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Motivation

Quantum materials have become a focal point of solid-state physics
research, offering a fascinating platform to observe and manipulate
emergent phenomena [1]. Prominent phenomena observed in these
materials are driven by spin-orbit coupling, a fundamental quantum
interaction that ties the orbital motion of electrons with their spin [2].
This complex interaction between electron's spin and orbital motion often
gives rise to unique physical phenomena, including unusual electronic
phases and unconventional magnetic behaviours [1]-[3]. The manipulation
of spin-orbit coupling using relatively minor external influences allows us
to tailor profound modifications in material properties [4]. More
specifically, at surfaces and interfaces of these materials where the
interplay between symmetry breaking and spin-orbit coupling kicks in,
remarkable effects such as spin currents, chiral magnetization, and the
emergence of topologically protected states have been observed [2]-[4].
These phenomena not only enrich our understanding of quantum
materials but also hint at their vast potential for applications in next-

generation electronic and spintronic devices [4], [5].

Within the intriguing world of quantum materials, SrlrOs, a 5d transition
metal oxide, has garnered particular interest. SrIrO; features a delicate
balance between electronic correlations and spin-orbit coupling which are
at the bottom of intriguing quantum states [6]. This balance crafts an
stimulating benchmark to modulate its physical properties and thereby
nucleate novel electronic phases [6]. Recognized for its unique properties,
SrIrQs is sensitive to even weak external perturbations, leading to
significant changes in its material characteristics. This exceptional
responsiveness establishes SrlrOs; as an excellent candidate for studying

the effects of external influences on quantum materials.

Employing external perturbations to manipulate the properties of

quantum materials is an ambitious project. Our focus rests primarily on
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two promising "knobs”: epitaxial strain and ionic liquid gating. Epitaxial
strain has proven to be an effective mean of modifying material properties,
with the ability to dictate the electronic behaviour of correlated oxides
such as SrlrOs;. By the judicious choice of substrate, strain can be selected
between compressive and expansive, providing crucial insights into the
effect of structural modifications on electronic states. On the other hand,
ionic liquid gating is a powerful technique to induce strong electric fields
in a material. This tool will give us the opportunity to study the
interrelation between symmetry breaking, and the band structure of
quantum materials enabled by spin-orbit coupling. These investigations
aim not only to explore the rich behaviour of SrIrO; under external
perturbations but also to offer insights into the potential of controlling

emergent properties towards future device concepts in oxide electronics.

The combination of 5d oxides with strong spin-orbit coupling and
ferromagnetic 3d oxides also offers a fertile platform to examine the
interplay between topology and correlations enabling the study of a
variety of interesting new phenomena, such chiral spin textures or exotic
proximity interactions at interfaces resulting from the Dzyaloshinskii-
Moriya interaction and broken symmetry. We will realize these
heterostructures combining SrlrO; and Lag7SrosMnO;. The peculiar
characteristics of these bilayers offer a vast playground to investigate
phenomena like the anomalous Hall effect (AHE) and the topological Hall
effect (THE) driven by the topological properties of electronic states in
momentum and real space respectively. The emergence of THE and its
relationship with the nucleation of chiral spin textures is a fascinating
scenario allowing insights into the fundamental mechanisms underlying
the THE.

These investigations are not only intended to delve into the fundamental
understanding of the role of spin-orbit coupling in quantum materials but
also pave the way towards the design of new spintronic devices. The
development of such devices could leverage the fine control over chiral
magnetic domains and other emergent properties that these rich

heterostructures might offer.
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Objectives

The main objectives of this thesis are to:

Control the electronic states of SrlrO; through external
perturbations. This objective will be accomplished by two different
routes: epitaxial strain and ionic liquid gating. Both techniques
will give us information about the relationship between symmetry

breaking with electronic structure enabled by spin orbit coupling.

Study the interplay between topology and correlations. We will
characterise  heterostructures combining SrlrO; with a
ferromagnetic 3d oxide such as Lag7SrosMnOs. We will examine
proximity-induced magnetism at these interfaces as well as the

emergence of chiral magnetic textures.

These objectives will be accomplished through the growth of thin films

and heterostructures via high-pressure sputtering. Their structural,

electrical, and magnetic properties will be explored using a wide variety

of experimental techniques. The results will be contrasted by first

principles simulations.

Thesis outline

Chapter 1: We review general ideas of complex oxides and provide
a brief introduction to key materials such as Lag7StosMnO; and
SrlrOs. We go over fundamental physics concepts like epitaxial
strain, the Hall effect, magnetic textures, and field effect and ionic

liquid gating.



Motivation

e Chapter 2: Introduction. We provide a comprehensive overview
of the experimental methods employed throughout this thesis. We
first delve into growth techniques, specifically focusing on the
high-pressure sputtering system. Next, we describe the
nanofabrication methods used, including optical lithography and
reactive ion etching. We then examine structural characterization
techniques, such as X-ray and Transmission Electron Microscopy.
This is followed by a description of magnetotransport methods,
particularly the Physical Property Measurement System, and
magnetic characterization techniques such as the superconducting
quantum interference device, magnetic circular dichroism,
polarized neutron reflectometry, and magnetic force microscopy.
The chapter concludes with a brief description of scanning
tunnelling microscopy. For completeness, we provide a brief
description of the first principles simulations using the density
functional theory which are wused in this thesis through

collaborations with theory groups.

e Chapter 3: Effect of epitaxial strain. We study the structural
and electronic properties of SrlrOs; under different epitaxial
strains. We show that substrates may impose symmetry constrains
triggering profound modifications of the electronic properties. In
particular we describe how the non-symmorphic structure of
DyScO; substrate yields a highly anomalous monoclinic phase

exhibiting a Dirac cone 30 mV above the Fermi level.

e Chapter 4: Electric field effects. We use ionic liquid gating to
study the interplay between the symmetry breaking, the spin orbit
coupling, and the electronic structure of the ultrathin layer of
SrIrO;. Magnetotransport characterization is used to study the
metal-insulator transition and the emergence of anomalous Hall
effects in the insulator state. First-principles density functional
theory simulations are performed to acquire insight into the

electric field-driven alteration of SrlrOs; electronic states.
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Chapter 5: Anomalous Hall Effect (AHE). Intrinsic anomalous
Hall Effect (AHE) was detected in the Lag7SrosMnOs/SrlrO;
bilayers which we ascribe to a magnetic state induced in the SrIrOs
by proximity. This effect depends on the layer sequence at the
interface: while anomalous Hall Effect (AHE) was detected in the
LaoSrosMnOs/SrIrOs  bilayers, it was absent in  SrlrOs/
Lag 7SrosMnOj; bilayers. We correlate this AHE with the magnetic
state of the interface and the proximity-induced magnetism within

the initial 2 nm of SrIrO; at the interface.

Chapter 6: Topological Hall effect (THE). We study the
emergence  of  topological  Hall  effect (THE) in
Lag.rSrosMnOs/SrIrOs bilayers. THE unusual features are carefully
studied by magnetotransport measurements. Imaging of the
magnetic texture with magnetic force microscopy revealed the
presence of a granular magnetic textures akin to skyrmions and
spin spirals. The correlation of these magnetic textures with the
emergence of THE provide insight into the role of the
Dzyaloshinskii-Moriya interaction and magnetic anisotropy as

mechanisms underlying THE.

Chapter 7: Conclusions. The final chapter summarizes the main

conclusions of this thesis.
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Chapter 1

Introduction

1. Transition-Metal Oxides

Transition metal oxides (TMOs) are one of the material families with a
lot of potential for use in novel electronics. Due to the intricate interplay
between their spin, charge, and orbital degrees of freedom, these materials
exhibit a an exceptionally rich palette of electronic groundstates. In this
section, we will review the basic characteristics of these materials, the
interactions that shape their electrical properties, and the primary

phenomena that make them a fascinating topic of research.

TMOs are compounds arising from the bonding of oxygen with transition
metals, whose valence electrons are in unfilled d-shells. Although atoms
TMOs can be organised in a variety of crystalline forms, we shall
concentrate on the perovskite structure because it is common to many
material families allowing their epitaxial growth in heterostructures. In
this structure, with the generic formula of ABOj3, the transition metal ions
are surrounded by six oxygen ions (O7?), forming an octahedron. This
octahedra give rise to the crystal field potential, hinder the free rotation
of the electrons and quenches the orbital angular momentum by
introducing the crystal field splitting of the d orbitals. The former wave
functions, d(x*y?) and d(3z*1?), are called e, orbitals, whereas the latter,
d(xy), d(yz), and d(zx), are called ts, orbitals. As shown in Figure 1.1,
wave functions pointing toward O? ions have higher cohesive energy in
comparison with those pointing between them. The splitting between e,

and to, orbitals is written as 10 Dq. The value of this splitting is about 2-
3 eV [1]-3].
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Figure 1.1. Schematic of the d-orbital splitting into the e, and the to, orbitals
and their spatial representation.

1.1. Electronic correlations

Inside the TMOs, 3d and 4d oxides have been deeply studied in relation
to the metal-insulator transitions, high-Tc superconductivity, and Mott
insulating states. Underlying these phenomena, we find strong electronic
correlations—the electronic repulsion between electrons on neighbouring
sites. This interaction, arising from the overlap between contiguous
orbitals, prevents the electrons to be described as non-interacting

particles.

The Mott transition, a metal-insulator transition (MIT) that occurs in
correlated systems, is the most essential property of correlated materials.
In the one-electron approximation, these systems with one electron per
site are expected to be metals, but electrostatic repulsions localizes the
electrons at their atomic sites. This opens a Mott gap at the Fermi energy
level. The interaction between repulsive energy (U) and electronic

bandwidth (W) moderates the formation of different electronic states.

The simplest way to take these correlations into account is to use the
Hubbard model, an extension of the tight-binding model whose
Hamiltonian comprises two terms. The first term refers to the hopping
energy, t, the energy that electrons need to hop to the nearest-neighbour

lattice sites. The second term measures the energy penalty U for a pair of
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electrons occupying the same site due to Coulomb repulsion. Following

this, the Hubbard expression is given as [4]:

H=-t Z C]:tycia + z Ul'TliTTlu
i

i,j,o

where the first part is the kinetic energy t, which describes the removal of
a fermion with spin o on site i and its formation on close site j (or vice
versa). The interaction energy, which adds an energy U if a site is twice
occupied, is the second part. Figure 1.2 represents pictorially both

energies.

Figure 1.2. Hubbard model. Intersite hopping energy t, and double occupancy
energy U.

The Hubbard model accurately predicts the Mott insulating state, while
traditional band theory predicts a metallic state for a half-filled band.
High-temperature superconductivity and the superfluid-Mott insulator
transition in cold-atom investigations rely on the Hubbard model.
Dynamical mean-field theory, employed extensively in the calculation of
the electronic structure of highly correlated materials, was inspired by this

model.
1.2. Spin-orbit coupling

Belonging to the, the 5d TMOs have received less attention than 3d and
4d oxides because of the difficulties encountered in their chemical
synthesis. Aside from high correlations, the electrons in these materials
exhibit an important property known as strong spin-orbit coupling (SOC),
which is a relativistic interaction that couples the spin and orbital degrees
of freedom. This characteristic is especially relevant in combination with

the strong correlations for applications because it may serve as a platform
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for spintronics (devices that rely on spin currents rather than charge

currents) and enable data processing with little energy dissipation.

The spin-orbit interaction is given by Hepin_orpit = AL-S , Where L is the
orbital angular momentum and S is the spin angular momentum. This
interaction plays an important role in some cases, especially for to,
electrons where the orbital sector may become relevant. In solids, SOC
causes the splitting of otherwise degenerate electronic bands. When these
bands are near to the Fermi level and the splitting is big enough, the

electrical properties may be significantly modified.

As a consequence, in 5d TMOs we may include the SOC as a relevant
interaction determining the interplay between U and W. As we will see in
the following section, in materials such as SrlrOs;, the balance of these
three energy scales is critical for the stabilization of novel electronic

groundstates with exciting electrical characteristics.

2. Materials

In this section, we are going to give a brief review of the TMOs that had
an important role in this thesis: the 5d SrIrOs, as the main character; and

the 3d Lag7SrosMnOs as the secondary one.

2.1. SrIrOs3

SrIrO; (SIO) has attracted much attention in the last decade. This is due
to the extraordinary nature of this material, which has a plethora of
interactions that compete with each other and place it in a delicate
equilibrium, enabling small external perturbations to cause large changes
in the system. As a result, it is considered a promising quantum oxide

material.

In order to understand the SIO, first of all, we should describe its
electronic band structure. SIO is a 5d oxide. In contrast to 3d oxides,
which yield strongly correlated narrow bands with a large Coulomb

repulsion, U, and a small band width, W, the 5d orbitals states are
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spatially more extended, and U is expected to be further reduced [3].
Given this, one might expect 5d oxides with a partially filled wide ts; band
to become metals, as shown in Figure 1.3a. However, in the strong SOC
limit, the ts, band splits into effective total angular momentum Jeg= 1/2
doublet and J=3/2 quartet bands, shown in Figure 1.3b. As a result, the
system is effectively reduced to a half-filled Jy=1/2 single-band system
with the filled J=3/2 band. Figure 1.3c shows that the Js=1/2 spin-
orbit integrated states make a narrow band where even a small U can

open a Mott gap, making a Js=1/2 Mott insulator [5].

A B A ] c r'y UHB
5d (t2g band) eff1/2 I )
; U

SOI >]eff,3/2 ) LHB
Teff3/2

Figure 1.3. Schematic energy diagrams for the 5d (t2) configuration (a) without
SO and U, (¢) with SO but no U, and (d) with SO and U. This figure was adapted
from Ref. [5].

This is the case for the insulator SrolrOy4, which in contrast with SrlrOs; is
a correlated metal. The difference between both compounds lies in the W,
which is directly proportional to the number of neighbouring Ir atoms, z.
Among the Ruddlesden-Popper series Sty,117,05,41 compounds, the z
values increased with each successive compound: SroIrOy (n = 1) has a z
value of 4, SrsIr,O7 (n = 2) has 5, and SrIrO; (n = ©0) has 6. As the z
values increased, the W in the 5d bands increased, producing an MIT
between Srslr,O7 and SrIrOs (Figure 1.4) [6].
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Jeffay2
- ST Je
Ep —— UHB Ep Ep
LHB
—" Jeff3/2 “Jerra/2 ~Jerr3/2

Figure 1.4. Schematic band diagrams of 5d S7y,4111, 03,41 compounds, which are
well described by the effective total angular moment Jeff states due to strong
spin-orbit coupling: (left) Mott insulator SrzlrOs, (centre) barely insulator
Sr3lr,O7, and (right) correlated metal SrlrO;. EF represents the Fermi level and
the arrow indicates the direction for the bandwidth W increase. This figure was
adapted from Ref.[6].

SrIrO; is thus a correlated metal on the edge of an MIT, with the SOC,
U, and W competing on the same energy scale. The degree of connectivity
dictates the degree of ionic vs covalent bonding, which in turn indicates
the degree of metallicity. Given the connectivity of the IrO¢ octahedra, we
could place the SrIrOs; halfway between the completely metallic rutile IrO,
and the Mott insulator SrolrOs. Kawasaki et al. confirmed this in 2016
using ARPES data, as shown in Figure 1.5 [7].
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Binding energy (eV)

min

0 1 2 0.5 1 0 1
Momentum (r.l.u.)

Figure 1.5. ARPES intensity (color scale), extracted dispersions (white circles),
and DFT+SO (white lines) showing increasing renormalizations from IrO; to
SrlrO; and Sr2lrO,s. Momenta are expressed in units of m/2d110, n/a, and J2m/a,
respectively. SrlrO; and SrolrO,4 data adapted from Ref. [7].

Contrary to predictions, we find that enhanced coordination results in
narrower bands in SrIrOs, with bandwidths of around 0.3 eV. Surprisingly,
they are even narrower than in the Mott-like insulating state of SroIrOy,
where the bandwidths range from 0.3 to 0.8 eV [8], [9]. This is attributed
to the cooperative interaction of the SOC, dimensionality, and complex
octahedral rotation patterns. Both in- and, crucially, out-of-plane
octahedral rotations a "b*a~, lead to the array of narrow intersecting bands
in SrIrOs, as shown experimentally by Nie et al. in 2015 using ARPES
(see Figure 1.6). These ARPES measurements also revealed an unusual
coexistence of heavy holelike and light electronlike bands [8] crossing the
Fermi level.

Energy (eV)

05 075

kv(n/a; k_=k?'(stn/a) o

Figure 1.6. (a) orthorhombic unit cell of SrlrO3. This figure was adapted from
Ref. [10]. ARPES measurements (adapted from Ref. [8]) of (b) two massive
holelike bands at (0,), and (c) a light, almost linearly dispersive electron band

at (-r1/2, n/2) along the cuts shown by red lines in the insets.
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The carrier densities and mobilities were estimated in 2018 by Manca et
al., combining thermoelectric and magnetotransport measurements with
first-principles calculations. Table 1.1 summarizes the findings, which
show that electrons and holes have comparable densities and mobilities,
indicating that SrlrO; is a compensated semimetal. Although electrons
and holes have comparable concentrations and mobilities, the electron
channel dominates the Hall transport due to its larger mobility [11].

t n, ny He Bn
(uc) (10%2°/cm?) (102%/cm3)  (em?V-1is™Y)  (em?V-1s71)
20 1.6 x 10° 2.5x 10° 18 13.5

6 1.8 x 10° 2.6 x 10° 27 22

Table 1.1. Charge-carrier characteristics extracted from the sampling analysis
with the experimental constraints. This table was adapted from Ref [11].

SrlrO; can be driven into a correlated insulating state in the 2D limit. In
2017, Groenendijk et al. found that an MIT occurs at a film thickness of
4 unit cells (u.c.), as shown in Figure 1.7 [12]. First principles show a
concomitant enhancement of anti-ferromagnetic order [11]. However, at
the moment, it is not clear whether the MIT transition is driven by
enhanced correlations in two dimensions or by the emergent magnetic

state at the transition. The origin of the MIT remains still elusive.

105_ T T T T LI
3 2u.c. 3
4 3uc
10 E 4 u.c =
5u.c
F — 6u.c. ]
10 — 15 u.c.
—E\ E- — 30 u.c.}
5 ]
% 10°F E
Q.
10 -
100 ~— _— —
10™ [ L 1 1 1 L]

0 50 100 150 200 250
T(K)

Figure 1.7. Resistivity as a function of temperature curves for films of different
thicknesses. This figure was adapted from Ref. [12].
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It becomes clear, thus, that SrIrOs; is a very promising material for
stabilize exotic quantum states of matter and will be the central player of

this thesis.
22 La,().7SI'0,3MIl03

Lanthanum strontium manganite LagSrosMnOs (LSMO) is a 3d
ferromagnetic oxide characterized for been a half-metal what means it
provides a 100% spin polarized current at a wide range of temperature.

The LSMO used in this thesis is the optimally doped manganite of the
LaixSriMnQOs family. This system presents an interesting phase diagram
as a function of Sr concentration, featuring both metal-insulator and
magnetic transitions. The un-doped manganite LaMnOs is an insulator
with antiferromagnetic order. The insulating gap corresponds to a charge
transfer excitation from the oxygen 2p orbitals to the manganese 3d
orbitals. Due to the valence of manganese being Mn*", it possesses four
d-electrons: three of these are in to, states, while one electron is in an e,
state. Among these electrons, the to, electrons have relatively poor
hybridization (interaction) with the oxygen 2p states. On the other hand,
the e, states, which are strongly hybridized with the oxygen 2p states, can
either be itinerant (mobile) or localized (confined to specific regions)
depending on the specific circumstances. The exchange interaction
between the Mn ions results in an (ferromagnetic) orbital ordering within
the xy plane and antiferromagnetic coupling along the z direction, shown

in Figure 1.8.

Figure 1.8. (left) Orbital hybridation between the e, Mn orbital and the oxygen
2p orbital. (right) Orbtial and magnetic ordering in LaMnO,
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The substitution of divalent Sr** for La*' in LaMnO3 causes an equal
number of Mn** to convert to Mnd+ and proportionally induces itinerant
holes with carrier delocalization. As shown in Figure 1.9 the increasing Sr
concentration is followed by a ferromagnetic ordering and metallic

behaviour [13].
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La{_,Sr,MnO3
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Figure 1.9. (left) Phase diagram of La,.,St,MnO3. The letters P, F, I and M
denote paramagnet, ferromagnet, insulator and metal, respectively. (right)
Resistivity as a function of temperature for different Sr concentration in the
family LaiStuMnO;. Figures adapted from [13].

The metallic behavior observed in this system was explained by Zener's
model of double exchange. Zener's model considers the exchange
interaction between Mn*" and Mn*" ions mediated by an oxygen ion [14].
In this model, simultaneous electron transfers occur from Mn*" to oxygen
and from oxygen to the neighboring Mn*". Due to the strong intra-atomic
Hund coupling, which favors parallel spins, the simultaneous hopping of
electrons results in a ferromagnetic interaction between the Mn ions. This
ferromagnetic interaction is responsible for the observed ferromagnetic

and metallic behavior in the material.

Observing Figure 1.9, it becomes clear why we chose Lag 7SrosMnOs (which
corresponds to x=3) as our study material. It exhibits metallic properties
and a ferromagnetic order with the highest Curie temperature, Tc= 354

K. For this stoichiometry, the saturation magnetization is 3.7 up/Mnaom.
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to t =tgcos(0/2)

b
b

Mn+3 Mn+4 Mn+3 Mn+4

Figure 1.10. (left) Schematic illustrating the double exchange mechanism. (right)
Hopping integral t depends on the relative angle between spins.

The Hund coupling favours parallel spins for all involved electrons during
simultaneous hopping. The hopping energy t is influenced by the relative
angle between spins as t = t; cos (g) If the localized spins are polarized
in one direction, such as "up," the conduction electrons with "up" spin can
move easily, while the conduction electrons with "down"' spin face
difficulties in hopping. As a result, the conduction electrons near the
Fermi level become 100% polarized at low temperatures, with all spins
aligned in one direction, giving the LSMO the half-metallic character. The
hopping angle is not only determined by the fraction of Mn*" and Mn*"
ions in the sample but also by temperature. Above the Curie temperature
(Tc¢), spins become dynamically disordered, resulting in a paramagnetic
insulator state. However, below T¢ and close to it, spins can easily align
when a magnetic field is applied. This alignment of spins serves as one of
the contributing factors for the occurrence of so called colossal
magnetoresistance (CMR) in manganites, the huge change in the
resistance due to the application of a magnetic field.

It is worth noting in LSMO thin films the existence of the so-called "dead
layer" or critical thickness, which can be defined as the thinnest layer for
which metallic as well as ferromagnetic behaviours are observed. In
different studies, this dead-layer thickness for thin films was estimated to
be 3—4 nm, depending on the substrate chosen. For thin films grown on
STO, the LSMO dead layer thickness is estimated to be 8 u.c [15]. The
mechanism behind the dead layer problem is still controversial. This dead

layer will play a crucial role in the following experiments.

17



Chapter 1. Introduction

3. Epitaxial engineering

Epitaxial growth is a method in which a thin film of material grows atom-
by-atom with mnearly the same lattice parameter and crystalline
orientation as the substrate crystal. Its potential for controlling and
engineering novel responses in transition metal oxide (TMO)
heterostructures has generated significant interest in research in recent
decades. This technique is especially useful in perovskites, such as ABOj,
in which the B-site cation is surrounded by six O anions in a corner-shared
BOg¢ octahedron. The physical properties of these materials are largely
determined by their octahedral structure, as electron hopping between the
d-orbitals relies heavily on the shape, size, and position of the octahedra.
The application of epitaxial strain in TMO offers not only a mechanism
for tuning thin film functionalities but also opens up possibilities for the
generation of novel correlated phenomena [16].

The enormous progress achieved in the study of TMOs by epitaxial
engineering was due to the development of modern deposition techniques
such as pulsed laser deposition (PLD), molecular beam epitaxy (MBE),
or sputtering. These techniques enable the growth of ultrathin layers with

epitaxial relationships to the bottom substrates.

