the lack thereof, are responsible for the multi-band transport, electronic
structure calculations will be required.

In the final few paragraphs, we will discuss a number of ongoing and future research
directions, which we expect will further improve our grasp of the interplay between sym-
metry breaking, topology and correlation effects in oxide heterostructures.

7.1. CORRELATED MAGNETISM AND CURRENT FLOW IN SRO

Transport characterization of large devices is a widely used and efficient method to de-
termine material properties at the macroscopic scale. However, its strength is simulta-
neously its weakness; microscopic features tend to go unnoticed due to spatial averaging
over large areas. Therefore, spatially resolved techniques are essential to obtain a more
complete picture of the features of complex condensed matter systems. An example of
such a technique is scanning SQUID microscopy, which utilizes a superconducting ring
with two Josephson junctions to sense extremely subtle magnetic fields [125]. Such fields
may originate either from current flow [103, 283], or from the magnetization of magnet-
ically ordered materials [284, 285].

Fig. 7.1 shows scanning SQUID images of an ultrathin SRO film, with both STO and
LAO cappinglayers. Spatial information of the magnetization reversal is obtained by first
traversing the hysteresis loop at a temperature just below the Curie temperature T¢ and
subsequently fixing the magnetic field while cooling to base temperature. Finally, the
external field is removed and the magnetic flux emanating from the sample is recorded
in a scanning fashion. During the magnetization reversal, the SRO thin film is found to
form large stripe domains, sized up to hundreds of um (see Fig. 7.1a). In contrast, zero-
field cooling leads to a random domain pattern. In thick SRO films, stripe domains were
reported to be spaced several hundreds of nm [286], which falls below the spatial res-
olution of the scanning SQUID technique (~ 1um) and are therefore distinct from the
stripes observed here. We also find that the current flow is modulated over the magnetic
domains, which points to a magnetization-dependent resistivity or possibly to a role of
the domain walls [287]. A similar phenomenology is observed in the LAO-capped sam-
ple (see Fig. 7.1b), even though the magnetic domains during the reversal are found to
be less ordered. An comparable magnetization reversal pattern has been observed in
SRO/SIO heterostructures [37].

Whether the shape of the domains is related to the shape of the device (mm sized Hall
bars in this case) or whether they couple to STO structural domains, as illustrated for SIO
in Chapter 3, will require further investigation. We anticipate that spatial imaging of the
magnetization reversal dynamics in ultrathin SRO will be essential to fully elucidate the
intriguing magnetic properties of ultrathin SRO-based heterostructures.
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Figure 7.1: Magnetic domains in ultrathin SRO. (a, top) Spatially-resolved magnetic flux and (bottom) current
flow of a 4 u.c. SRO sample with a 10 u.c. STO capping, imaged by scanning SQUID. The left and right panels
compare a partially switched and zero field cooled magnetization. (b) The same measurements as in (a), but for
a4 u.c. SRO sample with a 10 u.c. LAO capping. The scale bars denote 20 pm. Scanning SQUID measurements
were performed by A. Sirohi, S. Weitz Sobelman and B. Kalisky.

7.2. POLAR IRIDATE HETEROSTRUCTURES

In Chapter 5, we considered the effects of a polar discontinuity on the magnetic and
topological properties of ultrathin SRO. Due to the structural similarity between SRO
and SIO, one would expect similar electronic reconstructions to manifest when SIO is in-
terfaced with LAO. Whereas the perovskite LaRuO5 can and has been synthesized [232],
synthesis of LalrO5 has thus far been elusive. In case of a simple rigid Fermi level shift,
full substitution of Sr** by La®* should result in a band insulator, with the gap deter-
mined by the crystal field splitting, similar to LaRhO5 [288, 289]. On the other hand,
dilute La** doping of the layered perovskites Sr,Ru0, and Sr,IrO, has been investigated
theoretically and experimentally. Efforts to induce charge doping in Sr,IrO, have been
motivated by theoretical predictions of unconventional superconductivity [290, 291], of
which hints were observed by scanning tunneling microscopy [292]. Importantly, elec-
tron doping has been reported to induce conductive behaviour in otherwise insulating
Sr,IrO,4 [293-295]. In contrast, La-doping in Sr,RuO, has been shown to produce a rigid
Fermi level shift and a suppression of superconductivity [242, 296]. Needless to say, al-
tering charge states in oxides is a potent method for manipulating electronic properties
in oxides and its extension to spin-orbit semimetal SrIrO; is an interesting avenue to
consider.
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To test the impact of a possible polar discontinuity on spin-orbit semimetal SIO, we
synthesized SIO ultrathin films with 10 u.c. LAO and STO capping layers. The SIO films
were grown at T = 600°C in po, = 0.1 mbar, with a laser fluence F = 1J/cm?. The LAO
and STO capping layers were both grown at the same temperature in an oxygen pressure
po, = 6 x 107> mbar.
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Figure 7.2: LAO/SIO and STO/SIO heterostructures. (a) Sheet resistance as a function of temperature for STO-
and LAO-capped (10 u.c.) SIO thin films (6 u.c.) grown in identical conditions. (b) Sheet conductance as a func-
tion of inverse temperature on a logarithmic scale. The two curves for the STO-capped sample were measured
5 months apart. Sample growth and measurements were performed in collaboration with U. Filippozzi.