The choice of substrate is essentially the basis of strain engineering.
Choosing an appropriate metal oxide substrate is critical for producing
high-quality epitaxial thin films. The structure and properties of a thin
film depend on the underlying substrate and the interfacial interaction
between the substrate and film. For this reason, the lattice match between
the substrate and the film is an important factor to consider when
choosing a metal oxide substrate for the development of epitaxial films
since it has a substantial influence on structural compatibility. Most ABOj;
perovskites have lattice constants ranging from 3.80 to 4.00 A. Several
commercially available perovskite substrates have lattice constants
ranging from 3.70 to 4.20 A. Among a variety of perovskite substrates,
the insulating SrTiOs is notably the most commonly used due to its cubic

structure and lattice constant of approximately 3.905 A. However, as seen
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in Figure 1.11, there is also a wide range of substrates with structures

similar to SrTiO3 but varied in lattice constants and crystal orientations.
Thin films (A)

BiAlO;, SmCoO; YFeO; NdNiO; SrCoO;, (La,Ca)MnO; LaTiO, LaMnO; SrMoO, BaTiO,
NaOsO;  |GdFeO, CalrO; SrvVO, LaVO, BiFeO; | BaFeO,
GdAIO; | SmAIO, | CavO, r;a(-rn, lEuTco, LaGaO, |~1u|‘i(1)3 Sr[iu03 l l

————+—
3.70 [ 3.8 ] 3.80 [[3.85] 3,9(} ‘3.95 !4. 0
YAIO, LaAlO, .\sxr' NdGaO; |  SrTiO; DyScO;, | KTaO,
SrLaAlO, SrLaGaO, LSAT GdScO;  NdScO,

Substrates (A)
Figure 1.11. List of cubic (pseudo-cubic) substrates and thin films within the
lattice constant range from 3.70 to 4.00 A. Adapted from [17]

The mismatch between the lattice constant of the substrate (as) and the
growing material (ar) provokes strain in the thin film. When the growing
material has a larger lattice parameter than the substrate (ar > ag), we
talk about compressive strain, and when the material's lattice parameter
is shorter (ar < as), we talk about tensile strain. While it is widely
assumed that the strain acts by imposing a new in-plane lattice constant
on the film, the exact mechanism of that change in lattice constant is
unknown and difficult to determine experimentally. As shown in Figures
1.12a and 1.12b, one possibility is that the change in in-plane lattice
parameter is entirely accommodated by a change in in-plane metal-oxygen
bond lengths. The other limit is shown in Figures 1.12c and 1.12d, where
the lattice mismatch is accommodated by a change in magnitude (or type)
of the tilt patterns caused by rigid rotations of the oxygen octahedra,
while the B-O distances remain unchanged. Clearly, the two responses will
have vastly different effects on the film's functionality. Changes in the
length of the B-O bond, for example, affect the magnitude and symmetry
of the crystal field splitting, whereas changes in the angles of the B-O-B
bond determine the strength and sign of magnetic superexchange

interactions [18].

Changes in the tilt pattern and octahedral deformations can affect the
hopping between d-orbitals, potentially changing the bandwidth of the
thin film. Changes in bandwidth affect the effective correlation, as changes
in these energy scales cause the appearance of novel functionalities in

oxide heterostructures under strain in general.
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Figure 1.12. In coherently strained perovskite films, the BOg octahedra can
distort through contraction (a) or elongation (b) of the equatorial B-O bond
lengths d are due to compressive or tensile strain, respectively. Simultaneously/
alternatively, the octahedra can accommodate the substrate-induced change of
the in-plane lattice parameters by rotation perpendicular to the substrate as in
(c) and/or about an axis parallel to the substrate plane (d). Adapted from [18].

4. Ionic liquid gating

One of the most common ways to change a system's resistance and control
its MIT is through modifications of the carrier density by electrostatic
doping [19]. As shown in Figure 1.13, changing the carrier concentration
induces new states of matter in complex oxides, changing not only the
conductivity but also the intrinsic properties and electronic groundstates.
Looking into the numbers; typically, a sheet carrier density of 10"
carriers/cm” is needed to explore the phase diagram of correlated oxides,

such as manganites or cuprates.
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Figure 1.13. Illustration of various correlated material at T= 0 K as a function
of sheet charge density. Adapted from [20].

In order to achieve electrostatic doping (much more desirable than
chemical doping), the field effect transistor (FET) is the most common
option[20]. This device, long used in semiconductor technology, uses an
electric field at a gate to induce a carrier density by accumulation or
depletion of charges at the surface of the material underneath the gate
(see Figure 1.14).

Contacts s - - I _- D
O S\

Gate insulator

Oxide channel

S

Figure 1.14. Transistor scheme. S, D and G correspond to Source, Drain and
Gate.

However, FET structures are limited to inducing a carrier concentration
of 10" carriers/cm® which is enough to induce large changes to the
electronic structures of intrinsic or weakly doped semiconductors.
However, as shown in Figure 1.13, is not enough to modulate the intrinsic

properties of a correlated oxide. In order to attain larger modifications of
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the carrier density, ferroelectric oxides can be used as gate electrodes. As
an advantage, the ferroelectric polarization is remnant, so it is not
necessary to maintain the voltage applied once the polarization is set.
Oxides such as BiFeOs; or BaTiOs; present spontaneous polarization values
of 0.25 C/m? achieving charge transfers of 10" carriers/cm?. However,
these carrier densities are still not enough to explore the phase diagrams

of the complex oxides.

The Electronic Double Layer Transistor (EDLT) overcomes the doping
limitations of the FET, achieving carrier densities of 10" carriers/cm?,
enabling the exploration of complex oxide transitions. This system uses a
dielectric liquid for the gate instead of a solid dielectric, which makes it

possible to achieve such high carrier densities.

The dielectric liquid used in EDLT and in this study is an ionic liquid
(IL), which is a molten salt typically composed of an organic cation and
an inorganic anion. The electronic conductivity of an IL is negligible
because the electrons are entirely bonded to the organic molecules. The
cation is highly asymmetric, making the combined structure difficult to
pack in a symmetric lattice, resulting in wunusually low melting
temperatures compared to normal salts like NaCl (800°C). Most ILs form
glasses at low temperatures and are typically in the liquid state at room
temperature, exhibiting a large ionic conductivity. Due to the long-range
Coulomb interactions between ions, ILs have unique properties, such as
very low vapor pressures. The ionic liquid mostly used in the gating of
EDLT and consequently used in this work is the N,N-diethyl-N-methyl-
N- (2-methoxyethyl)-ammonium bis- (trifluoromethanesulfonyl)imide (
[DEME] [TFSI]), specified in Figure 1.15.

Et /Me O O
. F.C g N g CF
SATTS B R N O
e \/\OMe | I
O 0
DEME cation TFSI anion

Figure 1.15. Molecular structure of ionic liquid, DEME-TFSI. DEME is
positively charged while TFSI is negatively charged.
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In EDLT devices, the three terminals (source, drain, and gate) and the
surface of the material are submerged in an IL, as shown in Figure 1.16.
When a positive voltage is applied between the material/source and the
gate, anions accumulate at the gate interface, and cations distribute over
the surface of the material, doping the channel with electrons to screen
the electric field of the cations and form the Electric Double Layer (EDL)
of the device. The name "Electric Double Layer" refers to the two layers
of charge that form at the interface between the ionic liquid and the
material. The first layer is a layer of anions that accumulates at the gate
interface, and the second layer is a layer of cations that distributes over
the surface of the conducting channel. The combined effect of these two
layers of charge forms the EDL of the device. However, as in conventional
FETs with solid dielectrics, it is impossible to operate EDLTs with an
unlimited value of the gate bias. Increasing the voltage beyond a specific
value determined by the electrochemical stability window of the IL leads
to electrochemical reactions. The redox potential between the ionic liquid
and the material defines a range of gate doping of several volts, limiting
the maximum gate voltage and, therefore, the maximum carrier tunability

in the device.

Ve @00060@

Electrolyte

Semiconductor

Figure 1.16. Configuration of the electric double-layer transistor
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5. Non-collinear spin textures

Non-collinear spin structures have attracted renewed attention in recent
years, both in the oxide world and in metal-based systems, for their

potential utility as information carriers in computer devices.

Spin textures like spin spirals, magnetic skyrmions, and skyrmion bubbles
occur from the competition between the Heisenberg exchange (which
causes spins to align parallel or anti-parallel,S;-S;) and other (non
collinear) magnetic interactions. In most cases, the SOC is an essential
element that, when combined with a symmetry breaking, results in the
Dzyaloshinskii-Moriya Interaction (DMI). Broken inversion symmetry can
arise intrinsically in low-symmetry crystals, but there is also extrinsic
inversion-symmetry breaking at thin-film interfaces. The DMI is an
antisymmetric exchange interaction caused by superexchange between
two spins through a third atom with large spin-orbit coupling. Spins are
canted to one another as a result of this interaction. The
energy contribution is written as D;; - (S; X §j), where D;; is a vector with
a direction normal to the plane formed by the three atoms, the magnitude
of this wvector relies on the symmetry and the spin-orbit coupling.
According to the previous expersion, when all of the vectors are
perpendicular, the energy term is minimized. This energy factor is usually
small in comparison to symmetric Heisenberg exchange, but in some cases,
the DMI can result in considerable spin canting. When competing with
the Heisenberg exchange, DMI yields a spin-spirals phase. The spiral
competes with ferromagnetism in the presence of an external magnetic
field or an easy-plane anisotropy, and a skyrmion phase arises at
intermediate field strengths [21].

Wl ALy
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Spin spiral Skyrmions

Figure 1.17. Schematic illustration of a spin spiral phase (left) and a skyrmion
phase (right).
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A slightly distinct particle-like magnetic texture known as the skyrmion
bubble has been observed in centrosymmetric magnets [22], [23]. The
magnetic bubble is primarily stabilized by the magnetic dipolar

interaction, in contrast to the Dzyaloshinskii-Moriya Interaction (DMI).

While skyrmions and chiral magnetic bubbles exhibit varying
magnetization profiles within their core regions, they share common
characteristics in terms of dynamical response and impact on the Hall
signal, which we will discuss further in the following section. These shared
properties can be quantified using the skyrmion number (N), a common
topological invariant defined as the number of spheres encased by the
constituent spins. As a result, a magnetic bubble can be perceived as a
type of skyrmion in general and is thus referred to as a "skyrmionic
bubble".

Though the study of skyrmion bubbles has a long history, it has recently
re-emerged as a hot topic, owing to the emergence of more intricate
skyrmion textures caused by the underlying helicity degree of freedom.
Furthermore, skyrmion bubbles can form not only in single-phase bulk
crystals but also in thin-film multilayers, sometimes in conjunction with

the DMI.

Skyrmions and magnetic bubbles can be categorized as topological when
they have a non-zero topological charge. This charge is represented by the
quantity [ dr?m - (d,m X dym), where 'm' represents the magnetization
vector. The in-plane component of the magnetization acquires a Néel-type
configuration when it is influenced by an interface-driven Dzyaloshinskii—
Moriya interaction (DMI). Conversely, Bloch-type configurations are
favored when induced by bulk DMI, dipolar interactions, or a combination
of both [24].

Mixed Néel-Bloch states can emerge in the presence of competing
interactions. Non-topological bubbles, on the other hand, are distinguished
by a combination of opposite chiralities, as shown in Figure 1.18. When
DMI shows dominance over dipolar interactions, skyrmion states become

preferred. They are distinguished by a compact core with a peak-like
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variation in the magnetization's polar angle (8),that operates as a function

of the radial distance 't' from the core center.

When the dipolar interaction is dominant, magnetic bubbles are preferred,
and they are distinguished by a smooth plateau in (r) at their center.
Skyrmions are always homochiral, whereas bubbles have varying chirality.
They can be homochiral if the DMI is large enough, or heterochiral or
achiral if the DMI is small or non-existent. The chirality of the spin
textures and their relationship with the topological Hall effect
(commented in the following section) will play an essential role in our
experiments [24].

Topological Non-topological

Néel Bloch Mixed
% KgE AR NNV A x> AN ¥ &« w x } poA > K & «w x| %W ®EwX
woN A N ¥ ox PP ¥ oo ow ox N4> TR R

e m
5 0(r) %

DMI dominates Dipolar interaction dominates

Figure 1.18. Diagram of the various skyrmionic bubble configurations.
Topological properties are either Neel-type (where the spin progression occurs in
the same plane) or Bloch-type (where the spin progression occurs out-of-plane),
but mixed types can generate non-topological spin textures. Adapted from [24].
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6. Hall effect

The Hall effect refers to the emergent transversal electric field E},
generated Dby an electric current density /), under the effect of a
perpendicular magnetic field. This relationship can be mathematically
expressed using conventional tensor notation as Ex = py,, + Jy, Where py,

signifies the Hall resistivity.

The Hall resistivity is recognized as the off-diagonal element of the
resistivity tensor, p, which stands as the inverse of the conductivity
tensor, . The connection between Hall resistivity and Hall conductivity

L -0, .

is given by py, = 2+—xy2 For smaller Hall angles, when oy, is much less
OxxT Oxy

‘o ralats ISR ; —_ %%y

than o, this relation can be approximated as py, = =

XX

The Hall effect is a powerful tool for the characterization of ferromagnetic
materials. It involves different contributions, as illustrated in Figure 1.19,
that are associated with diverse material properties: the ordinary Hall
effect, OHE, due to the Lorentz force; the anomalous Hall effect, AHE,
caused by broken time-reversal symmetry, spin—orbit coupling and
intrinsic Berry curvature in momentum space (which can also be non-
vanishing in anti-ferromagnets (25|, [26]); and the topological Hall effect,
THE, which commonly results of Berry curvature effects in real space
arising from chiral spin textures. For small Hall angles, the sum of
individual contributions gives the total Hall resistivity:

TOTAL

pxy A = p&E + oy + plE

The analysis and study of the Hall effect constitute an important part of

the research carried out on this thesis. For this reason, in the following

subsections, we will discuss in detail these three different components.
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Figure 1.19. Diagram of the three different contributions that make up the Hall
effect: the ordinary Hall effect (OHE), the anomalous Hall effect (AHE), and the
topological Hall effect (THE). (AHE). As the slope was negative, the OHE was
depicted as being dominated by electrons. The AHE was modelled as a
ferromagnetic material, with the easy axes oriented perpendicular to the transport
measurement direction.

6.1. Ordinary Hall effect

The ordinary Hall effect (OHE) corresponds to the transversal electric
field (Ey) generated by an electric current density (J,) under the
application of a perpendicular magnetic field (B,). It was discovered by
Erwin H. Hall in 1879 [27] when he observed that the Lorentz force

“presses” its electrons against one side of the conductor.

The Lorenz force (F) follows the equation F = q(E + v X B), where F is
the force on charge carriers, g is the charge, E is electric field, v is the
velocity of charge carriers and B is an applied magnetic field. In this sense,
the steady state is reached when generated the electric field (Ey)
compensates the Lorentz force, that is when Ey = —v,B,. Since the
current density can be written as J, = vynq, where n is the number

density of charge carriers:

J E 1
Exz_n_J;I'BZ - ﬁz_E'BZ - pJ%I/-IEz RoB,

The ordinary Hall contribution is linear with field with a gradient of Ry =
—1/nq, so the carrier density can calculated by measuring py, as a
function of the magnetic field. This finding gave a simple and intuitive

technique for measuring carrier concentrations in nonmagnetic conductors
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and contributed to the birth of semiconductor physics and solid-state

electronics in the late 1940s.

This, however, presupposes that only one kind of charge carrier
contributes to the OHE; if more than one band is examined, the OHE
could differ significantly from linearity. This is significant when the
mobility and carrier density of electrons and holes in a material are
comparable. The two-band OHE has been used to explain non-linear and

non-monotonic Hall effects.

6.2. Anomalous Hall effect

The anomalous Hall effect (AHE) corresponds to the transversal electric
field generated by an electric current under the effect of the material
magnetization perpendicular to the current (M,). It was also discovered
by Hall in 1881, as he reported that the Hall effect was ten times stronger

in ferromagnetic iron than in nonmagnetic conductors [28].

The experiments of Pugh (1930) [29] and Pugh and Lippert (1932) [30]

established that an empirical relation for the AHE:
p;?)l;l F= RsM,

This term scales with the magnetization M, and is characterized by the

anomalous Hall coefficient Rj.

The AHE has been an enigmatic problem that has resisted theoretical and
experimental assaults for almost a century. The main reason seems to be
that, at its core, the AHE problem involves concepts based on topology
and geometry that have been formulated only in recent times. It has since
been established that the AHE is the result of three mechanisms: one
intrinsic contribution and two extrinsic contributions, skew-scattering and

side-jump.
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Intrinsic contribution

In 1954, Karplus and Luttinger (KL) [31] proposed a theory for the AHE,
which was a significant step towards understanding the AHE problem.
The KL theory showed that, when an external electric field is applied to
a solid, electrons acquire an “anomalous velocity” perpendicular to the
electric field. This anomalous velocity contributes to the Hall effects,
especially in ferromagnetic conductors. This intrinsic contribution to the
AHE depends only on the band structure and is largely independent of
scattering, making it proportional to the square of the conductivity tensor,
p,ig,t ~ U,gﬁt - p2. . This contribution can be related to changes in the phase
of Bloch state wave packets in crystal momentum space. The KL theory
anticipated modern interest in the Berry phase and the Berry curvature

effects, particularly in momentum space.
Skew scattering

The primary criticism of the KL theory is based on the absence of
scattering from disorder in the derived Hall response contribution. The
semiclassical AHE theories of Smit and Berger, on the other hand, focused
on the influence of disorder scattering in imperfect crystals [32], [33]. Smit
argued that skew scattering from impurities due to the spin-orbit
interaction was what caused the AHE currents, giving the anomalous

contribution a linear relationship with the longitudinal resistivity pfcl; ~
Oy Py

In ferromagnets the skew scattering (extrinsic) component of the AHE is
caused by the spin-dependent scattering of electrons from spin-orbit
coupled impurities. The skew-scattering contribution has been more
recently understood to result from the spin orbit interaction (either from
impurities or from the lattice) and in fact dominates with long scattering
times, however in these systems the OHE is expected to be much larger
than the AHE, making experimental observation of this contribution
difficult. Introducing inelastic scattering (by impurities or phonons)
quickly destroys the skew scattering contribution, and in most real

materials this effect is negligible.
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Side jump

Berger [34] proposed the side-jump mechanism, where quasiparticles
experience a side jump upon scattering from spin-orbit coupled impurities.
The side-jump mechanism is a discontinuous sideways displacement of
quasiparticles scattering from spin-orbit coupled impurities. For the side-
jump mechanism the transverse resistivity was predicted to have the same
resistivity squared dependence as the intrinsic mechanism, and thus it is
very difficult to separate the two experimentally. The side jump
mechanism can also be viewed as a result of the intrinsic mechanism acting
under a local electric field due to an impurity, rather than due to the

applied electric field.

To summarise, Figure 1.20 depicts the three processes underlying the
AHE: two extrinsic mechanisms that are influenced by the scattering rate
of the system, and one intrinsic mechanism that is connected to the

topological properties of the system.

Skew scattering Side-jump Intrinsic

Figure 1.20. Illustration of the three main mechanisms that can give rise to an
AHE. (left) Skew scattering: Asymmetric scattering due to the effective spin-orbit
coupling of the electron or the impurity. (center) Side jump: The electron velocity
is deflected in opposite directions by the opposite electric fields experienced upon
approaching and leaving an impurity. (rigth) Intrinsic contribution: Electrons
have an anomalous velocity perpendicular to the electric field related to their
Berry’s phase curvature. In any real material, all of these mechanisms act to

influence electron motion.
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6.2.1. AHE in manganites

Since part of our research focuses on the anomalous Hall effect in
LagsSrosMnOs (LSMO) and SrIrOs (SIO) heterostructures, in this section
we are going to analyse the special characteristics of the AHE in
manganites as the LSMO. Manganites, as stated in this chapter, are
double exchange systems in which itinerant e, electron spins are coupled
to localised to, spins through the Hund interaction.

AHE in manganites is attributed to non-coplanar spin configurations of
the localised ty, manifolds, which acquire a scalar spin chirality (real space
Berry phase) and operate as a virtual magnetic field in real space, resulting
in an intrinsic (real space) contribution to the AHE [35], [36]. This unusual
AHE is responsible for the AHE distinctive temperature dependence. It is
negligibly small at low temperatures, developing only when the
temperature reaches approximately T;/2 and peaking near T¢ [37]-[39],
and in the case of LSMO, it is approximately 300 K.

HNlustrating this temperature dependence, we can see Hall measurements
of a 16-nm LSMO layer in Figure 1.21: (a) shows the total Hall effect
(Total HE) at temperatures ranging from 2 K to 280 K, and (b) shows
the AHE derived from the OHE subtraction. It is essential to note that
the applied magnetic field was out of plane. This explains the absence of
hysteresis in the Hall measurements, as out of the easy axis magnetization

switching occurs by rotation of spins which produces no hysteresis.
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Figure 1.21. Transverse Hall resistivity vs magnetic field applied perpendicularly
to the surface at temperatures from 2 K to 280 K. The sample is a 16-nm LSMO
monolayer. (a) Total Hall Effect (Total HE), and (b) Anomalous Hall Effect
(AHE), arising from the substration of the Ordinary Hall Effect (OHE).
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6.3. Topological Hall effect

Contrary to the intrinsic AHE, which relies on the Berry curvature in k-
space, the topological Hall effect (THE) is associated with the
accumulation of Berry-phase in real space [40] due to chiral spin textures.
When an electron is subjected to a slowly changing exchange field in a
ferromagnet, its spin follows the direction of the magnetization in the
adiabatic limit (or strong-coupling limit). If the magnetization varies in a
closed loop, the electron experiences a cycle in parameter space, acquiring
a geometrical phase. In this scenario, the phase is proportional to the solid
angle subtended by the exchange field, generating an additional emergent
magnetic field experienced by the electrons, which contributes to the Hall
effect.

Chiral spin structures, as skyrmion bubbles described before, can exhibit
spin chirality. Spin chirality can also arise from magnetic frustration or
thermally activated spin chirality fluctuations [36], [38], [41]. Typically,
spin chirality is stabilized within a limited field range, causing the THE
to manifest as a peak in the Hall effect versus field. The magnitude of this

peak is commonly approximated as[40]:
pry® = PRoBess = PRonsk @y

where P represents the transport spin polarization of the ferromagnet, R,
is the effective charge density contributing to the THE (usually taken as
the ordinary Hall coefficient [42]), and Bess is the effective magnetic flux
density generated by the skyrmions [43]. This effective magnetic flux
density is defined as Berr = ngg®y, where ngg denotes the skyrmion

density and @, is the magnetic flux quantum.

The term "topological Hall effect’ (THE) may cause confusion as it doesn't
necessarily require a topologically non-trivial spin texture. THE arises
from an effective magnetic flux generated by electrons passing through a
chiral spin texture or from a real-space Berry curvature. Chiral spin
textures without integer topological charge can still contribute to the Hall
effect due to Berry phase, and these effects are sometimes called THE. A

more general term like 'spin chirality Hall effect” might be more
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appropriate, but for consistency, we continue to use "topological Hall
effect." Intrinsic Anomalous Hall Effect (AHE) is related to Berry
curvature in k-space and includes topological aspects of the band
structure. Both intrinsic and topological Hall effects can be viewed as
Berry curvature in real or momentum space [44|. The distinction between
AHE and THE is helpful from an experimental perspective. Intrinsic AHE
is due to Berry curvature commensurate with the crystal lattice, while
THE results from chiral spin textures not necessarily commensurate with

the lattice, leading to spatially non-uniform emergent fields [45].
6.3.1. THE and chiral spin textures in thin films

The Hall effect arising from real-space spin chirality was first discussed in
the context of colossal magnetoresistance manganites [36], [38], pyrochlore
ferromagnets [46], and non-coplanar antiferromagnets [47]. This
phenomenon was attributed to spin chirality at the microscopic level,
stemming from thermally excited chiral fluctuations or magnetic

frustration, rather than skyrmions.

The topological Hall effect (THE) caused by skyrmions was first reported
in single-crystal MnSi [43] and polycrystalline MnGe [48] bulk samples.
However, difficulties often arise in correlating THE with skyrmions
measured by real-space imaging. The stability of different skyrmion phases
is strongly dependent on sample dimensions and material quality [49].
Additionally, correlating transmission electron microscopy (TEM)
measurements with Hall effects is challenging due to the requirement to

mill samples into thin cross-section layers.

The detection of THE in thin films remains controversial, primarily due
to discrepancies between THE and real-space imaging. Although there
have been reports of THE in Ir/Fe/Co/Pt heterostructures [50],
subsequent studies using Hall measurements and real-space skyrmion
imaging found that the change in the Hall signal cannot be solely
attributed to THE [42], [51], [52]. This discrepancy has been ascribed to
changes in the anomalous Hall effect (AHE) due to skyrmions altering the
net magnetization value [51]. Moreover, the assumptions used in the

related equation have been called into question, such as the use of the
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ordinary Hall coefficient R [18] and the applicability of the adiabatic

approximation in thin films with significant spin-flip scattering.

In addition to metallic heterostructures such as Co/Pt [42], [50]-[52],
topological Hall effects (THEs) have been reported in various thin films,
including intermetallics [53]-[55], Heusler compounds [56], topological
insulator heterostructures [57], [58], and diverse oxide thin-film systems.
A giant THE, significantly larger than those observed in other single-
crystal and thin-film systems, has been recently detected in Ce-doped

calcium manganite [59].

Many studies abandon real-space imaging of skyrmions, relying instead on
non-monotonic Hall signals or discrepancies between magnetic and Hall
hysteresis loops as evidence of chirality. Real-space imaging, when
employed, often yields results that are challenging to interpret, with the
number of bubble-like features frequently being lower than the expected
skyrmion count based on Hall effect and theoretical predictions. The
practice of ascribing Hall effect anomalies to chiral spin textures has been
questioned [60], as topological Hall signals could potentially be interpreted
as multiple anomalous Hall effects (AHEs) arising from various

inhomogeneities, as it is sketched in Figure 1.22.

The ambiguity between differing interpretations of the same Hall data has
been further explored using SrRuO; as a model system. The AHE of the
SrRuOs change as a function of various parameters such as magnetisation
[61], temperature [62], strain [63], film thickness [64] and doping [65].
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Figure 1.22. The analysis of different non-monotonic Hall signals can vary

between being attributed to various types of AHE or a combination of AHE and
THE. Figure adapted from [66].
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Experimental Methods

1. Sample growth by high pressure sputtering

The samples used in this thesis have been grown by high oxygen pressure
sputtering from a target stoichiometrically identical to the samples being
grown. Targets used during this thesis include SrIrOs, Lag7SrosMnOs, and
BaTiO;. The targets, located inside a vacuum chamber, are connected to
an RF signal, and, as a result, self-polarize to a negative DC voltage.
Energetic electrons and positive ions are formed in the ionization of the
sputtering gas (oxygen) which is excited into a plasma state. Positive ions
diffuse towards the target feel its electric field and are accelerated
collisioning with its surface, from which atoms are extracted. The RF
power depends on the substrate's size; targets with a 35 mm diameter are
connected to 45-55 W, while targets with a 50 mm diameter receive 100-
120 W.

The O ions impact the target surface provoking the ejection of atomic and
binary oxides species[1]. The particles are deposited on a substrate below
the target. The substrates are oxide single crystals, for example, Sr'TiOs,
cut along crystalline directions. The choice of substrate depends on its
lattice parameter, as well as on its electronic and magnetic properties.
This substrate is placed on a heater plate with a temperature between 650
and 900°C. High temperatures are necessary to ensure high mobility of
the deposited particles, what enables layer-by-layer growth instead of

three-dimensional growth.

The growth takes place in a vacuum chamber, as observed in Figure 2.1.

Prior to the growth, a base pressure of about 3 x 10° mBar is achieved
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using a turbo-molecular pump baked by a membrane pump. During the
growth, a constant O, flow is injected into the chamber, and the pressure
is controlled by a system of needle valves. To enable good thermalization
of the sputtered particles and to avoid back-sputtering phenomena, the
growth must take place in a high-pressure atmosphere of 2.8 — 3.4 mBar.
This pressure level is considered high compared to typical sputtering

growth which is performed at pressures of the order of 10 mBar.

The sputtering process depends on several parameters, such as the
substrate temperature, chamber pressure, power applied to the target, and
distance between the target and substrate. For this reason, for each target

material it is necessary to determine the optimum growth conditions.

After the growth, a (typically) 1-hour annealing at temperatures between
650 and 800°C is necessary to ensure the correct oxygen content in the
sample. Following this method, a very slow rate of deposition (about 0.3
nm/min) is achieved, which is necessary for growing uniform and epitaxial
samples with high crystal quality. The deposition rate and thickness
uniformity are analyzed after the growth process using XRD, XRR, and
STM, as detailed in the following sections.

=
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Figure 2.1. (left) Sputtering chamber (right) oxygen plasma formed at the
sputtering target.
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2. Nanofabrication techniques

To perform accurate magnetotransport characterization, the thin film
must be patterned into a Hall bar with well-defined dimensions using
optical lithography and reactive ion etching. Hall bar devices are
commonly used for this objective due to their good geometry for measuring

resistance.
2.1.  Optical lithography

Optical lithography is a widely used technique for generating two-
dimensional patterns at the micron scale. This process essentially involves
transferring a pattern from a mask to our thin film [2]. The pattern we
want to fabricate is designed and replicated on a photomask made of glass
or quartz. The pattern is printed on the photomask with a thin chromium
or ferrite layer using high-resolution electron beam lithography. Once the
pattern is on the photomask, a photoresist sensitive to UV light is applied
over the thin-film surface to transfer the pattern to the sample. The
photoresist used will be detailed in the following section. By applying UV
light through the mask, parts of the surface will be exposed. The exposed
part will undergo polymeric reactions that will either harden or soften the

exposed resist, depending on the resist type.

There are two different resist types: positive and negative. The positive
resist reproduces the exact same mask pattern, as the exposed resist
undergoes scission of its polymeric chains and is later removed by a
developer. On the other hand, the negative photoresist will reproduce the
opposite pattern, as the exposed resist undergoes repolymerization,
becoming chemically inert. In this case, the unexposed part will be
removed [3]. In order to achieve high lateral resolution—about a few
microns—the resist layer applied must be considerably thinned. For this
reason, the resist is applied using a spinner system that reaches 7000 rpm

(see Figure 2.2 right).
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Figure 2.2. (left) Photography of the alignment and exposure system.
(right) Photography of spinner system

The most critical part of the photolithography process is mask alignment
and exposure, which are carried out using a Karl Suss MJB 3 mask aligner
system, as seen in Figure 2.2 left. This system consists of a lens set to
collimate the UV light generated by the Hg lamp, an optical microscope,
a mask holder, and an alignment system with different micrometer screws.
After development, the thin-film part not protected by the resist will be
removed. This process can be carried out using two different methods: wet
etching, with chemical etchants like HCl, KCI, phosphoric acid, etc., or
dry etching, using ion milling. The etching process used in the experiment
will be described in the following section. Finally, the resist will be
completely removed, leaving the pattern on our sample. Figure 2.3

illustrates the entire process.
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Figure 2.3. Scheme of the whole photolithography process

2.2.  Reactive ion etching (RIE)

Reactive ion etching (RIE) is an etching technology wused in
microfabrication. RIE is a type of dry etching where reactive plasma is
used to remove material from a sample. In this thesis, all the dry etching
processes have been carried out using a South Bay Reactive Ion Etcher
2000, as shown in Figure 2.4. The ion etching process is basically a
sputtering process, where our sample is the sputtered target. The sample
is placed on an isolated holder from the rest of the vacuum chamber. By
applying an RF power of 13.56 MHz and some hundreds of watts, the
oscillating electric field will rip electrons from the gas molecules, ionizing
them and forming plasma. The electrons deposited on the sample holder
will build up a charge due to its isolation. The charge will generate a
negative voltage that drifts the positive ions towards the sample, etching

the sample [4]-[6]. This process will be developed at a considerably high
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pressure of about 200 mTorr in order to ensure an isotropic and low-ratio
etching. As in other sputtering systems, the RIE process strongly depends
on many parameters, such as pressure, RF power, gas used, and sample
sputtered. In our case using Ar plasma, the etch oxide ratios are low
compared with the resist ratio; however, the resist thickness is three orders
of magnitude larger than the thin-film thickness. Thanks to this, the film
etching can be finished before the resist is completely removed. To
minimize the sample heating, which can degrade the resist and
deoxygenate the sample, the sample holder is water cooled. Despite this,
the Ar etching frequently forms a degraded resist layer that is not soluble
in acetone. In order to remove this resist, O, plasma etching has been

demonstrated to be a valid solution.

REACTIVE ION ETCHER - RiE-2000

8-
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Figure 2.4. Photography of RIE system

2.3. Hall bar fabrication process

The Hall bar fabrication process can be divided into four distinct steps,

as sketched in Figure 2.5:

1- Gold sputtering: After growing the thin film by high-pressure
sputtering, a metal layer of gold is deposited on the entire sample
surface. This gold layer will serve as the future contacts of the
Hall Bar. The sputtering is carried out in a sputtering system,
which operates using the same physical principles as the high-

pressure sputtering described in the Sample Growth section. In
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this case, Ar ions are used as the sputtering agent, and a low
pressure of about 10 * mBar is employed to increase the deposition
rate.

2- Hall Bar optical lithography: This first lithography process defines
the shape of the entire Hall Bar. Positive resist (SPR-700) and a
clear mask with the Hall Bar patterns in chromium are used for
this purpose, as shown in Figure 2.5. After alignment and
exposure, the developer MF-319 is used to remove the softened
resist.

3- Reactive ion etching: Both the gold layer and the thin film not
protected by resist are removed by Ar ion milling. As this process
may burn the resist, an additional O, ion etching is performed to
remove it. As a result, a gold Hall Bar is formed.

4- Contacts definition by optical lithography: In the second
lithography step, a mask similar to the first one is used, but with
the contacts shape, allowing the gold deposited on the contacts to
remain and removing the gold deposited on the bar. An example

of the resulting Hall Bar can be observed in Figure 2.5 (bottom

left).
Resist Burnt resist
Gold
’ ‘ Thin-film
Gold
Sample
Au evaporated 12 Lithography + develop Ar plasma etching
Gold Contacts
Thin-film

Hall Bar 250 pm u “

0, plasma etching 22 Lithog. + develop Microscope photography
+ wet echthing + acetone

Figure 2.5. Sketch illustrating the Hall Bar fabrication process
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3. Structural characterization

3.1. X-ray characterization

The patterns observed in X-ray reflectivity (XRR) and diffraction (XRD)
provide information about the thickness, crystalline structure, and
roughness of a sample. The XRR and XRD measurements were conducted
using a Philips X'pert Pro MRD diffractometer with a Cu tube as the X-
ray source (A, = 0,15418 nm). These patterns are obtained by measuring
the reflected or refracted X-ray intensity as a function of the radiation
incident angle (6), which is detected by a detector positioned at 26

respect the source, as shown in Figure 2.6.

¢

detector

Figure 2.6. Schematic diagram of the 8-20 measuring geometry

3.1.1. X-ray reflectivity (XRR)

When collimated and coherent Cu k, radiation impinges onto the sample,
reflections occur both at the material surface and at the sample-substrate
interface. These reflections depend on the refractive index of the sample,

which is given by the formula:

n=1-LU(f L Af —IAf) = 1-6+iF (21)

where p, is the electron density, 7, is the electron radius, f; is the atomic
dispersion factor and Af’, Af"" are corrections to the anomalous

dispersion [7]. Reflections at different interfaces produce differences in the
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X-ray path length, resulting in constructive or destructive interference

(see Figure 2.7).

Sample B

Substrate

Figure 2.7. Scheme of the interference process

As a result, interference creates oscillations in the reflective pattern. The
period of these finite-size oscillations scale inversely with the thickness (d)
of the sample. By indexing the position of the maximum or minimum
peaks, the thickness can be calculated using the formula:

(m—k)Ax

S 20
sin 9—[
2d

| +25 (2.2)

where k = 0 in a minimum, k = 1/2 in a maximum, and 1 - & corresponds
to the real part of the refractive index [8]. This method is routinely used
to determine film thickness and, consequently, the deposition rate. The
reflective pattern is usually measured up to 26~ 8° as finite-size
oscillations are only observable for 26 < 6°. In Figure 2.8, a typical

reflectivity pattern of a thin film is shown.
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Figure 2.8. XRR measurement of a SIO monolayer of 8 nm

3.1.2. X-ray diffraction (XRD)

This method is used to obtain both the interatomic spacing (c¢) and the
average thickness of the sample (d), which should be in good agreement

with the thickness (d) calculated in the previous section.

X-rays specularly reflected at different parallel lattice planes will travel
different optical paths due to the separation of layers, resulting in
interference that will be constructive if the difference in path is an integer
multiple of the X-ray wavelength A,. The diffraction condition is given by
Bragg's law:

Zdhkl sinf = nﬂ.x (23)

where dyy; represents the lattice spacing between crystallographic planes
with [hkl] vector. By measuring the diffraction pattern in 6-26 geometry
and optimizing around one of the (001) diffraction peaks of the substrate,
we will observe the Bragg peaks of the same (00]) family. Using this, we
can determine our sample lattice parameter (¢). In Figure 2.9, we see, as
an example, a diffraction pattern of a SrIrO; (SIO) thin film grown on a
SrTiOs (STO) substrate where both diffraction peaks are labeled. By
calculating ¢ and comparing it with the bulk value, we can determine the

amount of the epitaxial strain stored in our sample.
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As the samples we work with are thin films, the film thickness
(comparable to lattice spacing) will cause new diffraction peaks to appear
around the sample Bragg peak. By indexing these peaks, we can determine

the average thickness (d) using the formula:

2 S;‘;“’ =1(1+m) (2.4)

where m is an integer number [9]. In Figure 2.9., the satellite peaks of an
SIO sample are shown, which appear at both sides of the principal

Bragg peak.
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Figure 2.9. XRD measurements of SrlrO; grown at different substrates.

3.2.  Scanning Transmission Electron Microscopy (STEM)

To examine structure and composition of our complex oxides layers with
atomic resolution, we have performed imaging and spectroscopy using
scanning transmission electron microscopy (STEM). The measurements
were acquired using a JEOL JEM ARM200cF operated at 200 kV (see
Figure 2.10, right) located at the ICTS National Center of Electron

Microscopy at the Universidad Complutense Campus.

In a STEM, field emission electrons are designed to form a small electron
probe through the strong electromagnetic lenses integrated into the STEM

column. As the probe is scanned over the specimen's surface pixel-by-
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pixel, the scattered electrons are collected in multiple imaging and
analytical detectors [10], [11] (see Figure 2.10, left). The ability to detect
multiple signals simultaneously makes STEM a powerful technique for

characterization.

On one hand, a high angle annular dark field (HAADF) detector is used
for Z-contrast imaging. In HAADF images, a ring-shaped (annular)
detector measures the transmitted electrons through relatively high
angles. The use of a high-angle detector reduces the detection of coherent
Bragg reflection and increases that of the incoherent thermal diffuse
scattering (TDS). As a result, incoherent images exhibit strong intensity
dependence on atomic number, providing a directly interpretable Z-
contrast [11], [12] (see Figure 2.11a). The ability to obtain Z-contrast
images makes the HAADF technique a powerful tool. However, to increase
collection efficiency, a lower angle (ADF) detector can be used, reducing

the signal-to-noise ratio.

Field-emission source

Probe forming
lenses

Focusing
lenses

Annular
detector

EELS
detector

Figure 2.10. (left) Scheme of a scanning transmission electron microscope
column. (right) Photography of the JEOL JEM ARM200cF

54



Chapter 2. Methods

In addition, electron energy-loss spectra (EELS) are simultaneously
acquired at each position (pixel) [13]. The scanning transmission electron
microscope (STEM) geometry can provide atomic column resolution
EELS [10], [14]. In some ways, EELS is equivalent to X-ray absorption
spectrometry because the scattered electrons at low angles allow us to
study the fine structure and the absorption edges of the specimen’s
elements. Electrons scattered through smaller angles enter a single prism
spectrometer, producing an energy-loss spectrum (EEL spectrum) for any
given position of the probe on the specimen [10]. With modern
microscopes, it is possible to obtain an EEL spectrum from each atomic
column (Figure 2.11b), making this technique a powerful tool for
investigating the chemical composition of interfaces, mapping
terminations, and studying interdiffusion between different interfaces in
oxide thin films or multilayers. EELS edges result from the excitations of
inner shell electrons into occupied levels above the Fermi level. Using this
technique, we can estimate the oxidation state of each atom column by
measuring the NEXAFS absorption at edges of the transition metal and
oxygen [15]. The high energy resolution of this technique (0.3 eV for a
cold field emission gun) also allows the study of the fine structure of the
absorption edges, enabling the investigation of electronic properties. The
EELS fine structure arises from the material's unoccupied density of states

and can be used to probe electronic properties [15]-[17].
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\
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Figure 2.11. HAADF image of an LSMO (15 nm)/STO (4.4 nm)/LSMO (15 nm)
sample. (b) Electron energy loss spectroscopy (EELS) acquired across the
LSMO/SIO/STO interfaces following the green line.

4. Magnetotransport characterization: PPMS

A Quantum Design PPMS was used to measure longitudinal and
transverse resistivity as a function of temperature and magnetic field. The
equipment, depicted in Figure 2.12, utilizes a combination of a He flow
refrigerator and a superconductor magnet to achieve the required
temperature and magnetic field ranges. The PPMS can apply up to 14 T
and has a temperature operating range of 1.8 K to 320 K. The PPMS
system used in this thesis is located at the Material Science Institute of
Madrid (ICMM CSIC) which we can access on a routine basis thanks to
being Unidad Asociada (Laboratorio de Estructuras y Dispositivos de

Espintrénica)

The samples were measured in the DC resistivity mode using a standard
puck, shown in Figure 2.13 right. The samples, which were measured using
either the 4-point technique or a Hall bar, were connected to one of the
three probe head channels. We used an external switching box, which is
shown in Figure 2.13 left, to simultaneously measure both the longitudinal
resistivity (in the direction of the current) and the transverse resistivity
(perpendicular to the current direction) of the samples. This box allows
us to change the direction of the applied current and voltage without the

need to reposition the probe head.
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Figure 2.12. Image of the PPMS located at the Materials Science Institute
ICMM CSIC

Figure 2.13 (left) Image of the switching box. (right) Image of the of a

standard puck for resistivity measurements

5. Magnetic characterization

5.1.  SQUID magnetometry

In this study, SQUID measurements were conducted using a Physical
Property Measurement System (PPMS) described in the previous section.

The SQUID detection hardware comprises superconducting detection coils
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configured as a second-order gradiometer with counter-wound outer loops,
making them non-responsive to uniform magnetic fields and linear
gradients. The coils generate a current in response to local magnetic field

disturbances, and their current is a function of the sample position.

SQUID feedback nulls the current in the detection coils, with the feedback
current providing the actual SQUID voltage for analysis. The SQUID
measurement technique vibrates the sample at frequency o, generating a
SQUID signal, V(t), based on sample position z and time t. Scaling factor
A relates to the magnetic moment of the sample, while amplitude B

corresponds to the sample vibration.
V(t) = AB?sin?(wt)

Lock-in amplifier techniques isolate and quantify the signal at frequency
2w, which is exclusive to the sample when the vibration frequency is
correctly selected. This is achieved by multiplying the measured signal
with a phase-corrected reference signal at 20 and then extracting the DC
component of the result. This DC component is proportional to the 2w
component of the measured signal, efficiently isolating the sample signal
from other noise sources, such as drifting SQUID signals and synchronized

mechanical noise sources.

5.2. X-ray magnetic circular dichroism (XMCD)

X-ray magnetic circular dichroism (XMCD) has become an important
experimental technique in the investigation of magnetic properties. As the
name suggests, an XMCD experiment consists of measuring the difference
in absorption of left- and right-handed circularly polarized X-rays. The
difference, the magnetic dichroic signal, can then be used to estimate the
(spin and orbital) magnetization in the material. In comparison with other
techniques, XMCD has several attractive features. The first is that XMCD
experiments provide information on the spin and orbital magnetizations
separately: most other methods (bulk magnetization, neutron scattering,
etc.) are sensitive to the total magnetization only. Second, by studying

the dichroism around absorption edges, as is in fact usual practice, the
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technique is element specific. Lastly, XMCD is very sensitive, which allows
it to be used to determine extremely small magnetic moments and to
study small quantities of materials. For all these reasons, one of the most
important applications of XMCD is in the study of nano-scale structures,
such as multilayers and thin films. In fact, the sensitivity of XMCD is

such that magnetic moments of 0.001 up per atom can be detected.

To understand the origin of the XMCD signal, a description of the
circularly polarized waves is a good starting point. By definition, a right
circularly polarized (RCP) electromagnetic wave has an electric field that
rotates in a clockwise sense as viewed along k, while for a left circularly
polarized (LCP) electromagnetic wave, the sense of rotation is
counterclockwise, as shown in Figure 2.14. A circularly polarized
electromagnetic wave in a quantum mechanical description is still
composed of photons, but in this case, the photon is a definite eigenstate
of the angular momentum operator, J,, where z is the direction of
propagation k. For RCP (LCP) photons, the eigenvalue of J, is +h (-h).
This fact makes the selection rules for the conservation of angular
momentum in electronic transitions easy to understand. The probability
of electronic transitions is controlled by selection rules for the change in
the quantum numbers describing the initial and final states. As the parity
of the initial and final states is given by their respective orbital quantum
numbers 1, by the dipole transition electron rule, the non-vanishing matrix

elements are obtained if:
Al==1

On the other hand, since the photon is annihilated in the absorption
process, the angular momentum Jz must be transferred to the sample, so

for circularly polarized photons one has
Am=+1 (-1) , for RCP (LCP) photons

Following this, illuminating our sample with RCP (LCP) radiation, an
electron from the core 1s, |0,0), will transit to the state |-1,1) (|-1,-1)) [18]—
[20]. Depending on the occupation of these states, the transition will occur

or not. In the case of ferromagnetic transition metals, the valence band d
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is spin-splitted, giving different densities of unoccupied states at the Fermi
level, as shown in Figure 2.14 [21], [22]. The magnetization of the element
is closely related to d-band occupation and will affect the number of
transitions. The selection rules together with unoccupied d estates will
cause the differences in the abortion RCP and LCP spectra, as shown in

figure 2.15.
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Figure 2.15. X-ray absorption spectra from iron in the vicinity of the L edges.
Circularly polarized light was used, and the spectra were recorded with the spin
of the incident photon parallel (I+, solid curve) and antiparallel (I—, dashed
curve) to the spin of the Fe 3d electrons.(up) the X-ray absorption spectra
calculated from the transmission data ; (down) the XMCD spectra. Figure
adapted from [18].
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5.3. Polarized Neutron Reflectometry (PNR)

Polarized Neutron Reflectometry (PNR) is a widely used technique [23],
[24], that measures the reflection of a neutron beam on a sample as a
function of the perpendicular component of the wave vector transfer.
Polarized neutrons are intrinsically sensitive to the difference between the
magnetic and nuclear components of the refractive index across interfaces.
PNR provides quantitative information about the magnetization depth
profile and structural details of thin films, heterostructures, and
multilayers. In reflectivity geometry, the incidence angle 6; is the same as
the reflection angle 6, and typically starts from a region of total reflection,
in the range 0.5°-5°. The reflected neutrons are related to the depth
dependence of the index of refraction averaged over the lateral dimensions
of the interface. With an extremely high depth resolution of a fraction of
a nanometer, PNR can analyze films that are several hundred nanometers
thick. Due to their high penetration into the sample without causing
structural damage and their ability to interact with magnetic moments,
neutrons are ideal for investigating magnetic thin films. During PNR
experiments, a magnetic field H is applied to the sample as a reference
(see Figure 2.16). As H is usually much smaller than M in the relation
B=p H-+M, the neutron spin interacts only with the magnetic induction
inside the sample and cannot differentiate between spin and orbital
moments. The magnetic contribution to the scattering potential is given

by Vmw=-1. - B, where y, is the neutron magnetic moment.

Neutrons can be polarized parallel or antiparallel to the applied field using
suitable devices. The guiding field, incident beam polarization axis, and
detector field are typically collinear, establishing a quantization axis for
the neutron spin. If the magnetic induction B inside the sample forms an
angle with the applied field H, the in-plane component of B, perpendicular
to H, causes spin-flip scattering and the neutron spin to precess around
B. Conventionally, R** and R~ represent non-spin-flip reflectivities, where
+ and - indicate spin parallel or antiparallel to H, respectively. Neutrons
are reflected by potential gradients across interfaces, and since VB=0,
perpendicular components of B stay constant across a reflecting interface,

not producing specularly reflected intensity.
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PNR measurements of this thesis were conducted in collaboration with
Dr. Suzanne te Velthuis of Argonne National Laboratory, who conducted
measurements at the Spallation Neutron Source, SNS at Oak Ridge
National Laboratory.

Figure 2.16. Sketch of the magnetization components responsible for the spin flip

(SF) or the non-spin flip (NSF) scattering in relation to the neutron polarisation.

6. Magnetic force microscopy (MFM)

Magnetic force microscopy (MFM) [25], [26] is a commonly used
characterization technique to study the magnetic structure of the sample
surface. In this functional technique, the measurement of the long-range
magnetostatic force between the magnetic sample and a magnetically
coated probe is recorded as a magnetic image. The image provides
qualitative information by showing magnetic textures near the surface of

the sample.

The MFM procedure used in these experiments involves two vertically
shifted scans for the sake of separating long-range and short-range

interactions.

In the first scan, we acquire the topography of the surface (by controlling
the amplitude of cantilever [27], probing the effects of the short-range

forces as the van der Walls force.
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In the second one, the probe is lifted away from the sample to get rid of
the short-range forces. The tip follows the topography acquired during the
first scan with a lift-off value between about 100 nm and 200 nanometers,
as shown in Figure 2.17. During this second scan, the long-range magnetic
forces generate a phase shift (A¢) in the movement of the cantilever

regarding the excitation signal.