In Fig. 7.2, we show the sheet resistance and conductance of the two films. The STO-
capped sample is found to be semimetallic, whereas the LAO-capped sample is insulat-
ing. In spite of the protective layer, we find evidence of aging effects, with the sheet resis-
tance increasing slightly over a period of several months. The discrepancy in electronic
properties are immediately evident. Since the carrier density of SIO is approximately
two orders of magnitudes smaller than SRO [51], one would expect a more pronounced
impact from possible polar fields on the transport properties. Electron doping via elec-
trostatic gating and oxygen vacancy generation has previously been shown to increase
resistivity which, in conjunction with thermoelectric measurements, pointed towards
hole-dominated transport [51]. Further taking into account that La doping promotes a
fully filled Jegr = 1/2 band, the observed insulating behaviour is not entirely unexpected.
Itis not directly evident what behavior may be anticipated in case of more dilute doping.
In the case of a rigid Fermi level shift, the electronic structure considered in Chapter 3
would predict a depopulation of the hole-like pockets in favour of more electron-like
transport. However, such a simple picture does not take into account any modifications
to the band structure that may arise from the increased electron density (e.g., enhanced
Coulomb repulsion) or inversion (mirror) symmetry breaking, which has been proposed
to realise either a topological or band insulating state [61]. Further, SIO is known to be
chemically active [297, 298], susceptible to disorder [62] and as discussed in Chapter 3,
sensitive to structural distortions. Therefore, careful study of the electronic, structural
and magnetic features of these heterostructures will be required to disentangle contri-
butions arising from chemical activity, charge doping and structural distortions.
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7.3. BERRY CURVATURE IN TIME-REVERSAL INVARIANT OXIDES
A large portion of this thesis has focused on the perovskite STRuO3, which due to its itin-
erant ferromagnetic ground state exhibits broken time-reversal invariance. As discussed
in section 1.4, this permits a nonzero net Berry curvature when integrating over all occu-
pied states in the Brillouin zone, with the anomalous Hall effect as a consequence. The
anomalous Hall effect is therefore a manifestation of a net ‘Berry charge’ in momentum
space, which can loosely be referred to as a first-order moment. However, higher order
moments of the Berry curvature may be present, even if time-reversal invariance is pre-
served. The second-order moment is the Berry curvature dipole (BCD), which in two
dimensions is given by [255]

Dj =fkf0(vaZ), (7.1)

with V; denoting partial differentiation with respect to the (momentum-space) coor-
dinate j and f; the Fermi-Dirac distribution. The dipole has a net zero Berry charge
and arises from Berry curvature hotspots with opposite signs at different locations in the
Brillouin zone. Importantly, in contrast to the anomalous Hall effect, the response to cur-
rent is nonlinear and leads to additional contributions in transport i.e., higher harmonic
generation and rectification which, aside from fundamental interest, have direct appli-
cations in photon detection [256]. In the presence of magnetic fields, BCDs produce the
so-called quantum nonlinear Hall effect [299].BCDs have been recently reported in Weyl
semimetal WTe, [253, 254, 300], but have so far remained elusive in oxides.

A necessary ingredient for BCDs to emerge in two-dimensional electronic structures is
the presence of precisely one mirror symmetry line of the crystal. Such a situation can
be realized at the LAO/STO (111) interface which, alike its (001) counterpart, hosts a su-
perconducting two-dimensional electron system [301]. A sketch of the Fermi surface is
shown in Fig. 7.3a; the trigonal crystal field splitting produces two sets of bands at dif-
ferent energies [302, 303]. In combination with the Rashba spin-orbit coupling resulting
from the inversion symmetry breaking, this leads to a trigonal warping effect, which pro-
duces a spin texture characterized by meron and anti-meron wedges with out-of-plane
components (see Figs. 7.3a-b). The system has a threefold rotational symmetry, which
leads to the presence of three dipole moments that precisely cancel one another. For
a single dipole to manifest, the symmetry of either the spin texture, or the crystal itself
must be reduced [255]. The former may be accomplished by applying an in-plane mag-
netic field, whereas the latter may be realized by electric fields in the low-temperature
quantum paraelectric phase of STO [304]. We therefore propose that the LAO/STO (111)
system in the presence of magnetic or electric fields is a strong candidate to host a BCD
and the concomitant quantum nonlinear Hall effect.

A new system that has recently emerged is the KTO (111) surface, which upon doping
by e.g., a-EuO or a-LAO overlayers (see Fig. 7.3¢) hosts a two-dimensional superconduct-
ing state with a critical temperature of ~ 2K [248]. Being a 5d element, Ta exhibits a large
atomic spin-orbit coupling. In combination with the symmetry-breaking occurring near
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Figure 7.3: Berry curvature dipoles. (a) Visualization of the two-dimensional electronic band structure of
trigonal LAO/STO (111). (b) Fermi surface of the trigonally warped electronic structure. (c) HAADF-STEM
image of a (111) a-LAO/KTO heterostructure. Sheet resistance of LAO/KTO (111) as a function of (d) out-of-
plane and (e) in-plane magnetic field. Panels (a-b) produced by R. Battilomo and C. Ortix. Panels (c-e) adapted
from ref. [248].

surfaces and interfaces, this is expected to produce prominent Rashba spin-orbit effects.
Interestingly, the superconducting state has been reported to exhibit a strong in-plane
anisotropy (see Figs. 7.3d-e) due to nematic order and broken rotational symmetry [248].
These properties render the KTO (111) system a unique platform to study the interplay
between superconductivity, spin-orbit coupling and momentum-space Berry curvature.
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