_ QOF
Ap = k 0z

Where Q is the quality factor, k is the spring constant and F;s is the force
tip-sample STM.

A NanoMagnetics commercial microscope located at the Institute for
Materials Sciences of Madrid ICMM CSIC was used to acquire the images
shown in this thesis. MFM work was conducted by Dr. Juan José
Riquelme and Dr. Carmen Munuera of the Material Science Institute of
Madrid (ICMM CSIC). It uses an interferometer to track the movement
of the cantilever [28] and operates from 2K to 300 K in a He blown
cryostat with a vector magnet providing 5:1:1 T or in a PPMS with fields
of up to 5 T.

58 deg

Lift Height

Topography
1st PASS —

Topography

366 nm

\
)

75kHz

Figure. 2.17. Sketch of the scan that the magnetic probe follows to measure the

long-range magnetic forces, taking into account the topography of the surface.
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7. Scanning tunneling microscopy (STM)

Scanning tunneling microscopy (STM) is a powerful technique in surface
science [29], [30], offering unique atomic-resolution real-space maps of the
electronic density of states (DOS). STM is also particularly well-suited for
studying new layered superconducting materials, which may initially only
be available as small single crystals [31]. The STM apparatus used in this
thesis was located at the Characterization Facility at the University of

Minnesota (thanks to the collaboration of Dr. Javier Garcia Barriocanal).

An STM features a sharp metallic tip that scans over an electrically
conductive sample surface with minimal separation, typically a few
angstroms. The piezoelectric scanner enables precise control of the tip-
sample separation and lateral position with sub-angstrom accuracy (refer
to Fig. 1). When a negative bias voltage is applied to the sample, electrons
in the sample's occupied states tunnel through the vacuum barrier to the
tip's empty states, generating a detectable tunneling current. Conversely,
applying a positive bias voltage causes electrons to tunnel from the tip to
the sample. The tunneling current (I) is exponentially dependent on the

tip-sample distance (d) [32] as per the following equation:

Where ¢ is the average work function of tip and sample. Typically, the
work function measured by STM in metals is around 3 eV. The materials
frequently used for STM tips, selected for their featureless DOS near the
Fermi energy (Er), include platinum (Pt), platinum-iridium (PtIr) alloys,
and tungsten (W).

By maintaining a constant tunneling current as the STM tip scans the
sample surface, a contour of constant integrated DOS is traced. This
method is known as constant-current mode. In the case of homogeneous
elemental metals, the constant DOS contour corresponds to the sample
surface's topography. When the local DOS exhibits spatial variation, the
resulting image blends DOS and topographic information. However, with

suitable tunneling parameters, topography primarily influences the image.
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Apart from depicting the sample's geometrical surface structure, STM can
also evaluate the sample DOS as an energy function, spanning several eV
from the Fermi level in both occupied and unoccupied states. This is
typically achieved by varying the bias voltage (V) and measuring the
tunneling current (I) while keeping the tip-sample separation (d) constant.
Conductance (dI/dV) can be obtained through numerical differentiation
of I(V). To minimize noise, a lock-in technique is employed, in which a
small AC modulation is combined with the bias voltage, and the tunneling
current is demodulated to yield dI/dV. Although interpreting dI/dV
spectra can be challenging, under ideal circumstances, dI/dV serves as a

reliable indicator of the sample DOS.

Figure 2.18. Sketch of an STM

8. Density Functional Theory (DFT)

Density Functional Theory (DFT) is currently the most successful and
promising approach for calculating the electronic structure of matter. Its
applicability ranges from atoms, molecules and solids to nuclei and
quantum and classical fluids. However the Schrodinger equation is the
simplest expression that compiles all the interactions of this systems, the
solution become complex when a large number of atoms are considered.

For this reason, Hohenberg and Kohn postulated a successful solution of
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the Schrodinger equation which constitute the basis of the Density
Functional Theory (DFT) [33], [34].

The Schrodinger equation is represented as HY = E¥ , where ¥ =
W(xy, . Xp; Ry, ... Ry) 18 the wave function that depends on the coordinates
of N electrons and M ions, and E represents the system energy [35]. The
Hamiltonian (H) encompasses both electronic and ionic terms. Born and
Oppenheimer's approximation simplifies the many-body problem by
considering a stationary nucleus and concentrating on electronic states
[36]. Consequently, the Schrodinger equation is rewritten to focus on
electronic components, employing T and U as universal operators for
kinetic energy and electron-electron interaction, respectively, and V as the

system-dependent non-universal term:

1 N N N N
HY =[T+U+V]¥ = —EZV%ZV@HZZU(WG) =LY
i=1 i=1

i=1 i=1
DFT provides a way to convert the many-body problem, characterized by
electron-electron interaction (U), into a single-body problem without U
through the introduction of the density variable (n). Hohenberg and
Kohn's first DFT theorem, enables expressing the wave function (V) as a
functional of electronic density, which means any observable becomes a

functional of n.
n= Yy = Nfd3r2fd3r3fd3r,\, Y(xg, e Xp) * PH(xq, o Xp)

Their second theorem posits that the total energy of an electronic system
is a universal functional of density, with the global energy minimum
corresponding to the ground state charge density. The Kohn-Sham
equation, a density functional expression, delivers the same solutions as
the Schrodinger equation when energy is minimized. This equation
includes the effective potential (Vs), composed of the nucleus-electron
potential (V), the classical Coulomb term of electron-electron interaction
(U), and the exchange-correlation (XC) term (Vxc). The XC term covers
all unknown terms and is generally treated with approximations,
producing exact results only in simpler systems, such as the free electron

gas case.
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[Ts+Vs]¥ =EW =T + U + Vg

The exchange-correlation (XC) energy density per electron is defined

mathematically, enabling the representation of total XC energy.
Exc = fgxc[n—'n+]d37”

Utilizing free electron gas values, we implement the local (spin) density
approximation (L(S)DA) for the XC term. L(S)DA posits a constant
electron density, hence XC effects are primarily proximal. Our L(S)DA-
based calculations draw on precise many-body models. By considering
L(S)DA as an initial step in energy density expansion, we can refine the
XC approximation via inclusion of density gradient corrections, an
approach termed generalized gradient approximation (GGA), which

accommodates electron density variability.

First principles simulations using the Density Functional Theory
described in this thesis were conducted by Dr. Juan Beltran (member of

our research group and Maria Carmen Mufioz of the Material Science

Institute of Madrid (ICMM CSIC).
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Chapter 3

Strain effects on the structural and
transport properties of SrIrOs;

ultrathin films

1. Introduction

Epitaxial growth is a process in which a thin film of material is grown
atom-by-atom on a single crystalline substrate, preserving its crystalline
structure. Le., the layer grows with nearly the same lattice parameter and
crystalline orientation as the substrate crystal. This technique has long
been used by researchers to study the properties of materials with a high

degree of control over their structure.

Especially 5d oxides are highly susceptible to small changes in the bond
lengths and bond angles [1]-[3], driven partly by their strong spin orbit
interaction, which couples the lattice details to the electronic structure.
In this context, strain engineering constitutes a good approach for tuning
the electronic structure, the conductivity, and the magnetic properties of

the iridate family [4]-[9].

In this chapter, we will analyse how the structural and transport
properties of SrIrOs (SIO) are modified by epitaxial strain, and through
this, we will gain insight into the fundamental physics of the material.
This information can be useful in the fabrication of materials with

properties by design. This is a natural way to start the experimental part
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of this dissertation, which aims at describing functional properties of STO

thin films.

As a good example of the high crystalline quality of our SIO thin films
grown by high-pressure sputtering, figures 3.1 (left) and (right) show
aberration-corrected high-resolution electron microscopy images taken in
bright field and dark field of an epitaxial SrIrOs thin film, grown on a
SrTiOs (STO) substrate and capped with Lao7SrosMnO; (LSMO).

LSMO sio |sT0

Figure 3.1. HR-TEM image at bright field (left) and dark field (right) of SIO
on STO and capped with LSMO. These measurements were taken by Gabriel
Sanchez Santolino in collaboration with Prof. Tkuhara’s group at the University
of Tokyo.

The images show highly ordered cube-on-cube growth of the SIO on the
STO (001) surface, evidencing that our high-pressure pure oxygen
sputtering technique at high temperature is a very adequate technique for

the epitaxial growth of the 5d SIO oxide.
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2. SIO growth on different substrates. Effects of

epitaxial strain.

SrIrO; (SIO) has a lattice parameter a = 3.94 A, allowing us to grow
epitaxial samples with substantial degrees of both tensile and compressive
strain with the right substrate choice. In order to study the effect of this
strain, we have characterized a set of samples grown on: NdGaO; (110),
NGO; (LaAlO3)es(SrzTaAlOg)or (100), LSAT; SrTiOs (100), STO;
DyScO; (110), DSO; GdScO; (110), GSO; NdScOs (110), NSO. SIO
samples were grown at the Complutense University of Madrid by the high
pressure sputtering technique at 650 °C and 2.8 mbar (see the

Experimental Methods chapter 2).

Figure 3.2 depicts the XRD results of these various samples with a
nominal 5 nm thickness measured in a Phillips X'pert Pro MRD
diffractometer. The finite-size (thickness) fringes indicate epitaxial growth

with thicknesses between 4.6 nm and 5.4 nm.

— NGO (110) 4.6 nm
——LSAT (100) 5.4 nm
——STO(100)4.6 nm
——DSO(110)5.3 nm

)
GSO (110) 5.2 nm
— NSO (110) 5.2 nm
5 LSAT
g
T
= GSO
[72])
c
Q
IS
STO
NGO

40 45 50 55

26 (%)
Figure 3.2. XRD of SIO over different substrates: NdGaO3 (110), NGO;

(LaAlO3)0.3(Sr,TaAlO4)0.7 (100), LSAT; SrTiO3 (100), STO; DyScO3 (110),
DSO; GdScO3 (110), GSO; NdScO3 (110), NSO.
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The lattice parameter ¢ of the SIO can be estimated from the angular
position of the main (00l) peaks of the perovskite structure, which is
widened by the size effect associated with the small layer thickness. As it
is observed in Figure 3.3, substrates with a lattice parameter smaller than
SIO's—that occurs in NGO, LSAT, STO, and DSO—produce a
compressive strain that forces the SIO unit cell to increase its ¢ lattice
parameter. On the other hand, substrates with a lattice parameter larger
than that of SIO—GSO and NSO—generate a tensile strain, reducing the

¢ out of plane parameter.

4.061 NdGaoO, Bulk
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Figure 3.3. Lattice parameter ¢ in SIO depending on the substrate strain.

subs

The strain effect visible in the deformation of the lattice also manifests in
the transport properties. As shown in the resistivity vs. temperature
curves in Figure 3.4, there is a strain-driven metal-insulator transition. At
a given SIO thickness of 4 nm, compressive strain results in metallic

behaviour, whereas tensile strain results in insulator behaviour.

The dependence of the resistivity on strain inferred from measurements of
the temperature dependence of the resistivity for SIO films of similar
thickness grown on different substrates is fully unexpected. Notice (see

Figure 3.4) that compressive plane strains yield the lowest resistivity
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values and metallic behaviour. On the other hand, increasing the in-plane
substrate’s lattice parameter yields larger resistivity and eventually
insulating behaviour. In the simple scenario of transport dominated by
the in-plane overlap of the orbitals, this is a fully unexpected result since
in-plane compressive strain should decrease the overlap between orbitals
and thus bandwidth, resulting in depressed screening properties. It
follows, then, that the observed dependence of the resistivity on strain

may be explained in terms of the out-of-plane overlap between orbitals.
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Figure 3.4. Resistivity vs Temperature graph of SIO samples of the same 4 nm

thickness grown at different substrate.

This behaviour may be understood by taking into account the
characteristics of the to, orbitals as well as the interplay of the interactions
that govern the bandwidth of the SIO.

Following the model of the bulk electronic structure of a cubic perovskite,
ABOj, the bonding networks of the three to, bands are decoupled. For
example, a xy orbital on one B site can hop only along the y or x direction
through an intermediate px or pyorbital to a xy orbital on the B site of a
neighbouring cubic cell [10], [11]. However, in materials like SIO, the spin-
orbit coupling hybridizes the three t,, orbitals, opening new hopping

channels.

75



Chapter 3. Strain effects on the structural and transport properties of SrlrO;

ultrathin films

The bonding angle between the to, orbitals, 8, plays a significant role in
the hopping amplitude. The hopping amplitude is proportional to cos8,
therefore it will maximum at 180° and cancel at 90°. On the other hand,
there is a geometrical quantity called the tolerance factor, ', which is

defined as:

da-o

= Vi [1]

Where dy_p is the distance between the A-ion (Sr in our case) to the
nearest oxygen and dg_o is the same for the B-ion (Ir). For and
undistorted perovskite I' = 1. However, sometimes the A ions are too
small to fill the space in the cube centers and for this reason the oxygens
tend to move toward that center, reducingdy_p. In general dg_o also
changes at the same time. For these reasons, the tolerance factor becomes
less than unity, I' < 1, as the radius of the A-site element is reduced, and
the Ir-O-Ir angle becomes smaller than 180° [12], thus reducing the
hopping rate in the SIO.

As explained in the introduction chapter, the bandwidth, W, in SIO is
given by a balance between the spin-orbit coupling, SOC, the Coulomb
energy, U, the coordination between the oxygen octahedron, m, and the
oxygen octahedra rotations. This puts the hopping, which is directly
connected to the bandwidth, in a delicate equilibrium and makes it highly

susceptible to small changes in the interaction parameters.

The effect of strain is manifested by a change of the structural distortions
within the octahedral network, specifically on the planar and apical Ir-O-
Ir angles (a;p and app ) and Ir-O bond length (d;p and dgp). Like many
other perovskite-type oxides, upon compressive strain d;p decreases and
dop increases, whereas the octahedral rotation angle a;p decreases and
aop increases, as shown in figure 3.5. This promotes vertical hopping while
increasing W such that the system turns to the metallic side. However,
tensile strain narrows the to, orbitals (smaller W) and increases U, which

is understandable in terms of a reduction of the hopping amplitude [13].

76



Chapter 3. Strain effects on the structural and transport properties of SrlrO;

ultrathin films

° A O

)6 < 180° mm— ) 6 =180°

® ®
Figure 3.5: Out-of-plane orbitals and the effect of increasing the ¢ lattice

parameter.

Out-of-plane hopping plays a decisive role in the connectivity of the
network of oxygen octahedra. For reduced out-of-plane bond angles
happening under tensile strain, the reduced out-of-plane hopping
decouples perovskite blocks in the c-direction, which reduces the 3D
connectivity of the oxygen sublattice. On this limit, decoupled IrO planes
make the sample shift to the 2D limit and become akin to the SraolrOy
compound, where the SrO rocksalt blocks break the 3D connectivity [14].
The insulating antiferromagnetic groundstate of the 214 compound
emerges from increased correlations and reduced bandwidth of the 2D IrO
planes. On the other hand, more compressive strain results in elongated
out-of-plane bonds (to preserve cell volume), and the increased out-of-
plane hopping restores the 3D connectivity of the oxygen sublattice,

promoting the 3D semimetallic (paramagnetic) ground state.

We can notice that, although the DSO substrate provides weak
compressive strain and a metallic behaviour, there is a remarkable
difference in the resistivity values between this sample and the rest of the
samples with compressive strain. As we will show in the following section,
the DSO substrate has a non-symmorphic symmetry driven by the surface
geometry of oxygen octahedra, which induces profound structural changes
and also leads to significant modifications of the electronic structure that

depart from the 3D semimetallic paramagnetic ground state.

For each substrate, there is also a metal-insulator transition driven by the

thickness. The critical thickness, as shown in Figure 3.6, depends on the
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substrate, probably through the degree of epitaxial strain. In substrates
with compressive strain, a larger reduction in thickness is required to find
the transition and enter the insulating state. In a STO substrate, the
metal insulator transition takes place for thicknesses below 2 nm, whereas
in an LSAT substrate, the thickness has to be reduced even further. On
the other hand, in substrates (of the scandates family) imposing tensile
strain, we find the metal insulator transition for larger layer thicknesses,

around 5.5 nm.
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Figure 3.6. Resistivity vs temperature of sample with different thickness grown
on (a) GSO (b) DSO (c¢) STO and (d) LSAT.

3. Growth of ultrathin SIO on (110) DSO. A 3D

Dirac semimetal.

For the rest of the chapter, we will focus on the growth of SIO thin films
on DyScOs; (110), DSO. As previously discussed, this substrate has an in-
plane lattice parameter of 3.95 A, which corresponds to the side of the

blue square painted on the surface of the DSO (Figure 3.7a).
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Figure 3.7. DSO (110)-orientated substrate crystal structure schematics (A—
C). (a) Plane view: Blue lines indicate the pseudo-square ScO6 octahedron
network, red and yellow lines illustrate the varied major diagonal lengths owing
to rhombohedral distortion. Black lines show the substrate's rebuilt unit cell. (b),

(c) Side views from the pseudocubic structure's red (b) and yellow (b) diagonals.

Due to a rhombohedral distortion of the lattice, the surface of the crystal
is non-symmorphic. The angles of the oxygen bonds between the Sc atoms
are 93° and 87°, which correspond to 5.44 and 5.73 diagonal distances in
the unit cell (red and yellow lines, respectively, in Figure 3.7a). The non-
symmorphism is highlighted in Figures 3.7b and 3.7c¢, which show DSO
structure side projections along the red and yellow diagonals. Note that
the red and yellow lines match the frame lines of figures 3.7b and 3.7c.
The tilting of the oxygen octahedron alters its modulation for the two side
perspectives, resulting in differing apical oxygen periodicities. This
reconstructs the substrate's unit cell, lowering its symmetry to a 4 x 2

times larger unit cell.
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Figure 3.8. Crystallographic structure of the (a) orthorhombic and (b)

monoclinic structures.

The non-symmorphic character of the DSO substrate has an inprint on
the structure of the SIO thin films. As explained in the introduction, two
different structures have been reported for SIO, depending on the growth
conditions (Figure 3.8). On the one hand, there is monoclinic structure
with lattice parameters: a = 5.57 A, b=9.67 A and ¢ = 14.26 A, as well
as an angle B = 93.23° (respect the plane). This is a non-symmorphic
structure with crystal symmetries C2/c (Figure 3.8a). On the other hand,
there is an orthorhombic structure with lattice parameters: a=5.58 A,
b=5.6 A and ¢=7.75 A. This is a symmorphic structure with crystal
symmetries Pnma (Figure 3.8b). Focusing on the XRD, the C2/c
symmetry is essentially invisible for 6-20 XRD scans because its structural
factor along the out-of-plane coordinate does not generate any intensity
for this (0 0 L) family of planes, save for the (0 0 4) reflection, which has
1.35% intensity. But the Pnma symmetry will show the (0 0 2) and (0 0
4) reflections with an intensity of 10.28% and 12.76%, respectively. This
will cause film Bragg peaks and thickness fringes in specular XRD [15].

Using this information, we can analyse the XRD data to determine which
structures are growing on the DSO substrate. Figure 3.9a shows the
specular XRD data of SIO thin films with thicknesses from 3.5 to 9.5 nm.
The 45° Bragg diffraction peak indicates that the SIO grows with an
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orthorhombic-like structure. The orthorhombic SIO (0 0 4) reflection
decreases in strength between 5 and 7.5 nm, and the 8 nm film nearly
totally loses its (0 0 4) intensity. Thickness fringes of the finite thick film
feature a flat SIO film, yet an orthorhombic symmetry is doubtful. The
samples stabilized in the orthorhombic phase after growing to 9.5 nm thick
films, as shown by the full intensity recovery of the (0 0 4) Bragg peak,
which curiously maintains a stable maximum location at 20=45° (d=4.03

A).

Figure 3.9b shows the sheet resistance vs. temperature curves of the same
sample set and an 8 nm orthorhombic SIO grown on SrTiO; (STO) as a
counter experiment. The counter sample has an order of magnitude lower
resistance than the DSO-grown samples. The series goes from metallic to
insulating behaviour as thickness decreases, with the resistance of the 5
nm-thick SIO film being impressively independent of temperature at a
resistance value of 6.62 k ohms per square when normalized to its nominal
thickness. This is near to quantum pair sheet resistance (6.45 k), what
constitutes a fascinating hint that the 5 nm-thick film may be at the verge
of a quantum phase transition. From now on, we will focus the

characterization on the 5 nm sample.
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Figure 3.9. (a) Specular XRD of films with thicknesses (from top to bottom):
9.5 nm, 8 nm, 7.5 nm, 5 nm, and 3.5 nm. (b) Sheet resistance of the same

samples.
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4. Structure characterization: X-ray diffraction

reciprocal space maps.

In order to get insights into the strain impact in the SIO structure on the
5 nm-thick SIO film, we measured the Reciprocal Space Maps (RSM).
These maps have been measured at the Characterization Facility at the
University of Minesotta in collaboration with Dr. Javier Garcia
Barriocanal. Figure 3.10 illustrates the reciprocal space (a) HL and (b)
KL projection maps. Each map is the projection of 191 detector images
collected as a function of incident angle, where each detector pixel is
converted to reciprocal space units of the pseudocubic DSO substrate
notation (used from now) and the intensity of scattered X-rays is
represented using a temperature colour scale. Image processing techniques
are used to filter the resulting maps so that the Bragg diffraction peaks of
the substrate are less noticeable and the weaker scattering of the film has

more contrast.

The map for the HL projection shows a large reconstruction of the unit
cell of the film, including components that are both out of plane and in
plane. It is interesting to note that when the sample is rotated in plane
by 90 degrees, the KL projection does not display any superstructure
peaks on the film. This is a solid indication of the non-symmorphic

symmetry imposed by the substrate.
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Figure 3.10. Reciprocal space (a) HL and (b) KL maps of the 5 nm DSO
sample. The units correspond to the reciprocal space of the pseudocubic

substrate.

In order to provide a more clear explanation of the layered projections
along HL,, HL. and KL projections are combined into the three-dimensional
reconstruction of the reciprocal space shown in Figure 3.11. The

temperature-coloured scale is proportional to the intensity fitting.

The discussion of the x-ray diffraction experiments can be summarized in

four observations:

1- The SIO film grows epitaxially in a distorted orthorhombic

structure with an interplanar lattice distance of 4.03 A. This is
evidenced in the (0 0 L) specular rod (black dotted line in Figure
3.9), with the highest intensity peaks at smaller L values than the
substrate (0 0 1) and (0 0 2) Bragg peaks.

2- A periodicity of two unit cells that can be given to both the

substrate and the film. This is revealed in the (0 0 L) direction by
the superstructure scattering for half-order reflections (0 0 0.5), (0
0 1.5), and (0 0 2.5).
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3- A triple or six-fold periodicity in the ¢ crystallographic direction

linked with film scattering corresponding to 0.66 L units along the
(00 L) rod.

4- In addition, there are crystal truncation rods (0.25 0 L), (0 0.25
L), (-0.25 0 L), and (0 -0.25 L) that are indicated in blue with
dashed lines in Figure 3.9. The (0.25 0 L) and (0 0.25 L) peaks
rotate 90 degrees in-plane every 0.25 L reciprocal space units.
When compared to the data from the substrate, they can only be

assigned to the epitaxial film.

In view of the elongated diffraction rods, an important caveat is that at
the present stage we cannot distinguish the structural information of the
film from a structural reconstruction of the substrate occurring over a thin
layer at its surface. Resonant diffraction techniques at synchrotron light
sources would be necessary to this end. The reciprocal space analysis
suggests that the substrate's rhombohedral structure is inprinted into the
SIO film during the early stages of growth. The interfacial SIO has a
reduced symmetry superstructure that is four times bigger along the
sample's ¢ axis than the pseudocubic orthorhombic unit cell. It also
contains a third-order periodicity characteristic of the monoclinic
structure, as highlighted by the blue plane of the monoclinic structure in
Figure 3.8a, suggesting that nucleation of the monoclinic phase may be

taking place.
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Figure 3.11. Representation reciprocal space in 3D. The findings correspond to
the film's (0 0.25 L), (0.25 0 L), (0 -0.25 L), and (-0.25 0 L) crystal truncation
rods (blue dashed lines), the substrate's (0 0.5 L), (0.5 0 L), (0 -0.5 L), and (0 0
L) specular rod (black line). The intensity of the crystal truncation and specular
rod scattering peaks is shown by the ellipsoids' temperature-coloured scale. The
dynamic range of measurements spans five orders of magnitude from red to dark
blue. Using a Gaussian fit of the observed scattering peaks in both the HL and

KL projections, the ellipsoids' size and intensity are calculated.

In order to gain a deeper understanding of the structural changes taking
place in ultrathin SIO layers we have measured Scanning Tunneling

Microscopy and Spectroscopy in the 5 nm-thick SIO film.
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5. STM measurements. Evidence for the growth of

the SIO monoclinic phase

Scanning tunneling microscopy and spectroscopy of the 5 nm film was
performed in an ultra-high vacuum STM at the Characterization Facility
of the University of Minesotta in collaboration with Dr. Javier Garcia
Barriocanal. Figure 3.12a shows a sample region (450 x 450 nm? area)

with a 100 nm scale bar.

The vast majority of the picture corresponds to a single 3.6 + 0.05 A
terrace with very irregular terrace edges and adislands of comparable
relative thickness as the terraces themselves. A first indication of the
formation of the monoclinic-like SIO phase at the surface of the 5 nm
thick film is evidenced by the terrace height. The anticipated terrace
height of the bulk orthorhombic SIO phase is 3.88 A, while the monoclinic
equivalent is 3.57 A. This value is equal to one-quarter of the whole unit
cell of the monoclinic crystal (see the magenta plane in figure 3.7a), which

is very close to what the STM results showed.

To emphasize the different growth process between the orthorhombic and
the monoclinic phases, in Figure 3.12b we show a typical 500 x 500 nm?
region of a 5 nm thick SIO film grown on a cubic (0 0 1) oriented SrTiOs
(STO) substrate. The two surfaces are markedly different. Figure 3.12b
shows the terrace height and average terrace width as h=4.2 + 0.05 A
and w=85 nm respectively, while the SIO (DSO) film has h=3.6 A and
w=350 nm. The SIO (STO) film lacks adislands and irregular edge
geometry. The distinct surface morphology of the two samples clearly
suggests that while SIO films formed on STO substrates show
orthorhombic symmetry a deep structural change occurs when SIO is

grown on DSO.
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Figure 3.12. 450 nm? x 450 nm? STM low magnification images of the DSO (A)
and STO (B) 5 nm thick films, the two images share the same 100 nm scale

bar.

Further evidence can be obtained from high resolution images measured
with atomic resolution after conditioning the surface by “tip brushing” to
remove adsorbates. Figures 3.13a and 3.13b, respectively, provide a 5xb
nm?® topographic map of the 5 nm film acquired at a sample bias of V=-
500 mV and its associated Fourier transformation. Notice that negative
voltages are probing occupied electronic state with an electron tunnelling
current to the tip. White dots and lines on top of STM picture 3.13a
indicate the presence of a rhombohedral-like surface structure that fits the
basal plane of the monoclinic SIO unit cell, a= 5.6 + 0.1 A and b= 9.8 +

0.1 A, as well as the deformed hexagonal pattern seen in figure 3.13b.

Figure 3.13. (a) 5 nm x 5 nm high resolution STM images obtained at tip bias:

V=-500 mV. (b) 11 nm x 11 nm Fourier transform of the image.
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Figure 3.14(a and ¢) shows the 5x5 nm® topographic maps of the same
region collected at sample biases of -370 mV, 340 mV together with their
corresponding Fourier transforms (b and d). Similar to that seen in Figure
3.13a, the sample surface in Figure 3.14a displays a relatively uniform
triangular /rhombohedral lattice structure. It's interesting to notice that a
second topographic feature appears between two Ir surface atoms when
the negative bias is decreased. This characteristic is more visible in figure
3.14c (at 340 mV), where a honeycomb-like pattern with inter-atomic
lengths of 2.2 + 0.1 A appears. The surface's atomic contrast changes with
the bias sign, so the rhombohedral lattice observed when probing occupied
states (at negative voltages) becomes a buckled honeycomb lattice when

adding the signal from unoccupied states (at positive tip voltages).

1

-

i
?I:

f;}:
)

i
g
:
!

f

Figure 3.14. (a) and (c) high-resolution STM pictures of 5 nm x 5 nm that were
taken with a tip bias/current of -370 mV/ 216 pA and 340 mV/ 216 pA,
respectively. (b) and (d) 11 nm x 11 nm Fourier transformation of the images of
(a) and (c). The white and red circles in (¢) correspond to Irl and Ir2 atoms

respectively.
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Figure 3.15 shows a line profile over the blue lines in figures 3.12a and
3.13a and c, respectively. In this picture, we can see a change in the
heights of atoms next to each other. This change corresponds to the
heights of the white and red dots in Figure 3.13c. The two Ir triangular
lattices correspond to the two adjacent Ir planes of phase sharing oxygen
octahedral of the monoclinic structure (see Figure 3.8 a) and constitute a
direct evidence of a monoclinic phase at the SIO surface. The alternating
heights and lateral contrast show that the unoccupied states being probed

are highly confined to the individual Ir octahedrons.
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Figure 3.15. (a), (b) and (c) line profile along the blue lines in figures 3.13a

and 3.14a and c, respectively.

We gain access to the momentum space of the sample by imaging the
surface with scanning tunneling spectroscopy (STS). Figure 3.16 depicts
a 128 x 128 matrix over a 3 nm x 3 nm map of the SIO/DSO film. This
figure was reconstructed from current-distance curves using the Shockley
surface state approximation, as well as the work function value obtained
using ultraviolet photoelectron spectroscopy (4.8 eV). The effective mass

of surface electrons on the film is found to be surprisingly homogeneous,
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with a value of roughly 0.21 + 0.05 m*. This homogeneity in effective

mass is consistent with extremely delocalized surface charge transport.
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Figure 3.16. STS image of the effective mass of charge carriers in the 5 nm
DSO sample at 500 nm x 500 nm. The spectrum distribution of effective

electron masses is displayed above the image.

Differential current spectroscopy curves (dl/dV) are presented in Figure
3.17, at 295 K (red) and 77 K (blue). Both curves demonstrate a linear,
symmetric change in the conductance, centered at 30 mV, with a gap-like
appearance. The 77 K curve shows a narrowing of the gap as well as the
emergence of two distinct states from the sample's conductance and
valence bands separated by 500 meV, which is approximately the value of
the spin-orbit splitting predicted in Ir. For reference, a curve of an 8 nm
thick SIO/STO sample collected at 77 K is given, which shows a wide
conductance feature with a non-zero DOS at the Fermi level, which is
consistent with expected semi-metal behaviour. Three key observations

can be inferred from the STS results on the 5nm SIO sample on DSO:

1. There is a linear change in the DOS as a function of bias above
and below the Fermi level with occupancy approaching zero as the
temperature decreases. The temperature independent DOS at the
Fermi level would be consistent with the low conductance value

shown in Figure 1, which is mostly unaffected by temperature.
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2. The linear relationship between DOS and bias is compatible with
a narrow Dirac cone with a Dirac crossing point 30 meV above the
Fermi level.

3. The valence and conduction bands begin to localize as the
temperature drops. There are two broad (quasiparticle-like) bands
at room temperature, but as the temperature drops, the bands get

into multiple, narrow states.
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Figure 3.17. Normalized differential conductance as a function of tip bias for the
DSO sample at room temperature (red line) and 77 K (blue line) and the STO
sample at 77 K (grey line).

These findings are in great agreement with the first principles simulations
of the electronic structure presented by Takayama and colleagues [16].
These simulations take into account the strong SOC of to, Ir electrons in
the SIO bulk monoclinic structure. It shows that monoclinic SrIrO; is a
semimetal made up of two protective gapless Dirac bands at the A and M

points of the Brillouin zone, close to the Fermi energy.

In fact, the topographic contrast practically disappears when the
tunnelling signal is evaluated at 5 mV, close to the minimum of the DOS
(see Figure 3.18a). Yet, the Fourier transform shows very weak spots

evidencing hexagonal structural features, as indicated by the white arrows
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in Figure 3.18b. This is consistent with the minimal amount of charge

carriers expected near the Dirac point.

Figure 3.18. (a) 5 nm x 5 nm high resolution STM images obtained at tip
bias/current: 5 mV /104 pA. (b) The corresponding 11 nm x 11 nm Fourier

transformed data.

The observed features can be discussed in the light of the electronic
structure proposed by Daniel Khomskii and collaborators for transition-
metal compounds in the case of the face-sharing MOG6 octahedra.
Transition -metal (Ir) ions in presence of the strong spin orbit interaction
show double degenerate (eq,) or triple degenerate (ts,) orbitals. The
trigonal distortions typical of the structures with face-sharing octahedra
lead to splitting of ts, orbitals into an ai, singlet and en, doublet. It is
proposed that for both doublets (es, and ey,), in the case of one electron
or hole per site, we arrive at a Kugel-Khomskii like symmetric model for
the orbital and spin interactions. The alternating heights in the Ir and the
highly localized states in the specific Ir octahedrons can be understood by
looking at the orbital configurations of the two forms of crystallographic
Ir in the monoclinic SIO. Figure 3.19 shows the differences in coordination
between the two types of octahedrons. Irl octahedron creates a network
by coordination between vertices, in which the SOC lifts the degeneracy
of the ty, electrons into two lower levels with J = 3/2 and one higher level
with J = 1/2 respectively (see Figure 3.19b). In the case of Ir2
octahedrons, this distribution of energy levels shifts as a result of face

sharing  coordination  splitting  ts, orbitals into  an ai, singlet
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and eg, doublet. This occurs as a consequence of the linear combination of
the remaining t2g states [17], [18]. As can be seen in figure 3.13¢ and the
line profiles in figure 3.15, in the scenario of Ir2, the anti-bonding e, and
alg states open up a channel for tunnelling from the tip to the empty

states thus explaining the observed STS features in positive voltages.
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Figure 3.19. Schematic illustration of the coordination of IrO polyhedron along

the ac plane, noticed the two different Ir crystallographic positions.

6. Conclusions

We have grown SIO thin films on different substrates with the objective
of understanding the impact of epitaxial strain on the structural and
transport properties. Our experiments revealed that compressive in-plane
strains yield the lowest resistivity values and metallic behaviour,
indicating that the overlap between out-of-plane orbitals plays a crucial
role in the transport properties of the SIO thin films. Particularly when
grown on DSO substrates, SIO thin films exhibit a phase transition to the
monoclinic phase over a narrow thickness range (5 to 8 nm). Interestingly,
the monoclinic SIO has a Dirac crossing point in the DOS that is centered

30 meV above the Fermi level. These results demonstrate a clear influence
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of strain and thickness on the transport and structural properties of STO

thin films, offering valuable insights into the modulation of these

properties. Furthermore, our findings suggest a significant interaction

between the substrate material and film growth dynamics, resulting in

distinct phase transitions. In conclusion, strain and film thickness are key

factors that can be manipulated to tune the properties of SIO thin films.

This understanding can potentially open new avenues for the fabrication

of thin-film materials with properties by-design.
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Chapter 4

Manipulation of the metal-insulator
transition in SrIrOs; ultrathin layers

through field effect

1. Introduction

5d oxides with strong spin-orbit coupling can host a wide range of novel
quantum states due to the interplay between Coulomb repulsion, U, and
spin orbit coupling, SOC, energy scales [1], [2]. SrIrOs (SIO) is in the
vicinity of a metal-insulator transition, MIT, triggered, as explained in
the introduction, by this interplay in a system where U, SOC, and
bandwidth, W (mediated by the octahedron coordination and rotations),
share nearly the same energy scale (0.3-0.4 eV) [3]-[10]. Naively speaking,
the narrow bands driven by the reduced hopping rate in distorted oxygen
bonds are split by the SO interaction in a way that the moderate Coulomb
repulsion of the 5d electrons is enough to induce an insulating state. In
this way, tiny external perturbations can deeply alter this balance and

modify transport and magnetic properties.

In transition metal oxides ultrathin films, the multiorbital nature of d
electrons together with the interplay between spin orbit interaction and
symmetry breaking opens interesting new avenues to control the electronic
structure [11]-[13]. Spin-orbit interaction mixes ts, bands (corresponding
to dyy, dw, and dy, orbitals) with different spin and orbital symmetry,

causing spin-orbit splitting and narrow bands where Coulomb interaction
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kicks in [2], [14], [15]. Inversion symmetry breaking, occurring naturally
at surfaces or interfaces, opens new hopping channels, influences orbital
mixing, band width, and spin splitting [11]-[13], [16]. The strong electric
fields developing in field effect experiments with ionic liquids can conspire
to modulate symmetry-breaking fields of ultrathin layers in the 2D limit.
As a result, the electronic structure, which is highly connected to the
electric field by the strong spin-orbit coupling, may be substantially

modified.

In the previous chapter, we used the epitaxial strain as a knob to modulate
the transport properties of SIO. In this chapter, we will use ionic liquid
gating [17]-][24] in ultrathin films of SIO to modify the electronic structure
in a way that the MIT can be controlled. Typically, the large electric field
generated at the interface between the ionic liquid and the oxide is

screened over the Thomas Fermi length, A7, whose value is [25]:

m\1/3  ea
2 _ (= 0
Atr = (6) 4n1/3m*

Where ¢ is the dielectric constant, ay is the Bohr radius, n is the density
of the electrons responsible of the screening of the electric field and m* is
the effective mass . Because of the reduced charge density in SIO triggered
by the high degree of carrier (electron-hole) compensation, its screening
length becomes nanometric, precisely matching the thickness range where
SIO thin films become insulating. The incomplete screening of the electric
field by the small carrier density of SIO, which is further decreased at
MIT, is essential for observing effects of the electric field apart from just

electrostatic doping.
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2. Epitaxial SIO ultrathin layers deposited on
(001) STO

Ultrathin films of SIO grown on (001) SrTiO; (STO) with thicknesses
ranging from 1-3 nm showed a metal-insulator transition when the
thickness was below 2 nm. As depicted in Figure 4.1, specular X-ray
diffraction experiments revealed that the out-of-plane lattice parameter
increased as the film thickness decreased. This is indicated by a shift of
diffraction peaks to lower angles, as seen by the inclined line connecting
the (002) diffraction peaks in Figure 4.1. These structural modifications
appear to be connected to the thickness-controlled metal-insulator

transition observed in the films.
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Figure 4.1. Specular x-ray diffraction of SIO ultrathin films grown on STO.

In order to study the impact of oxygen rotations on the reduced symmetry
of the unit cell, we conducted three-dimensional X-ray reciprocal space
imaging. The reciprocal space maps of the 5 nm sample, shown in Figure
4.2, are indexed using (H, K, L) triads that refer to the cubic unit cell of
the SrTiOs substrate. Non-integer reflections can be seen in both the in-

plane and out-of-plane axes, which indicates that the oxygen octahedra
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are rotating around both axes, similar to what is observed in bulk SIO.
The mixed {0, £K/2, L/2}, {£H/2, 0, L/2}, and {+H/2, £K/2, L/2}
reflections indicate the presence of a aa'c’ pattern of oxygen octahedral
[26]-[28], which is formed by the out-of-phase rotation of the octahedra
within the plane of the film layers, combined with out-of-plane tilting and
antipolar displacements of the A-site cations [27], [28]. This is an
indication that antiferrodistortive in-plane rotations aa’c’ occur in SIO
films with thicknesses below 1 nm [10]. When the thickness is increased
to four unit cells, these rotations relax into the 3D rotation pattern of the

Pbnm space group that is characteristic of bulk samples.

1.45 15 155 16 145 15 1.55 16

K(r.lu.)

046 048 05 052
K(rlu.)

12 14 186 18 2 22
L(rLu.)

Figure 4.2. (a) Reciprocal space map of a 5 nm SIO ultrathin film grown on
STO, showing the X-ray diffraction reflections projected on the KL plane. The
contour plot uses a logarithmic false colour scale and shows half-integer reflections
(0, -0.5, 1.5), (0, 0.5, 1.5) and (0, 0, 1.5) corresponding to the pseudocubic unit
cell of the iridate, as well as the integer (0 0 2) reflections of both film and
substrate. (b) and (c) Linear false colour scale contour plots of KL and HL
projections of the (0, 0.5, 1.5) reflection highlighted with a red box in (a). (d)
and (e) Intensity profiles of the map displayed in (b) along the horizontal and

vertical axes, respectively.

This rotating pattern was observed repeatedly in a series of samples
ranging in thickness from 2 to 10 nm; this is a thickness range in which

the films are metallic, as can be seen in Figure 4.3.
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Figure 4.3. Resistivity as a function of temperature of SIO ultrathin films

grown on STO.

3. In-operando transport measurement with ionic

liquid gating

In order to perform the transport measurements, we first fabricate a Hall
bar device in the manner that is explained in the Experimental Methods
chapter. In this device, longitudinal (Vxx) and transverse voltages (Vxy)
(Hall Effect) can be measured using the two different configurations shown

in Figure 4.4.

Next to the Hall bar gate, electrodes were patterned to yield the gating
geometry shown in Figure 4.5a. The ionic liquid drop is deposited on the
sample, covering all its surface (Figure 4.5b). The Hall bar is connected
to ground, and the gates are connected to the voltage source as indicated
in figure 4.5¢. Using this configuration, if we apply positive gate voltages,
the sample will be doped with electrons, and negative gate voltages will

dope it with holes.
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Figure 4.4. Scheme of the Hall bar configuration for measuring longitudinal and

transverse resistivity

We chose sample thickness at the verge of the MIT on both the insulating
(1.6 nm) and metallic (2.0 nm) sides of the transition and performed the
ionic liquid gating experiments in these samples to cross the MIT from
both sides. Longitudinal resistivity and Hall effect measurements were
taken at the same time for each gate voltage. lonic liquid gating turned
the conducting state of the samples from metal to insulating, and vice
versa. As we will discuss below, it is interesting that the effect of the
gating was the opposite of what one would expect from electrostatic
doping. When positive gate voltages (expected to produce electron doping)
are applied to the metallic 2 nm sample (Figure 4.6a), it turns into an
insulator. This is a surprising result in view of the semi-metallic band
structure of SIO 113, where an increase in the number of electrons (the
more mobile carriers) should increase conductivity, contrary to what is
observed. Under negative gate voltages (expected to produce hole doping),
the insulating 1.6 nm sample (Figure 4.6a) turns metallic. These
anomalous changes are a first indication that the effect of the electric field

in the gating experiment is not simply causing electrostatic doping.
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Figure 4.5. (a) Scheme of the gating geometry. (b) Image of the sample with the
ionic liquid drop on top. (¢) Scheme of the polarization configuration for a positive

voltage applied.

We investigate the variations in carrier density caused by the gating
process by measuring the Hall effect at 40 K for various gate voltages.
This temperature is sufficiently high to avoid the effects of quantum
corrections on the conductivity or magnetoresistance of magnetic phases,
which appear at low temperatures, as detailed below. According to
previous reports, transverse resistivity always had a negative slope,
indicating that electrons have larger mobilities than holes [8], [28], [29].
When the metallic 2 nm sample is gated with positive voltages (expected
to generate electron doping), an increase in Hall resistivity is induced,
which might be explained in principle as a drop in hole density in a two-
band picture. On the other hand, when the insulating 1.6 nm sample is
gated with negative voltages, the Hall resistivity drops, which might be
explained in terms of an increase in hole density in a two-band picture
(Figures 4.6¢ y 4.6d).
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Figure 4.6. Longitudinal resistivity (a) and (b) and Hall effect (¢) and (d)
measured at 40 K at each gate voltage during an ionic liquid IL gating
experiments of a 2 nm SIO 113 sample at the metallic side of the MIT (a) and
(¢) and of a 1.6 nm sample at the insulating side (b) and (d).

3.1. Reversibility of the gating process

The following sections address two critical issues in ionic liquid doping:
the creation of oxygen vacancies by the strong electric field in the double
layer and the chemical stability of the ionic liquid as a result of reaction
with the sample. To avoid reactivity with the sample, the ionic liquid was
deposited on the SIO in a precooled sample plate of a cryostat in an inert
atmosphere. The temperature was quickly decreased and maintained
below room temperature during the gating experiment. When the
temperature is maintained below 240 K, no degradation by the ionic liquid
is detected. The reversibility of the gating experiments demonstrated the
absence of degradation. Positive gate voltages forced an insulating
condition from a metallic sample, while negative gate voltages restored

the metallic state (see Figure 4.7).
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Figure 4.7. Gate reversibility. Resistance vs. temperature graph (black symbols)
of a pristine metallic sample. Positive voltage doping (red curve) turns the sample
insulating. Red arrow indicates direction of the changes. Negative voltages

recover metal (blue symbols). The blue arrow indicates changing direction.

Regarding oxygen vacancies, as shown in the references [30], [31], oxygen
vacancies might be created under positive gate voltages, where the strong
electric field towards the SIO layer could attract oxygen anions to the
ionic liquid. The reduction in electron density found at positive gate
voltages, on the other hand, is incompatible with the electron doping
induced by oxygen vacancies. Furthermore, we did not see the signal of
ionic liquid deterioration by oxygen accumulation in capacitance versus
frequency measurements taken concurrently with gating, as depicted in
Figure 4.8. Finally, although oxygen vacancies have been proven in gating
studies to occur in cuprates and other mixed valence compounds, the great
chemical stability of Ird+ towards reduction makes vacancy formation

challenging.
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Figure 4.8. Ionic liquid capacitance reversibility. Ionic liquid capacitance
between the SIO and side electrode at varying gate voltages. Reversibility

suggests the ionic liquid has not deteriorated.

3.2 Evolution of charge densities and mobilities with

IL gating

We analyzed the evolution of the transport properties during gating to
extract the induced changes in charge densities and mobilities [8]. As the
SIO has an electron and a hole band crossing the Fermi level, we analyzed
the Hall effect using a two-bands model, as described in Eq. 1. As the Hall
transport is dominated by electrons, this expression can be approximated

with its low field limit to the Eq. 2

_ tRyy 1 nhl"le — nepty + (ny, — 1) (UppteB)?
P ="p =7

e o? 1]
0 e? + (nh - ne)z(ﬂh#eB)z

e
PH=—3 (npus — neus) [2]
0
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Where

0y = Op + 0o = e(Mppp + Nelde)

On the other hand, we can fit the cyclotron component of the
magnetoresistance to the Eq. 3, which assuming low field and the same
concentrations for electrons and holes, and thus that the term, MR can

be written as Eq.4

MR =

1 npup — Nepte + (Mpup + Nepte) (Hppe B)?
E 2
)

(3]
e? + (nh - ne)z(.“h:ueB)z

e
MR = O'_ (nhuhﬂg + neﬂeﬂle)Bz [4’]
0

Parabolic field dependence of magnetoresistance was experimentally
verified at 40 K during the gating process. This temperature is enough to
avoid quantum corrections and ensure a dominating parabolic shape [29],
as shown in Figure 4.9. We used a sampling algorithm, assuming a
constant ratio between electron and hole mobilities to determine carrier

densities and mobilities consistent with equations [2] and [3].

Figure 4.10 shows carrier densities (a) and mobilities (b) for an insulating
1.6 nm-thick sample (blue symbols) turned conducting by gating with
negative voltages (hole doping) and a conducting 2 nm-thick sample (red
symbols) made insulating by gating with positive voltages (corresponding
to electron doping). Solid figures represent electron concentrations and
mobilities, whereas open symbols represent hole carrier mobilities. Notice

that gating affects carrier density but not mobility.
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Figure 4.9. Left panels. Magnetic field dependence of the magnetoresistance upon
gating for a 1.6-nm thick sample (upper panel) and a 2-nm thick sample (lower
panel). Right panels. Coefficient of the parabolic magnetoresistance MR =
U%(nhuh,ug + nepepz)B* = AB? (upper panel) and Hall resistivity (lower panel)

for both samples (blue symbols correspond to the 1.6 nm sample and red symbols
to the 2 nm sample).

When the 2 nm sample is doped with positive gate voltages (electron
doping), electron density diminishes. Electron doping of a semimetal
should increase hole concentration, however as well as the electron
density, the hole density decreases too. The Hall resistivity increases with
positive gate voltages because the electron-hole ratio increases. However,
negative voltages (hole doping) increase the density of holes and electrons
in the 1.6 nm thick sample. Due to double layer charge screening, the
usual doping effect cannot explain this behavior. The sudden suppression
in carrier density in the insulating state suggests the opening of a gap in

a way controlled by the external electric field.

108



Chapter 4. Manipulation of the metal-insulator transition in SrlrO; ultrathin

layers through field effect

2nm 2 hm

=
[
=
3
-
o
=]
3

H
E
l

10 I—-| 100
b 80
. 8~ I _. 807
o2 I | M 1 0 " I
E o . 2 60 _ g4 = =
e - -l — - AEEm
s : - O’EU jel Y
T o4l NLLLL- SR D 400 [ o
.~° : I: n M L I *-..
.= - _.’_. -
2] Tl 201
3 2 10 1 2 3 3 2 10 1 2 3
Vg (V) Ve (V)

Figure 4.10. Carrier density (left panel) and mobility (right panel) as a function
of gate voltage for a metallic 2 nm-thick sample (red symbols) and a 1.6 nm-thick
sample (insulating). Electrons are solid and holes are open. Insulating states have

green dotted squares while metallic states have grey ones.

The unusual decrease in electron and hole concentrations when the
insulating state is approached suggests the opening of a charge gap.
However, it is unclear why this phenomenon (if unrelated to doping) is
affected by the direction of the electric field. It is expected that the applied
electric field should modify the confining potential and spin-orbit
interaction, but not the field direction, as in fact happens. The reduced
carrier density reduces screening effects on charge density, especially in
the insulating state where the Thomas Fermi screening length is
comparable to sample thickness. In a system like ours with broken
symmetry and high spin orbit interaction, the enormous partially screened
electric field generated in the gating operation can deeply modify the
electronic structure. This suggests that the surprising asymmetric electric
field dependence is caused by the symmetry-breaking of the ultrathin
samples controlled by the electric field generated during the gating

process.
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3.3. Anomalous Hall effect

The unexpected (ferro)magnetism shown by low-temperature
measurements of the transverse resistivity in the insulating state is direct
evidence of the correlated nature of the insulating state driven by an
electric field. Figures 4.11 (a)-(f) clearly exhibit the anomalous Hall effect
in the insulating state between 2 and 40 K. Subtraction of the normal Hall
resistivity (linear component) from the high field slope results in an
evident (inverted) hysteresis cycle. This hysteresis suggests not only an
emergent ferromagnetism but also a negative anomalous Hall conductivity
(Figure 4.11 (g)).
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Figure 4.11. (a)-(f) Hysteretic Hall effect measured as a function of magnetic
field at low temperatures; (g) anomalous Hall effect measured by subtracting the
ordinary component from transverse resistivity. (h) Sketch showing that the out-
of-plane canted moment is caused by bending Ir-O-Ir bonds or tilting octahedrons

(Ir atoms are at the center and oxygens are at the vertexes).
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4. DFT

The electric field modulation of the ground state of SIO ultra-thin films
reveals an intriguing scenario of external control of symmetry breaking.
We used first-principles density functional theory (DFT) simulations to
acquire insight into the electric field-driven alteration of SIO electronic
states. The DFT calculations were carried out by Juan Beltran (GFMC-
UCM) and Marfa del Carmen Munoz (ICMM-CSIC). I did not directly
participate in these calculations, but the results are described below as

they are essential for the understanding of the gating effect.
4.1. Previous considerations

To model SIO films, asymmetric (001) SIOm/STO slabs with two SrO
layers on the free surface and at the SIO/STO interface. The supercells
had four formula units in the plane to account for the reduction in
symmetry observed in X-ray reciprocal space maps. This reduction in
symmetry is caused by anisotropic bond distortions caused by oxygen
octahedron rotation and polar displacement of Sr atoms. A sawtooth-like
potential is used to add the external electric field. We varied the number
of unit cells in (001) SIOm/STO between m=1 and 6 and the slabs were
structurally optimized to take into account the electrostatic screening
effects (see Figure 4.12).

4.2. Band structure simulations

Films are insulators for m = 2 and a MIT occurs for m = 3. Figure 4.13
shows the band structure around the Fermi level of the SIO (m = 3)/STO
slab (sketch in Figure 4.12). The metallic state has a band structure
controlled by the tilting and rotation of the IrO¢ octahedra and the U
Hubbard electron correlation (U=1.5 eV). This band structure matches
the most stable aac’ crystal configuration observed in the x-ray
measurements, although the STO substrate affects the rotation angles of
the IrOg octahedra nearest the SIO-STO interface. Different colors
indicate projections into the IrO, planes of the structure (green, red and

blue correspond to the surface, middle, and interfacial planes). Figure 4.13
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Figure 4.12. Atomic diagram of the [SIO]|3/STO heterostructure for positive
external electric field (E=0.1 eV) showing oxygen, titanium, strontium, and
Iridium atoms as red, blue, green, and yellow circles with the atomic plane along
the: a) [010], b) [001] direction.

also illustrates the band structures under electric fields of +0.1 eV/A
perpendicular to the layers. Positive values indicate electric field from the
SIO surface to the STO interface that corresponds to positive gate

voltages in the experiment.

We observe that the electric field direction affects calculated ground state.
Positive electric fields push the narrow Jus = 1/2 t, bands above the
Fermi level, driving an insulating state. For negative electric fields, wider
bands cross the Fermi level and become metallic. Thus, positive and
negative electric fields affect the band structure around the Fermi energy
asymimetrically. These calculations reflect the above experiments: electric
field has a symmetry breaking effect. Positive electric fields restore band
degeneracy of the IrO, planes, which have already been lifted in the
asymmetric SIO/STO slab, and increase the energy of the bands, which
are primarily localized on the film surface (green coloured bands). In
negative fields, however, the bands remain non-degenerate. As a result,
even with zero applied electric field, electronic states that belong to
different planes appear separated in the metallic state and mixed in the

insulating state. Negative electric fields increase film asymmetry, whereas
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positive electric fields decrease it, demonstrating that the intrinsic

asymmetry of the film produced on STO can be compensated.

It is important to remark that the symmetry breaking comes from the
differences in the confining potentials of STO and vacuum. Calculations
(Figure 4.13 d, e and f) removing the STO layer, while keeping the
structure unrelaxed to retain a certain degree of asymmetry, provide direct
support for this statement. Removing the STO (and thus reducing band
asymmetry) yields in an insulating state at E=0, that a negative electric
field cannot restore into the metallic state, but it reduces the gap and
increases band asymmetry. This implies the symmetry breaking of the

STO is analogous to a negative electric field.
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Figure 4.13. STO supercell on STO band dispersion (panels a—c). The structure's
[rO2 planes produce bands of varied hues (green, red, and blue correspond to the
surface, middle and interfacial planes). Calculations are under external electric
fields E = -0.1 eV/A (a), E = 0 (b), and E = 0.1 eV/A. (c). SIO supercell band
dispersion without the STO layer (panels (d), (e), (f)).
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In the same way, the spin-orbit interaction is essential for tuning the
metal-insulator transition by using positive electric fields. As shown in
Figure 4.14, not including the spin-orbit interaction, the film is metallic,
and the electric field is screened by charge redistribution between the IrO,
layers. The competition between the different asymmetries (STO and
electric field-driven) is only active when spin-orbit coupling (SOC) is

switched on.
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Figure 4.14. Band dispersion for the SIO supercell on STO, like figure 4.13, but

without including the spin-orbit interaction.

4.3. Density of states

To investigate the role of the electric field in modulating the inversion
asymmetry introduced by the STO substrate further, we examined the
layer projected densities of states for three fields, E = 0 and E = 0.1
eV/A, in structures with or without the STO substrate. The results,
observed in Figure 4.15, indicates the SIO layers exhibit a metallic density
of states in the presence of the STO base layer and in the absence of an
external field (first row). When a positive field is applied, the energy
distribution of the occupied bands changes and the energy gap opens. The
negative field, on the other hand, induces a significant rearrangement of
the electronic levels within the film while preserving the density of states
at the Fermi level. The second row of Figure 4.15 shows the layer
projected DOS of SIO slabs without the STO layer, but with no the atomic
relaxation. In this case, the insulating state is found at E = 0 (rather than
at B = 0.1 eV/A as with STO), indicating that the effect of intrinsic
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symmetry breaking is comparable to that of a negative electric field
pointing from the STO to the SIO surface. The relaxed SIO slab without
STO is shown in the three bottom panels of Figure 4.15, which produces
an insulating state that, because the SIO slab is now fully symmetric, does
not change when the direction of the electric field is reversed. This analysis
shows that the interplay between the electric field and the asymmetry of
the slab cause the inversion symmetry breaking and induce the metal to
insulator transition in the system. This interplay is enhanced by the strong
spin-orbit coupling, which makes the bands mainly localized at the surface
always have smaller energy. The applied electric field has a larger spin-

orbit-driven symmetry breaking effect at the surface than at the interface.

5. Discussion

The restoration of the orbital angular momentum degree of freedom in the
t2 manifold (effective L = 1) may couple the electronic structure to the
electric field. Orbital angular momentum interacts to ultrathin oxide
layers' inversion symmetry-breaking electric fields to produce Rashba-type
surface band splitting, which can lead to interesting new phenomena [32].
Rashba-type splitting occurs when the electric field interacts with the
dipolar charge distributions associated with orbital angular momentum
states [33], [34]. However, this contradicts the "up-down" electric field

asymimetry shown by gating experiments and first-principles calculations.

Alternatively, the multiorbital effects of Rashba spin-orbit interaction in
the ts electron could be used to explain how spin-orbit interaction and
inversion symmetry breaking interact [11]-[13]. SIO is a ta, electron system
because the strong crystal field splits the d orbitals, as mentioned in the
Introduction chapter. In a cubic environment, parity symmetry prevents
interorbital hopping, whereas inversion symmetry breaking opens

additional hopping channels in the Ir-oxygen network.

115



Chapter 4. Manipulation of the metal-insulator transition in SrlrO; ultrathin

layers through field effect

g
;

25 2

1|5 7‘1 "0|'5‘ 0 05

ZYUVUBEAS BUEE 2 GRS RS 29 VANARREE BRRE
YNV AN PL I RSN PN NG I P LS N AN E
B I A A ] P e
MM_; g PTG N B o N S P

E

Figure 4.15. Density of states projected to SIO [001] lattice planes. The three
columns represent applied electric fields of -0.1 eV/A, 0 eV/A and +0.1 eV/A.
Three SIO atomic models are shown in the tree rows: SIO superstructure
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positions, and without the STO layer permitting relaxation.
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Thus, the external electric field modulates hopping processes, and when
combined with the atomic-like spin-orbit interaction, the new hopping
channels generate additional Rashba band splittings, which in multiorbital
systems are much more complex than spin-splitting in 2D semiconductor
quantum wells. The electric field breaks inversion symmetry, modulating
the effect of other symmetry breaking on the polar deformations of the
orbital lobes that create new hopping channels. The electric field cannot
distinguish up from down, but other types of symmetry breaking can
create different hopping energies at the surface and at the STO interface,
which can be changed by the electric field. In this case, the oxygen
rotations are asymmetric at the interface (where the titanate suppresses
out-of-plane bond bending) and the surface (where the film relaxes
towards the bulk's aac’ structure). Octahedral rotations allow
antisymmetric interorbital hopping terms between xy and yz orbitals
along the x direction, coming from surface layer orbital lobe deformation
[12].The absent apical oxygen above the surface lowers the energy of the
z? orbital, enabling additional coupling paths to the electric field. The
modulation of the broken symmetry hopping channels by the strong
external electric field is central to the observed effect and justifies the
lower energy (larger hopping) of the IrO2 planes at the surface. Future
work will establish the direct connection between the detailed mechanism

and the broken symmetry channels.

According to the experimental data, the estimated insulator phase for the
SIO/STO in a positive electric field has canted orbital (0.26 ug) and spin
(0.17 pg) moments with out of plane components of 0.04 and 0.02 pg,
respectively. Their ratio is 1.52, close to two, the ideal Jeff = 1/2 state.
Orbital and spin moments in adjacent Ir atoms align antiferromagnetically
both within and between layers, despite canting of magnetic moments
generated by rotation and tilting of the IrO6 octahedron, providing a weak
ferromagnetic component perpendicular to the film, see Figure 4.11h. On
the contrary, in the metallic state reached with a negative electric field,
the long-range magnetic order observed in the insulator does not occur,

although smaller local orbital and spin moments may survive.
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Dzyaloshinskii-Moriya interaction gerenates a canted antiferromagnetic
state, that produces tiny out-of-plane moments [35]. Bertaut's law [36]
dictates that out-of-plane Ir-O-Ir bonds bend to generate symmetry
conditions for weak ferromagnetism [37]. This canted antiferromagnetic
order is reflected in the anomalous Hall conductivity. Strong spin-orbit
interaction causes non-collinearity, which breaks time reversal symmetry.
This makes it possible to observe AHE [38], [39], which comes from the
Berry flux at avoided crossings caused by symmetry breaking and spin-

orbit interaction [40].

6. Conclusion

In conclusion, we have shown that the high electric fields produced in a
field effect experiment with ionic liquids strongly couple to the electronic
structure of ultrathin films of SrlrOs, creating deep modifications beyond
those expected from doping. Driven by the strong spin orbit interaction,
the external electric field conspires with inversion symmetry breaking to
yield anomalous band splitting which trigger the metal-to-insulator
transition. Solid evidence for the main role played by electron correlations
in producing the transition is provided by the emergent anomalous Hall
effect and magnetism, which is related to the out-of-plane canted
antiferromagnetic state discovered in the insulating phase. We have shown
that the electric field-controlled inversion symmetry breaking is a useful
knob for manipulating the effective strength of the correlations yielding
the MIT transition [41].
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Chapter 5

Interface dependent anomalous Hall
etfect in SrlrOs; by magnetic

proximity effect

1. Introduction

Traditionally, topological phenomena have been studied in materials with
strong spin-orbit interaction, where electronic states are typically
extended due to the large atomic numbers of these material families (for
example, topological insulators). On the other hand, strongly correlated
materials (such as high-Tc superconductors or colossal magnetoresistance
manganites) owe their correlated electronic groundstates to highly
localized early transition metal states [1]. As such, correlated and
topological physics have long been considered to result from opposite
research strands with little mixing. In recent years, there has been growing
interest in the study of the interplay between topological phenomena and
correlated physics [2], [3], as exciting electronic groundstates (like
topological Mott insulators or Weyl semimetals) may emerge. Moreover,
this competition may be the seed of new responses of interest in quantum
technologies, where the correlated physics brings a wide manifold of
tunable responses and the topological states their robustness against
external perturbations and decoherence. In this sense, the 3d/5d oxide
interface is a highly promising area of research as it combines the strong

spin-orbit coupling of the 5d oxides with the strong electron correlations
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and magnetism of the 3d oxides. In addition, the perovskite structure
common to many of both 3d and 5d oxides allows to bring them in
“intimate” electronic contact at epitaxial interfaces, which may constitute
a unique playground to realize the interplay between topology and
correlations and enable exciting opportunities to explore novel electronic
and magnetic groundstates. In this chapter we will focus on the study of
the interplay between correlations and topology in LagsSrozMnOs/SrlrOs
(LSMO/SIO) heterostructures. To probe the topological states, we will
examine the intrinsic anomalous Hall effect, a transport phenomenon that
is related to the topology of the electronic band structure [4], [5], and
correlated physics will be probed through interfacial magnetism (SQUID

magnetometry and x-ray absorption) and MIT in transport experiments.

In the following, we will investigate the AHE of LSMO/SIO interfaces,
which constitutes an attractive playground for investigating unique
contributions to the intrinsic Hall effect [6], [7] connected to the
topological features of correlated electrons. Both layer sequences
LSMO/SIO and SIO/LSMO will be examined as, as shown below, the
different interface bonding causes markedly different forms of electronic

reconstruction.

2. Sample growth and structural characterization

The bilayers were grown utilizing the high-pressure pure oxygen
sputtering process detailed in the introductory chapter. Employing high
oxygen pressures (2.8 mbar) and high temperatures (650 °C for SIO and
900°C for LSMO), epitaxial growth of the samples on (001) oriented
SrTiO; substrates occurred in a pure oxygen environment. We fabricated
two types of samples: LSMO/SIO bilayers with SIO at the bottom and
SIO/LSMO bilayers with SIO at the top. To protect the SIO layer from
deterioration, samples with SIO on top were capped with a 3-nm

amorphous BTO layer.
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Aberration-corrected scanning transmission electron microscopy (STEM)
was used to examine the structure and chemistry of both sets of samples.
However, to analyze both interfaces concurrently, Figure 5.1 displays the
high angle annular dark-field (HAADF) and electron energy loss
spectroscopy (EELS) results pertaining to a trilayer of LSMO (15
nm)/SIO (4.4 nm)/LSMO (15 nm). This trilayer structure allows
examining both interface stackings in the same sample. These
measurements were acquired at the "Centro Nacional de Microscopia
Electrénica" (CNME) using a JEOL JEM ARM200cF operated at 200 kV.

Figure 5.1a features a HAADF image obtained from a cross-section sample
thinned in the [100]/[001] plane, revealing flat and coherent interface
growth over extensive lateral distances. Due to contrast scaling with
atomic number, the heavier Ir atoms at the B site of the perovskite (IrO,
planes) appear brighter in the SIO, while La/Sr (A site of the perovskite)
exhibit less brightness in the LSMO.
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Figure 5.1. Structure and chemistry of the LSMO/SIO, SIO/LSMO interfaces.
(a) Low magnification HAADF image of an LSMO (15 nm)/SIO (4.4 nm)/LSMO
(15 nm) sample. (b) Electron energy loss spectroscopy (EELS) acquired across
the LSMO/SIO/STO interfaces following the green line.

Figure 5.1b presents the Mn Los, La Mys, Sr Los, and Ir Mys integrated
signals from an EELS line scan perpendicular to the interface, as indicated
by the green line in Figure 5.1a. By comparing the decay of the La Mus
and Mn Los signals towards the interfaces, it becomes evident that
additional SrO planes exist at the interfaces. The LSMO/SIO interface
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(LSMO at the top) contains an extra SrO plane, resulting in a
LaSrO/SrO/SrO/IrO2 layer sequence (Sr planes marked with black
arrows). Conversely, the SIO/LSMO interface (SIO at the top) possesses
two additional SrO planes, yielding a LaSrO/SrO/SrO/SrO/IrO2 layer

sequernce.

Figure 5.2 displays a magnified HAADF view of the two distinct
interfaces. The SrO planes between the La and Ir planes (marked with
yellow arrows) are laterally displaced in relation to one another, as in the
rock salt structure. A clear contrast anomaly observed at both interfaces
highlights the differences between the LSMO/SIO and SIO/LSMO
interfaces. Notice the increased interface width of the SIO/LSMO
interface due to the extra SrO block with an extra SrO plane, which will

confer an insulating character to the interface.

Such interface reconstructions have not been reported in other manganite
iridate superlattices [8]-[10] grown by pulsed laser deposition (PLD).
However, they are frequently observed at interfaces between perovskites
involving members of the Ruddlesden-Popper series [11]-[13]. As
demonstrated below, similar to other manganite-based heterostructures
[13], the interfacial SrO planes will profoundly impact the transport and

magnetic properties of the interface.
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Figure 5.2. HAADF magnification of the (a) SIO/LSMO interface and the (b)
LSMO/SIO interface. The scale bar corresponds to 2 nm. The La and Ir planes
that delimit the interface are marked with yellow arrows.
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3. Transport characterization

The longitudinal and transverse dc resistances, Ry, and R were

Xy
measured as a function of the magnetic field H (applied perpendicular to
the film plane) for different temperatures in the range 5-300 K using a
Quantum Design PPMS apparatus equipped with a He flow refrigerator
(see Methods chapter) and a superconducting magnet. The LSMO/SIO
samples were measured at the CNRS Thales of Paris while the SIO/LSMO
samples were measured at the “Instituto de Ciencia de Materiales de

Madrid” (ICMM).

The resistances are defined as Ry, = Viy/Ly, (longitudinal resistance)
and Ryy = Viy/lLxx (transverse resistance), with I, the injected dc current
and Vi, and Vi, the voltages measured parallel and perpendicular to the
injected current. The LSMO/SIO samples were measured using the 4-
point technique, while the SIO/LSMO samples were measured using a
Hall Bar of 250 pm width as shown in Figure 5.3. Voltage offsets were

removed by inverting the current sign and averaging the measured

250 um u‘@'- STO

SI0/LSMO
()
&~

Figure 5.3. Microscopy image of the Hall Bar used in transport
measurement of the SIO/LSMO samples.

voltage.

The pure Hall signal, which is “odd” with respect to the applied field, was
calculated as (Ryy, (H)) = (Ryy(+H) — Ry,,(—H))/2. This allows removing
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any spurious contribution to Ry, resulting from the electrodes’
misalignment and the strong magnetoresistance of LSMO (which is “even”
with respect to the applied field). In LSMO/SIO samples we calculated
the resistivity pyx and py, via the Van der Pauw method from the
resistances obtained as described above, by considering the films’
dimensions and thickness. In SIO/LSMO samples we calculated the
resistivity pyy and py, using the resistivity equation from the resistances

obtained by also considering the films’ dimensions and thickness.

In this study, we analyze two sets of samples, namely, LSMO/SIO bilayers
and SIO/LSMO bilayers, as sketched in Figure 5.4. The LSMO/SIO
samples, measured at CNRS Thales of Paris, have a constant LSMO
thickness of 25 nm and the SIO thickness is varied between 0 and 15 nm.
The SIO/LSMO samples, measured at the Instituto de Ciencia de
Materiales de Madrid, have a constant LSMO thickness of 16 nm and the

SIO thickness is varied between 0 and 15 nm.

SI0 /LSMO LSMO / SI0

LSMO d;~25nm

Figure 5.4. Sketch illustrating the two bilayers configuration: SIO/LSMO (left),
LSMO/SIO (right).

The longitudinal resistivity of each sample was measured as a function of
temperature. As illustrated in Figure 5.5a, both sample sets demonstrate
congsistent metallic behaviour across the entire temperature range, with
the resistivity values being remarkable similar. Further analysis reveals
that within each set of samples, the resistivity values are maintained,
irrespective of the SIO thickness variations. This is clearly depicted in
Figure 5.5b, which uses the SIO/LSMO interface as an example. The

uniformity in resistivity values is predominantly attributed to the
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substantial thickness of LSMO presented in all the samples. The relatively
large LSMO thickness effectively enforces a characteristic metallic

behaviour, thereby determining unaltered specific resistivity values.
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Figure 5.5. Longitudinal resistivity p« vs. temperature for (a) SIO (5
nm)/LSMO(16 nm) and LSMO(26.1 nm)/SIO (4.9 nm) and for (b)
SIO(x)/LSMO(16 nm) with x between 0 and 15 nm.

Similar to previous observations, the magnetoresistance (MR)
measurements exhibit remarkably consistent behaviour across all samples
set, dominated by the presence of LSMO. Figure 5.6 serves as a
representative example, showing the MR measurements at various
temperatures for LSMO/SIO (on the left) and SIO/LSMO (on the right)
bilayer samples with equivalent SIO thicknesses. Interestingly, the
magnetoresistance takes a positive value under low magnetic fields, which
we attribute to anisotropic magnetoresistance (AMR). Subsequently,
upon saturation of magnetization, the MR transitions to a negative value,
attributed to colossal magnetoresistance (CMR), a phenomenon widely

reported in manganites, as explained in the introductory chapter.
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Figure 5.6. Magnetoresistance at temperatures from 2 to 200 K in (left)
LSMO(26.1 nm)/SIO (4.9 nm) and (right) SIO(5 nm)/LSMO(16 nm).

On the other hand, we have carried out transverse resistivity
measurements of all samples in a wide range of temperatures. As an
example of the systematic work we have carried out, Figure 5.7 shows the
transverse resistivity measurements taken between 20 and 100 K for
LSMO/SIO and SIO/LSMO bilayers with varying SIO thicknesses.

We first study Hall effect in LSMO and SIO individual layers by
measuring the Hall resistivity (pyy) at low temperatures (T < 100 K). The
measured py, includes contributions from both the ordinary Hall effect
(OHE) and the anomalous Hall effect (AHE), such that py, = p2y'f +
p,‘g,'IE. The OHE is proportional to the magnetic field (H,), while the AHE

is proportional to the magnetization (M,) perpendicular to the film plane.

It is crucial to note that the sign of the OHE in LSMO is opposite to that
in STIO because carriers in manganites are holes, while transport in SIO is

dominated by more mobile electrons.

Focusing on the AHE, we observe in the LSMO example of Figure 5.8a
that, for plain LSMO films, p,‘?ffE becomes constant once M, is saturated
by the applied field H,. This allows us to determine p,?f,"E and p;?}IfE from

the measured py..
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Figure 5.7. Transverse Hall resistivity ps vs. out of the plane magnetic field,
H,, at temperatures between 20 K and 100 K in bilayers LSMO/SIO (left side)
and bilayers SIO/LSMO (right side) for thickness of SIO between 0 nm and

10nm.

Figure 5.8b reveals that p,‘ng (depicted by the red line) in SIO is zero,
which is expected due to its paramagnetic (non-ferromagnetic) ground
state. On the other hand, a finite p,‘?f,{E can be observed in LSMO (red line
in Figure 5.8) and LSMO/SIO bilayers (visible in Figure 5.8c and Figure
5.8d). We define Ap,‘gm as the value of p,‘?ffE when M, is saturated by H,,

as marked by the green arrows in Figure 5.8a.
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Figure 5.8. Transverse Hall resistivity pg vs. out of the plane magnetic field, H,,
(black lines) of LSMO 16 nm (a) and SIO 5 nm (b) thin films SIO (5 nm)/ LSMO
(16 nm) bilayer (¢) and an LSMO (25 nm)/ STIO (4.9 nm) bilayer (d) measured
at T = 100 K. Ordinary Hall resistivity pgy/® (blue lines) and anomalous Hall

it AHE ; . CEyA T AHE 5. 3i
resistivity, Apgy'® (red lines) have been separated. Apgy'® indicates the value of
p,ffE at magnetic saturation (green arrow).

We assess the Apf;”:" changes for both sets of samples within a

temperature range where magnetization remains essentially constant

(occurring for T<100 K). The measured Apsy/®

undergoes changes solely
through its relationship with the longitudinal resistivity px, given by the

inversion of the conductivity tensor, as described:

ApfHE(T) = |oAHE| - p2.(T) (1)

We graph Apf}/E(T) against pZ,(T) for the two bilayer sets, SIO/LSMO
(Figure 5.9a) and LSMO/SIO (Figure 5.9b). In each set we have kept a
constant LSMO thickness (dr= 16 nm in SIO/LSMO and di= 25 nm in
LSMO/SIO) and varied the SIO thickness (ds). For both sets, a linear

scaling is observed throughout the entire range of ds, including the sample
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without SIO (ds= 0). This finding suggests that the anomalous Hall
conductivity is independent of the scattering rate, and thus, it is an

intrinsic contribution of the AHE driven by the topological properties of

Bloch states in reciprocal space.
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Figure 5.9. Evolution in temperature of the AHE at saturation, Apﬁ;’E

longitudinal resistivity, p2,, of LSMO/SIO bilayers (right) and SIO/LSMO
bilayers (left) for different thicknesses of SIO.

, vs. the

Following the previous equation, the slope of Ap,‘g’ E against p2, represents
the AHE conductivity G,‘C“f’s for the bilayer system. Figure 5.10 displays
the conductivity /= for both the SIO/LSMO bilayers (purple points)
and LSMO/SIO bilayers (pink points). We observe that the o5'" for the
SIO/LSMO bilayers exhibits a smooth decrease as the SIO thickness (ds)
increases, while the O';l;IE for the LSMO/SIO bilayers experience an

abrupt decrease when ds increases, followed by saturation.
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Figure 5.10. AHE conductivity, O',‘glE, vs. thickness of the SIO layer, of the
bilayer samples. The symbols are experimental values of the Hall conductivity
obtained from linear fitting curves in Fig. 5.8. The purple dashed line indicates
the calculated G,‘f}f{E using a bilayer model (Eq. 3). To calculate U,‘quE , We use

d.= 27.3 nm which is the average value of dL. of the different samples.

To understand the sudden decrease of the AHE in LSMO/SIO bilayers
when a few layers of SIO come into contact with LSMO, we analyze the
AHE data using a circuit model. This model facilitates the calculation of
transverse p;g,w and longitudinal p,, resistivity of a multilayer based on
the individual layers. The model generates an expression for the AHE
conductivity. Assuming a relationship between the AHE and longitudinal
resistivity in the form of Eq. 1, the model provides the following expression

for the AHE conductivity:

ApAHE g . s AHE
GAHE _ Pxy  _ Zi=1%i Oxyi 2)

Xy 2 - n
Pxx Zi:l d;

Here, Ap,‘g’E and py, represent the anomalous Hall and longitudinal

resistivity expected in measurements on a heterostructure composed of n
different materials, with each material having a thickness d; and
anomalous Hall conductivity 09?371'15 = Ap,‘?;l_f / p,zcx_i . In our investigation,
n = 2 (bilayers consist of LSMO and SIO as illustrated in the left panel
of Fig. 5.6). If we assume that both materials (LSMO and SIO) retain

their intrinsic AHE resistivity when combined in the heterostructures—
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i.e., only LSMO displays a finite Gf;]LE while the SIO layer has 6,‘(43%5 =
as depicted in Fig. 5.7—then Eq. 2 yields:

d
AHE _ L AHE
ny - dL + dS ny,L (3)

For the SIO/LSMO bilayers, we find that they fit well the equation (line
in Figure 5.10), indicating that these samples preserve their intrinsic AHE
conductivity when assembled in a heterostructure. However, we observe
that the LSMO/SIO bilayers do not follow the smooth decay. This
observation reveals that the assumption that LSMO and SIO maintain
their intrinsic AHE conductivity in the LSMO/SIO heterostructure is not

valid.

Subsequently, we demonstrate that the sharp decline in AHE conductivity
in LSMO/SIO bilayers can be attributed to the emergence of AHE in SIO,
which has a sign opposite to that in LSMO. We show that the AHE in
SIO originates from proximity-induced magnetism in its narrow bands.
The AHE is discussed below (from theoretical arguments) to originate at
an intrinsic contribution driven by the topological properties of Bloch

states in reciprocal space.

4. Magnetic characterization

Polarized neutron reflectometry (PNR) and X-ray magnetic dichroism
(XMCD) measurements were conducted in order to examine interface
contributions to the sample magnetization in both LSMO/SIO and
SIO/LSMO bilayers.

4.1. Polarized Neutron Reflectometry (PNR)

To investigate the evolution of the LSMO magnetic moment at the two
interfaces, we carried out Polarized Neutron Reflectometry (PNR)
measurements on two distinct samples: LSMO (5 nm)/SIO (4 nm) and
SIO (4 nm)/LSMO (5 nm). These PNR measurements were performed by
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Dr. Suzanne te Velthuis using a Magnetism Reflectometer BL-4A at the
Spallation Neutron Source (SNS) at Oak Ridge National Laboratory.

Since magnetization is parallel to the applied field, spin-flip scattering
should be absent. Therefore, we measured the reflectivity irrespective of
the polarization of the reflected beam to obtain the nonspin-flip cross-
sections R+ and R—, which are shown in Figure 5.11. as a function of
momentum transfer q. PNR spectra were fit to obtain the scattering

length density, which is proportional to layer magnetization.
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Figure 5.11. Polarized neutron reflectivity measurement (points) and the fitting
realized (lines) in bilayer LSMO (5 nm)/SIO (4 nm) at the left, and bilayer STO
(4 nm)/LSMO (5 nm) at the right.

In order to obtain the magnetization depth profile in our sample we fit
the data from Figure 5.11. using an iterative Parratt algorithm [14], [15].
The free parameters in this fitting procedure are for each layer their
thickness, interface roughness, structural, and magnetic-scattering length
densities. In order to constrain the fits further, we also measured the x-
ray and fitted that data simultaneously with the polarized neutron
reflectivity, as there is little contrast in the nuclear scattering length
density for neutrons, but more contrast with the x-ray. Therefore, the x-
rays were essential for determining the exact chemical structure, such as

individual layer thickness and interfacial roughness.

Figure 5.12 presents the nuclear (dashed line) and magnetic (solid line)

scattering length density profiles of the LSMO (5 nm)/SIO (4 nm) sample
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at temperatures ranging from 20 K to 300 K. The interfacial LSMO
exhibits a lower magnetization than the rest of the LSMO layer across all
temperature range. However, this reduction in magnetization is relatively
weaker compared to the decrease observed in the SIO (4 nm)/LSMO (5

nm) sample, as shown in the analogous measurements depicted in Figure
5.13.

Figure 5.14 displays the magnetic moment per Mn atom for both the
LSMO layer and the LSMO interface at both interfaces. While the
magnetization of the LSMO layer is similar at both interfaces, the LSMO

magnetization at the interfaces exhibits a stark contrast.
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Figure 5.12. Scattering profile of the polarized neutron reflectivity
measurement of a bilayer LSMO (5 nm)/SIO (4 nm)
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Figure 5.13. Scattering profile of the polarized neutron reflectivity
measurement of a bilayer SIO (4 nm)/LSMO (5 nm).

When LSMO is the top layer of the bilayer (LSMO/SIO), at low
temperatures there is only a weak reduction of the magnetization of the
interface layer; conversely, when SIO is the top layer (SIO/LSMO), the
magnetization at the interface is drastically suppressed. Notice also that
although in LSMO/SIO samples the LSMO at the interface is strongly
magnetic, the Curie temperature seems to be substantially depressed. As
the most important structural difference between the two interfaces is
the additional SrO plane—LSMO/SIO has two SrO planes while
SIO/LSMO has three—it is reasonable to speculate that the suppression
of LSMO magnetization at  the SIO/LSMO interface may be related to

the emergence of this extra SrO plane.
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Figure 5.14. LSMO magnetization, as a function of temperature in the layer
(solids points) and in the interface (empty squares) of both interfaces:
LSMO/SIO (red) and SIO/LSMO (blue).

4.2. X-ray magnetic circular dichroism (XMCD)

The magnetism in LSMO and SIO was investigated through a
combination of X-ray absorption spectroscopy (XAS) and X-ray magnetic
circular dichroism (XMCD) at the Mn L2,3 and Ir L2,3 edges for
LSMO/SIO and SIO/LSMO bilayers. XMCD measurements in total
electron yield (TEY) mode revealed a robust magnetic moment of Mn at
both interfaces, consistent with the magnetization observed in PNR.
Conversely, XMCD spectra in partial fluorescence yield (PFY) mode
displayed clear evidence of an Ir magnetic moment when LSMO is
positioned atop the bilayer. Figure 5.15 illustrates the Ir L3 edge XAS
(top) and XMCD (bottom) at 2 K and 0.5 T for an LSMO (5 nm)/SIO
(4 nm) bilayer and an SIO (4 nm)/LSMO (5 nm) bilayer. In contrast to
the bilayer with LSMO on top, the bilayer with SIO on top does not
exhibit an Ir magnetic moment. The Ir magnetic state can be discussed in
relation to the magnetic moment of the interfacial LSMO, which could

also be connected to the atomic reconstruction of the interface uncovered
by the STEM EELS experiment.
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Figure 5.15. Ir L3 XAS (black lines) and XMCD (blue lines) PFY spectra
measured at T= 20 K under a saturating magnetic field of 55.6 mT applied in
the [100] direction of a sample of SIO (4 nm)/LSMO (5 nm) (light blue) and
LSMO(5nm)/SIO(4nm).

The absence of induced moment at SIO in the SIO/LSMO (SIO on top)
bilayers may be connected to the suppressed magnetism of the interface
and possibly also to the additional SrO planes suppressing superexchange

interactions across the interface (see below).

Previously, induced magnetism in iridates has been discovered in
manganite/iridate superlattices with various interface reconstructions [8]—
[10], although significant differences arise from our unique LSMO/SIO
interface reconstruction, as discussed below. To obtain information on the
depth length scale of the induced moment, X-ray absorption spectroscopy
experiments were conducted at the Ir Ls edge in a series of LSMO (5
nm)/SIO (ds) bilayers, with ds = 1.2 nm, 4 nm, and 7 nm. XMCD spectra
did not display any measurable shift (see inset to Fig. 5.16¢) as thickness
varied, suggesting that the charge transfer mechanism observed in
SrMnO3/SIO interfaces [16] is inhibited here, likely due to the two
interfacial SrO rock salt blocks. Figure 5.16a's main panel presents XMCD
spectra around the Ir L edge normalized to the XAS edge jump intensity
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for various samples. The XMCD peak intensity reached its maximum for
the sample with ds= 1.2 nm and diminished with increasing ds. For ds =
4 nm, there is only a weak decrease of the XMCD signal, while a strong
suppression occurs for ds= 7 nm, indicating that, since XMCD is
normalized to the XAS signal, only part of the SIO layer possesses a

magnetic moment.

We can estimate the thickness of the interfacial STO layer di, which has a
magnetic moment, by scaling the XMCD peak intensity to that measured
for ds= 1.2 nm, as depicted in Figure 5.16b. The sigmoidal-like dotted line
serves as a visual guide, demonstrating the exponential decrease of the

intensity from which we estimate di = 2 nm.
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Figure 5.16 (a) XMCD intensities for samples STO//SIO(dS)/LSMO(5 nm) at
the Ir L3 edge. For ds =1.2 nm and 7 nm, T = 10 K and pw = 60 mT. For ds =
4 nm, two nominally identical samples were measured, at various temperatures
(20 K and 2 K) and magnetic fields (55.6 mT, 0.5 T). The intensity was
independent of the magnetic field applied. The peak intensity at 2 K is higher
than those at 20 K. Inset: Normalized XAS intensity. (b) The ratio between
measured XMCD peak intensities of samples with larger SIO thicknesses and the
peak intensity of the sample with the thinnest SIO dg= 1.2 nm as a function of
SIO thickness.

To elucidate the origin of the induced ferromagnetism in the SIO layer,
which is separated from LSMO by a double SrO layer, we initiated density
functional theory (DFT) calculations on bulk SIO. Our findings revealed
that canted antiferromagnetic (AFM) ordering, driven by the
Dzyaloshinskii-Moriya interaction [17]—-[20], is stable when the local U on
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Ir d states exceeds ~1 eV [21]. Consequently, the SIO is in proximity to a
canted antiferromagnetic state, induced by enhanced electron correlation.
Given the small energy difference between various canted AFM states
(less than ~10 meV/Ir), the weak superexchange interaction 13|, [22]-[26]
across the double SrO layers, as evidenced by the antiferromagnetic
alignment of the Mn and Ir moments, is sufficient to produce the observed
magnetic state. It is noteworthy that this superexchange interaction across
double SrO layers has been observed in Lal.85Sr0.15CuO4 (LSCO-214)
cuprate/manganite interfaces [13], where it also results in an

antiferromagnetic (Cu-Mn) state.

5. Discussion

The discovery of induced magnetism in SIO at the interface with LSMO
on a nanometric scale suggests that the unexpected decrease in AHE
conductivity (Figure 5.10) with increasing SIO thickness at the
LSMO/SIO interface results from the emergence of AHE in SIO. Based
on this notion, we examined the AHE data using a trilayer model that

incorporates an interface layer, as depicted in Figure 5.17.

LSMO / Sl0

dg >d;

d,~25 nm LSMO

“Interface

Figure 5.17. Sketch illustrating the trilayer model of the LSMO/SIO samples
used to fit the conductivity results

Essentially, we divide the SIO layer into two sublayers: an interface layer
"' with thickness d;, which exhibits induced magnetism and AHE, and a

second layer "S0" with thickness dgy that retains the intrinsic properties of

142



Chapter 5: Interface dependent anomalous Hall effect in SrIrO3; by magnetic
proximity effect

SIO (specifically, the absence of AHE), as observed in SIO/LSMO
bilayers. We thus assume a characteristic length scale, dc, over which the
magnetic and AHE properties of SIO are influenced by proximity to
LSMO. In heterostructures where the SIO thickness is less than dc, the
entire SIO layer displays altered properties (di = ds). For heterostructures
with SIO thickness exceeding dc, the entire interface thickness is impacted
by the proximity effect (di = d¢), and the SIO thickness retaining its
intrinsic properties will be the remainder of the SIO layer (ds) = ds - dc¢).
To simplify calculations, we assume the magnetic and electronic properties
are uniform within each of the three layers: di, di, and dsp. We can now
apply Eq. 2 to the three-layer system using n = 3, with cr,fﬁfo =0, as the
intrinsic SIO properties are preserved within dS0. This results in Eq. 2

yielding:

AHE AHE
AHE _ dLny,L + dlaxy,l

g. =
id d, +ds

C)

Given that di, ds, UffE , and Gfﬁf are known parameters, and dc (the
upper limit of the interfacial layer thickness di) can be estimated from the
thickness of the layer with an induced magnetic moment at the SIO
interface (dc = 2 nm), we can calculate the contribution to the anomalous
Hall conductivity of the interfacial SIO layer with induced magnetism and

plot it as a function of the SIO thickness dg in Figure 5.18.

SAHE _ (dy +ds)afy'’® —dyofyl? )
xy,l — dl

Our analysis using the three-layer model identifies an intrinsic

contribution to the AHE conductivity, J,‘fﬂ,E , which is negative and nearly

independent of dS. In the following, we discuss the topological origin of

143



Chapter 5: Interface dependent anomalous Hall effect in SrIrO; by magnetic
proximity effect

this contribution and its relationship to the induced magnetism in the SIO

layer.

It is noteworthy that we did not observe the topological Hall effect (THE),
which has been both theoretically predicted [27] and experimentally
observed [28] in similar LSMO/SIO interfaces. THE arises from
topological spin textures, such as skyrmions, and displays a characteristic
signature in Hall resistivity as (antisymmetric) "humps' superimposed on
the AHE and OHA signals. Generally, THE appears at the interface
between ferromagnets with perpendicular magnetic anisotropy and spin-
orbit materials, driven by the interfacial Dzyaloshinskii-Moriya
interaction (DMI). As we will describe in the next chapter, THE can be
observed but it requires careful choosing the thickness of both SIO and
manganite. It is crucial to note that THE is a transport measurement and,
as such, an indirect measurement of magnetic textures. As evident in the
resistivity equations, the Hall measurement encompasses the sum of all
different Hall contributions. The dominance of some Hall contributions
could mask the presence of a weak THE contribution. Consequently, the
absence of THE does not necessarily imply the nonexistence of any

magnetic textures at the interface.

(Q'cm™)

AHE
xy,1
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0 5 10 15
SIO thickness, dg (nm)
Figure 5.18. Calculated AHE conductivity of the interface layer, G,fy'ff , as a

function of dS using Eq. 5. For the calculation, we used d¢ = 2 nm based on the
XMCD measurements.
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Lastly, it is worth noting that the strong negative contribution to the
anomalous conductivity at the LSMO/SIO interface (not observed in the
SIO/LSMO interface) is likely connected to the presence of magnetism in
the interfacial LSMO, and consequently, the induced magnetism in the
first 2 nm of SIO. This induced magnetism at the SIO interface offers an
artificial realization of the necessary conditions for the AHE. Its
temperature independence (scattering rate) signifies its intrinsic nature,
which is related to the topological properties of Bloch states, specifically

the Berry curvature of the occupied states [29].

While LSMO is generally considered to have topologically trivial bands,
carriers have been proposed to acquire a real space Berry phase due to
non-collinear spin structures, predominantly near Tc¢ [30], [31], with small
values of the anomalous Hall conductivity expected. In contrast, for SIO,
a,fff = -63 (Q2cm)7t is considerably larger, resulting in J,fyflf /Oxx values
between 6-13% when considering g,,~ 500-1000 (Qcm)™. These values
are comparable, albeit larger, than those for StRuOs; [4] or MnSi [32], [33],
or non-collinear antiferromagnet MnsSn [34] or CoNbsSg [35] with
topologically non-trivial bands. Importantly, this is despite the small
values of the magnetic moment induced by the interfacial proximity

interaction (O'ffE , which is proportional to magnetization). The large

absolute value of O’f;‘lf ,

strongly suggests its intrinsic origin—namely, the topological nature of
the Bloch states in SIO.

along with its scattering rate independence,

To assess the presence of topological states, we conducted theoretical
analyses based on density functional theory (DFT) calculations. These
calculations were performed by Drs. Ling-Fang Lin, Narayan Mohanta
Satoshi Okamoto and Elbio Daggotto at Oak Ridge National Laboratory.
In order to simplify the system and minimize complications arising from
the LSMO interface, we focused on studying bulk SIO with specific lattice
constants: a=5.5617 A, b=5.5909 A, and ¢=7.8821 A. To simulate the
proximity coupling between SIO and LSMO, we performed constrained
magnetic moment calculations where the spin polarization direction (Sk)

of Ir atoms was fixed along the z-axis while its magnitude was varied.
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By investigating the "proximity-induced" magnetism, we calculated the
AHE conductivity (oy) of SIO. The resulting values of oy, are presented
in Figure 5.19a, illustrating its dependence on the Fermi level (Er) for
different Sy values; and in Fig. 5.19b, illustrating its variation with Sy for
different Er values. Tt is important to note that, according to the
definition, positive SIO spin polarization corresponds to the experimental
scenario where Ir moments are antialigned with Mn moments at the
interface. In agreement with experimental findings, our calculations
yielded a negative value for oy, confirming consistency. Remarkably,
under certain conditions, we observed a significant and non-monotonic
behaviour of oy, reaching an exceptionally large value of -1000 (Q - cm)™.
This behaviour, including the sign change, closely resembles the findings
reported for SrRuOs [4], suggesting a shared origin involving magnetic

monopoles in momentum space.
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Figure 5.19. Intrinsic AH conductivity (a) as a function of the Fermi level Er
with several values of spin polarization Sp= (N Naewn)/2 and (b) as a function
of Sir with several values of Ep.

To investigate this proposed scenario, we examined the Berry curvature
using different parameter sets, as illustrated in Figure 5.20. One potential
explanation for the observed large o, values is the presence of a Dirac
nodal line in the U-R-X plane within the momentum space [33], [36]. This
nodal line could give rise to magnetic monopoles, contributing to the
anomalous Hall conductivity when the Fermi level (Er) is close to zero,
corresponding to stoichiometric SIO. At Ey=0 with S,=0.05, the Berry
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curvature exhibits a moderate enhancement only at (ks ky, k,)~(m/a, 0,
n/c) and (m/a, 2m/b, m/c), as shown in Figure 5.20c. This occurs because
the line node is located away from Er=0. However, a slight increase in Sy
brings the line node closer to Er=0, resulting in sharp peaks in the Berry
curvature at (ky, ky, k,)~(n/a, 0.25n/b, n/c), as depicted in Figure 5.20d.
By adjusting the values of Si at Er=0, the theoretical oy, values can
become comparable to the experimental estimation for SIO,
approximately -40 (€ -cm)?, as indicated in Figures 5.19a and 5.19b.
Furthermore, at negative Ep values, corresponding to hole doping, an
additional enhancement occurs, leading to a oy value of -1000 (Q - cm)™,
as observed in Figures 5.19a and 5.19b. This enhancement is attributed
to magnetic monopoles induced at avoided band crossings in the presence
of spin-orbit coupling (SOC) and magnetic ordering. Figures 5.19¢ and
5.19f demonstrate that the Berry curvature exhibits multiple peaks with

varying magnitudes, providing strong support for this scenario.
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Figure 5.20. Plot in two dimensions of the Berry curvature for (a) Sp=0.05 at
Er=0 and k,=n/c, (b) S=0.10 at Er=0 and k,=n/c, (¢) Sir=0.05 at Er=-0.5 eV
and k,=0, (d) Sx=0.10 at Ez=-0.5 eV and k,=0. nupdown) is the spin-up (down)
electron density per Ir site.
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In order to gain a deeper understanding of the specific momentum and
energy regimes contributing to the observed large ox values, which involve
a Dirac nodal line near the U point and the stoichiometric Fermi level, or
avoided band crossings in the hole-doped regime, or possibly both, we
conducted an analysis of the band dispersion near the Fermi level and the
corresponding Berry curvature. It is worth noting that nodal lines present
in the non-magnetic SrlrOs; structure become unstable in the presence of
magnetism, where a nonzero magnetic moment eliminates the nodal line
and opens a gap. As the magnetic moment increases, different bands
undergo upward or downward shifts, resulting in various types of band
crossings. The semi-quantitative agreement observed between our
experimental estimations and the theoretical calculations strongly
supports the notion that the anomalous Hall effect in SIO/LSMO
heterostructures originates from a topological mechanism, specifically
involving magnetic monopoles in momentum space. This insight provides
valuable evidence and corroborate the presence of topological

characteristics within the system.

6. Conclusion

In summary, in this chapter we have explore the electronic reconstructions
at SIO/LSMO and the LSMO/SIO interfaces by examining their transport
and magnetic properties. Structurally, these two types of bilayers differ in
the number of SrO planes present at the interface (LSMO/SIO has two
SrO planes, while SIO/LSMO has three). Magnetically, both interfaces
also differ. While LSMO/SIO displays robust LSMO magnetism at the
interface, SIO/LSMO show substantially depressed LSMO magnetism at
its interface. As a result, LSMO/SIO interface features an anomalous
magnetic proximity induced SIO magnetism driven by superexchange,
which is absent in SIO/LSMO samples.

We observe the emergence of an intrinsic AHE in the bilayers LSMO/SIO,
in contrast with the absence of the effect in the bilayers SIO/LSMO. This

emergent AHE is connected with the presence of magnetization in the
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interfacial LSMO and the emergence of magnetism in the first SIO 2 nm

by proximity effect; these two aspects differentiate both interfaces.

The induced intrinsic AHE uncovers an exciting scenario of the interplay
between topology and correlations at the 3d/5d interface. The symmetry
breaking by the proximity-induced magnetism at the interface conspires
with the strong spin-orbit interaction of the iridate to yield the hot spots
of the integrated Berry curvature at nodal lines and band anticrossings,
providing an artificial realization of the minimal model of the AHE [29].
It is very important that, despite the small values of the magnetic moment
induced in the iridate by proximity to the manganite, the amplification
by the topological properties of the iridate is so large that the anomalous

Hall angle reaches values among the largest reported in the literature.
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Chapter 6

Magnetic textures and its relationship
with the topological Hall effect

1. Introduction

In the previous chapter, we discussed the growing research interest raised
by oxide interfaces, which hold immense potential for uncovering new
electronic phases with exciting magnetic properties. At the heart of this
research are interfaces between 5d heavy metal- and 3d transition metal
oxide ferromagnets, where chiral magnetic textures emerge through the
interplay  between Dzyaloshinskii-Moriya interaction (DMI) and
Heisenberg exchange [1]-[3]. These interplay give rise to non-collinear spin
textures, such as spin spirals or skyrmions [4]-[6], which are closely
associated with the Topological Hall Effect (THE), an antisymmetric
contribution to transverse resistivity. Dipolar interaction can also stabilize
chiral spin structures, creating chiral magnetic bubbles [7], [8]. These
structures have topological features similar to skyrmions, such as having
the same skyrmion number and exhibiting a similar topological Hall effect
[9]. Interfaces between correlated oxides, specifically involving 3d or 4d
and 5d oxides magnets [10]-[17], present a particularly fascinating
opportunity to investigate the interplay between topology and correlation,

which may potentially lead to pronounced THE values [18].

In this chapter, we focus on the observation of a remarkably large THE
in LSMO/SIO ultrathin bilayers. These findings exhibit unique

characteristics, as the THE 1is detected across a broad range of
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temperatures and magnetic fields in zero-field-cooled (ZFC) transport
experiments but disappears when the sample is cooled in the presence of
a perpendicular magnetic field. We will explore the connection between
this controllable THE and the emergence of magnetic textures by
employing x-ray absorption and magnetic force microscopy (MFM)

measurements.

2. Structural characterization

For this experiment, we grew the LSMO/SIO bilayer using a Sr'TiO; (100)
substrate. The bilayers were grown at the Complutense University of
Madrid, utilising the high-pressure sputtering process detailed in the
introductory chapter, employing high (pure oxygen) pressures (2.8 mbar)
and high temperatures (650 °C for SIO and 900°C for LSMO).

When combining the LSMO with the SIO, there are two possibilities:
either putting the SIO on the bottom or on the top which as we have
shown previously, yields very different interface structures. In order to
choose the most suitable interface, we have carried out a microscopy study
of the different interfaces formed between the two materials. Figure 6.1
displays the high angle annular dark-field (HAADF) and electron energy
loss spectroscopy (EELS) results pertaining to a trilayer of LSMO (15
nm)/SIO (4.4 nm)/LSMO (15 nm). These measurements were acquired
at the "Centro Nacional de Microscopia Electronica’ (CNME) using a
JEOL JEM ARM200cF operated at 200 kV with a 1 mm condenser lens
aperture. As we can see in Figure 6.1a, both interfaces are epitaxial and
perfectly crystalline. However, the LSMO interface with the SIO below
has two SrO planes, while the interface with the SIO above has three
planes. This difference in the interfaces appears in both in situ and ex situ
samples. We do not know the origin of this interface difference. One
possible origin could be the growth temperature, since the interface with
the STO below has been grown at 900°C while the interface with the STO

above has been grown at 650°C.
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It has been reported that extra SrO planes can decrease the superexchange
interactions between LSMO and SIO [16]. In order to maximise the

coupling between the two materials for this experiment, we have chosen

the interface with the SIO below, which has fewer SrO planes.
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Figure 6.1. Characterization of interfaces by STEM microscopy (Re-adapted
from previous chapter) (a) High resolution microscopy image; the green line
indicates the profile taken for compositional analysis. (b) compositional analysis,

where the different components of each atomic plane can be observed.

3. Transport characterization

The longitudinal and transverse resistances, Ryy and Ry, , were measured
as a function of the magnetic field H (applied perpendicular to the film
plane) for different temperatures in the range 5-300 K. We used a
Quantum Design PPMS apparatus equipped with a He flow refrigerator
(see Methods chapter) and a superconducting magnet. Samples were
measured at the “Instituto de Ciencia de Materiales de Madrid” (ICMM).

The resistances are defined as Ry, = Vyyx/Iy, (longitudinal resistance)
and Ryy = Vyy/Lex  (transverse resistance), with Iy, the injected dc
current and Vi, and Vi, the voltages measured parallel and perpendicular
to the injected current. Samples were measured using the 4-point

technique.
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Based on the longitudinal resistance measurements R,, as a function of

the magnetic field H, we have calculated the magnetoresistance MR as:

R(H) =Ry

MR (%) = R
0

100

where R, is the resistance at 0 T.

The pure Hall signal, which is “odd” with respect to the applied field, was
calculated antisymmetrizing the transverse resistance as(Ry,(H)) =
(Rxy(+H) — Ry, (—H))/2. This allows removing any spurious
contribution to Ry, resulting from the misalignment between voltage
electrodes and the strong magnetoresistance of LSMO (which is “even”
with respect to the applied field). We calculated the resistivity p,, and
Pxy via the Van der Pauw method from the resistances obtained as

described above, by considering the films dimensions and thickness.

3.1. Thickness and monolayers characterization

In the LSMO/SIO heterostructure, the thickness of each component is of
critical importance. For our investigation, an LSMO layer with a thickness
of 3.5 nm was selected, corresponding to 8 unit cells (u.c.). This thickness
is just above the critical thickness for dead layer, and, as discussed below,
is adequate to ensure a “weak” ferromagnetism in the LSMO layer while
still allowing it to be influenced by the adjacent SIO layer yielding chiral

magnetization textures.

As demonstrated in Figure 6.2, the 3.5 nm LSMO layer exhibits metallic
behavior across the entire temperature range studied (Figure 6.2a). It is
worth noting that at elevated temperatures, the material approaches a
metal-insulator transition, though, being above room temperature, it is
not clearly observable in the data. The LSMO layer also displays colossal
magneto-resistance (Figure 6.2b) which increases with temperature. This
behaviour in magnetic manganites has been widely reported [19]-[21] and

is thoroughly explained in the Introduction chapter.
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In the Hall effect measurements (Figure 6.2¢), a positive slope is observed,
which aligns with the hole transport of manganite. Upon subtraction of
the ordinary Hall effect component (Figure 6.2d), the LSMO layer exhibits
an anomalous Hall effect (AHE) with a negative sign that becomes more
pronounced as temperature increases. The AHE arises from non-coplanar
spin configurations of the localised tsy manifolds, which acquire a scalar
spin chirality (real space Berry phase) and operate as a virtual magnetic
field in real space, resulting in an intrinsic (real space) contribution to the
AHE [22], [23].
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Figure 6.2. Transport characterisation of the LSMO. (a) Resistance as a
function of temperature. (b) Magnetoresistance at 3, 10, 30, 60, 100, 120, 140,
160 and 200 K. (c¢) Hall effect at the same temperatures. (d) Hall effect after

subtraction of the ordinary component.

For the SIO layer, we have opted for a thickness of 2.4 nm, with the
electrical characterization depicted in Figure 6.3. At this thickness, the
material exhibits low resistance (Figure 6.3a). Although a metal-insulator
transition is observed at 160 K, the temperature dependence is very weak

as typically observed in compensated semi-metals (see inset of Figure
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6.3a). The SIO layer displays a positive magneto-resistance that decreases
with increasing temperature (Figure 6.3b). In the Hall effect
measurements (Figure 6.3c), a negative slope is present, which is
characteristic of electron transport. As we saw in the last chapter, an

anomalous Hall effect (AHE) is not observed in SIO.

The choice of SIO thickness has been carefully considered. The 2.4 nm
thickness is sufficient to confer strong spin-orbit interaction to the system,
as it has been reported that the Dzyaloshinskii-Moriya interaction can be
modulated by the thickness of the SIO layer [24]|. Simultaneously, the
thickness is not so large as to dominate the electronic transport, ensuring

a balanced contribution from both the LSMO and SIO layers.
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Figure 6.3. Transport characterisation of the SIO. (a) Resistance as a
function of temperature. (b) Magnetoresistance at 4, 10, 30, 60, 100, 120, 140,
160 and 200 K. (c) Hall effect at the same temperatures.

3.2. THE in bilayer LSMO (3.5 nm)/ SIO (2.4 nm)

Upon combining the LSMO and SIO layers, we obtain a bilayer system
with transport characteristics illustrated in Figure 6.4. The bilayer
exhibits low resistivity (Figure 6.4a) and undergoes a metal-insulator
transition (MIT) at 40 K. At elevated temperatures, the system
approaches another MIT, likely originating from the manganite, although
it is not distinctly observed. The magnetoresistance (MR) displays
unexpected behavior, as depicted in Figure 6.4b. Contrary to the

manganite, the MR is negative across all temperatures and increases at
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lower temperatures. Furthermore, the magneto-resistance value is
significantly larger at all temperatures compared to that in single
manganite. The origin of this increase of the negative MR is not
completely clear although it seems to be related to the LSMO in proximity
with SIO.
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Figure 6.4. Transport characterisation of the bilayer. (a) Resistivity as a
function of temperature. (b) Magnetoresistance at 3, 10, 30, 60, 100, 120, 140 and
160 K. (c) Hall effect measurements at the same temperatures. (d) Hall effect

after subtraction of the ordinary component for 3, 6, 15, 20, 40, 50, 70 K.

In the Hall effect measurements (Figure 6.4c), a positive slope is observed,
similar to that for manganite, and follows the same trend. However, a
prominent topological peak emerges at low temperatures. Upon
subtracting the ordinary Hall component (Figure 6.4d), it becomes evident
that a very large topological Hall effect (THE) signal is superimposed on
the manganite's AHE. The topological peak is an order of magnitude
larger than the AHE at 3 K and diminishes with increasing temperature

until it nearly vanishes at 70 K.
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Figure 6.5. Phase diagram of the appearance of the topological Hall effect as a

function of temperature and magnetic field.
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The evolution of the THE signal with
temperature and magnetic field is best
illustrated in the contour plot in Figure
6.5, that the

topological peak narrows as temperature

where we can see

increases.

In our investigation of the LSMO/SIO
system, we expected the presence of the
topological Hall effect (THE). However,
we encountered some unexpected
findings, as shown in Figure 6.6, which
illustrates the temperature dependence
of the topological peak, Hall coefficient,
and effective field as calculated using

Bruno's formula [25]:

Figure 6.6. Temperature dependence of
the topological parameters. Temperature
dependence of (a) the topological peak
Py, (b) the Ry Hall coefficient and (c)
the effective magnetic field Beg = pg,'"s/

RO.
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ng = PRy PP - paTc'y = PRoBsy

The effective magnetic field Bgsr represents the influence of magnetic
skyrmions in the system. We observe that the topological peak diminishes
with increasing temperature. This reduction is particularly pronounced at
lower temperatures, where approximately one-third of the topological
signal is lost within just a few degrees. Such a strong temperature
dependence is atypical for magnetic textures like skyrmions, which are
expected to exhibit temperature-independent behavior. Moreover, the
effective magnetic fields are considerably weaker compared to values
reported in the literature, suggesting that additional, unaccounted-for

factors may be at play within this system.

We can determine the system's skyrmion densities and diameters using

the effective magnetic field.

p;lgy = PROBeff = PROnskd)O - Beff = nsk¢0

Ngr = \ll/d

The mathematical calculations have yielded the diameters of skyrmions,

as presented in Table 6.1, falling within the range of 20 to 50 nm.

Temperature (K)

3 18
4 22
6 23
8 24
10 25
15 26
20 28
30 31
40 36
50 43
60 47

Table 6.1. Skyrmion diameters at different temperatures.
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A striking result is that the THE depends on magnetic history (see Figure
6.7). Figure 6.7a displays the Hall measurements, excluding the ordinary
component, which were conducted after a zero-field cooling (ZFC) process.
This entails cooling the system to 2 K without applying any external
magnetic field. However, when the same measurements are performed
following a field-cooling (FC) protocol — cooling the system to 2 K while
applying a 14 T out-of-plane magnetic field — the THE nearly vanishes at
all temperatures (Figure 6.7b), leaving only the expected AHE for the
manganite. Consequently, we have identified a mechanism to control the

emergence of THE based on the system's magnetic history.
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Figure 6.7. Topological Hall effect at ZFC y FC. Hall effect after subtraction
of the ordinary component for temperatures between 3 and 70 K at (a) Zero field
cool, ZFC (b) Field cool, FC.

To more effectively visualize the impact of the FC process on the Hall
measurements, Figure 6.8 presents a comparison between ZFC (red lines)
and FC (black lines) measurements at each temperature. To verify
whether the THE could be recovered, we conducted another ZFC process
and repeated the measurements at 3, 10, and 20 K (blue lines). These
measurements confirm that we can recover THE after FC suppressing it.
Moreover, we observe an increased intensity of THE, with its value at 3
K rising by 40%. It is important to note that the AHE values at high field
are consistent between the FC and ZFC cases. This demonstrates that we
have achieved control over the topological Hall effect exclusively without

affecting the anomalous Hall effect of the system.
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Figure 6.8. Comparison of Hall effect after ZFC and FC at each temperature.
Hall Effect without the ordinary component at 3, 10, 20, 40, 50, and 70 K. Red
and blue lines represent the first and second measurements taken at zero field
cooling (ZFC), going from 300 K to 2 K at 0 T. Black lines represent the
measurements taken at field cooling (FC) going from 320 K to 2 K at 14T. Orange
lines correspond to normalized SQUID signal.

In order to determine the magnitude of the FC magnetic field necessary
for the suppression of the THE, a series of field cooling (FC) experiments
were conducted at varying magnetic fields, as depicted in Figure 6.9. Our
observation indicates that a magnetic field strength of 1 Tesla is
insufficient to suppress the THE. Nevertheless, it is noteworthy that a
magnetic field of 5 T can produce an effect equivalent to that of a 14 T
field, as both fields are capable of suppressing the transverse relaxation
time of THE. The significance of this will be relevant in the context of
magnetic force microscopy (MFM) measurements, as will be discussed

below.
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Figure 6.9. Comparison of Hall effect after ZFC and FC at different magnetic
field. Hall Effect without the ordinary component at 3 and 6 K. Black lines
represent measurements taken after a ZFC. Red, blue and green lines represent
measurements taken after a FC at 1, 5 and 14 T respectively (going from 320 K
to 2 K).

4. Magnetic characterization in bilayer LSMO
(3.5 nm) / SIO (2.4 nm)

In the following sections, we will examine the relationship between the
observed THE in the LSMO/SIO bilayer and the system's macroscopic
magnetic properties under ZFC and FC conditions, utilizing a
superconducting quantum interference device (SQUID). Additionally, we
will investigate the microscopic magnetic characteristics of the
LSMO/SIO bilayer employing magnetic force microscopy (MFM) and X-

ray magnetic circular dichroism (XMCD).
1.1. SQUID characterization

For the SQUID measurements, we employed a Quantum Design PPMS
apparatus outfitted with a He flow refrigerator (refer to the Methods
chapter) and a superconducting magnet. The samples were measured at
the "Instituto de Ciencia de Materiales de Madrid" (ICMM).

To gain a better understanding of the effects of zero-field cooling (ZFC)
and field cooling (FC) on the system, we conducted measurements of
magnetization as a function of temperature for both ZFC and FC cases.

These measurements were taken with magnetization both in-plane and
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out-of-plane, as presented in Figure 6.10a and 6.10b, respectively. The
measuring field was 1000 Oe. While there are no significant differences
between ZFC and FC for in-plane magnetization, distinct differences are
observed for out-of-plane magnetization. In the ZFC case, out-of-plane
magnetization is suppressed at low temperatures indicating the nucleation
of small magnetic domains, whereas it exhibits rather standard values in
the FC case. The relationship between these observations and the
potential presence or absence of skyrmions in the system will be discussed

later.

Furthermore, we measured the magnetization versus magnetic field at
various temperatures, obtaining the hysteresis loops displayed in Figure
6.10c for in-plane magnetization and Figure 6.10d for out-of-plane
magnetization. The out-of-plane coercive field values range from 200 to
80 Oe, which do not appear to be correlated with the fields at which the
topological peak manifests; the topological peak ranges from 1820 to 0 Oe.
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Figure 6.10 SQUID measurements. Magnetisation as a function of temperature
for ZFC and FC (a) in-plane and (b) out-of-plane. Hysteresis cycles at different

temperatures (¢) in-plane (d) out-of-plane.
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A striking result is that the shape of the SQUID hysteresis loop departs
strongly from the AHE and THE plots in the high field region. L.e., above
the main peak of the THE. See Figure 6.8 for a compartison. This suggest
that there may be in fact two contributions to the THE, one strongly
peaked at low fields and another yielding a broad peak which extends up
to fields of 7 T (see Fig. 6.8).

4.2. XMCD and MFM characterization

In an effort to gain a deeper understanding of the origin of THE and the
impact of FC on the system, we have conducted microscopy studies
employing both x-ray magnetic circular dichroism (XMCD) contrast and

magnetic force microscopy (MFM).

The XMCD measurements were performed at the Mn L.s edge using
photoemission electron microscopy (PEEM). T'wo samples were examined:
LSMO (3.5 nm) and LSMO (3.5 nm) / SIO (5 nm). In the PEEM image
of the LSMO 3.5 nm sample (Figure 6.11a), a domain structure oriented
in the [110] direction is observed, which is anticipated in manganite. In
contrast, the PEEM image of the bilayer composed of LSMO 3.5 nm and
SIO 5 nm (Figure 6.11c) reveals the emergence of circular and ellipsoidal
domains dispersed throughout the material. Tt is important to note that
these textures were generated with 5 nm SIO, a thickness greater than the
SIO utilized for Hall measurements. As discussed at the beginning of this
chapter, the thickness of the iridate can influence Hall effect
measurements as it introduces an additional conduction channel.
However, a thicker iridate layer does not hinder the formation of magnetic

textures in the system.

The MFM measurements were conducted at the Instituto de Ciencia de
Materiales de Madrid. The MFM images show similar patterns to those
in the XMCD images: domains in the 3.5 nm LSMO (Figure 6.11b) and
magnetic textures in the bilayer of LSMO 3.5 nm and SIO 2.4 nm (Figure
6.11d). Although the PEEM and MFM images exhibit similarities, it is

essential to emphasize that they are not depicting exactly the same
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magnetic contrast. The MFM image displays out-of-plane magnetization
in red and blue, whereas in the PEEM image, red and blue represent the
summation of out-of-plane and in-plane magnetization components. This
discrepancy arises because the PEEM images were obtained using
synchrotron X-rays at a 20-degree orientation. A detailed explanation of
this procedure can be found in the methods section. These findings align
well with prior research on LSMO/SIO [13], [14] and various doped
manganites [18], [26], where the observed THE is linked to the magnetic
textures identified by MFM and PEEM.
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Figure 6.11. Change of the magnetic structure from the monolayer of LSMO
to the bilayer of LSMO/SIO. (a)-(¢) Photoemission electron microscopy
(PEEM) images of LSMO (3.5 nm) and a bilayer of LSMO (3.5 nm)/SIO (5 nm).
(b)-(d) Magnetic force microscopy (MFM) images of LSMO (3.5 nm) and a
bilayer of SIO (2.4 nm)/LSMO (3.5 nm).

In an effort to further elucidate the relationship between THE and the
observed magnetic textures, we carried out an MFM study involving the
application of magnetic fields. In this investigation, magnetization images
were obtained using the same method as for electrical measurements. This

process entailed performing both ZFC and FC down to 17 K, the lowest
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temperature our MFM could measure. At this temperature, the magnetic
field was swept from 5 T to -5 T and then back to 5 T.

A noteworthy observation can be seen at 5 T, as illustrated in Figure 6.12,
where there are magnetization discrepancies between the ZFC and FC
cases. Although the sample appears saturated in the MFM image of the
ZFC case (Figure 6.12b), faint white bands can still be detected. As
depicted in Figure 6.12a, these white bands do not correspond to any
topographic defects. To mitigate the saturation effect, we adjusted the
color scale, yielding Figure 6.12c. The adjustment reveals that the white
bands evolve into spin spirals. The absence of spirals in the FC case, as
demonstrated in Figures 6.12e-f, marks the first distinction between ZFC
and FC conditions. In future analyses, a more suitable contrast will be
employed to provide clearer visualizations of the magnetic contrast,

independent of the sample's saturation level.

2.4pmy

8-
Figure 6.12. MFM images of the bilayer LSMO (3.5 nm)/SIO (2.4 nm) at 17
K and 5 T. At ZFC (a) Topography. (b)-(c) Magnetization of the sample with
different colour scales. At FC (d) Topography. (e)-(f) Magnetization of the
sample with different colour scales.

In examining the evolution of magnetic textures from -5 to 5 T in both
ZFC and FC cases (Figure 6.13), it becomes apparent that the spin spirals

observed at high magnetic fields transition into magnetic textures at lower
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fields, where the THE is more pronounced. Surprisingly, magnetic textures
are also present in the FC case, despite the disappearance of the
topological Hall effect. At low fields, there seems to be no substantial
difference between the ZFC and FC images. The only discernible
distinction between the ZFC and FC sequences is found at high fields,
where the THE is weaker (non-zero high field component described above)

and only spin spirals are visible in the ZFC images.

Given the presence of magnetic textures in both the ZFC and FC cases,
it can be deduced that magnetic textures alone are not solely responsible
for the emergence of THE. We propose that the magnetic textures
observed in the ZFC case at low fields are the result of disrupted spin
spirals. These spin spirals may induce chirality at the boundaries of the
magnetic textures, consequently giving rise to THE. However, in the FC
case, where no spirals are observed, the boundaries of the magnetic

textures are not chiral and, thus, THE is not observed.

ST 3T 1T 06T 0T 06T 1 3T 5 T

Figure 6.13. Evolution the magnetic textures with the magnetic field. MFM
images after a ZFC (blue border) and after a FC (red border) going from -5T to
5T.

5. Control experiments. Transport
characterization in bilayer LSMO (3.5
nm)/SIO (5 nm)

As demonstrated earlier, the observation of the large THE is contingent
upon the appropriate selection of iridate and manganite thicknesses. In

the following section, we will examine bilayers with varying manganite
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and iridate thicknesses, in which a significant THE was not observed, to

better understand the interplay between these two materials.

PEEM measurements (Figure 6.11) indicate that a bilayer with increased
SIO thickness (from 2.4 nm to 5 nm) continues to exhibit magnetic
textures. Nonetheless, the electrical characterization of the LSMO 3.5
nm/SIO 5 nm bilayer (Figure 6.14) reveals both similarities and

noteworthy differences compared to the SIO 2.4 nm bilayer.

On one hand, the resistivity as a function of temperature displays a
behavior strikingly similar to that of the first bilayer, with a metal-
insulator transition (MIT) at 50 K and a near occurrence of another MIT
at 300 K (Figure 6.14a). Likewise, the magnetoresistance (MR) of this
bilayer exhibits the same anomalous behavior as the previous bilayer, with
high negative MR values increasing as the temperature decreases, contrary

to the tendency observed in manganite (Figure 6.14b).

Conversely, the Hall effect slope exhibits a strong temperature
dependence. While the initial bilayer exhibited a positive slope across the
entire temperature range, the slope in this second bilayer changes. At low
temperatures, the positive slope suggests that LSMO governs the
transport, whereas at high temperatures, the negative slope indicates SIO

dominance in transport.
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Figure 6.14. Transport characterisation of bilayer LSMO 3.5 nm /STO 5 nm.
(a) Resistance as a function of temperature. (b) Magnetoresistance at 2, 10, 30,
60, 100, 120, 140, 160 and 200 K. (c) Hall effect at the same temperatures.

The curvature in the Hall signal complicates the subtraction of the
ordinary component of the Hall effect. As illustrated in Figure 6.15a, if

the ordinary component is subtracted using the linear fit at high fields,
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the remaining AHE exhibits exceedingly large negative values.
Conversely, if the ordinary component is subtracted at lower fields (Figure

6.15b), the anomalous Hall effect values become more reasonable,

although the Hall effect diverges at high fields.

In both instances, it is evident that the Hall effect displays an hysteretic
peak at low fields. This hysteresis is substantially smaller than that
observed in the first bilayer and occurs within a different temperature
range, primarily between 20 and 120 K. This bilayer illustrates the impact
of increased SIO thickness on THE. Despite the presence of magnetic
textures comparable to those of the previous bilayer, the contribution of

a secondary conduction channel significantly diminishes THE.
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Figure 6.15. Hall effect comparison based on linear adjustment of bilayer
LSMO 3.5 nm /SIO 5 nm. Hall effect without the ordinary component,
subtracting the slope at high fields (a) and at low fields (b).

6. Control experiments. Transport
characterization in trilayer SIO (2.4 nm) /
LSMO (3.5 nm) / SIO (2.4 nm)

The difficulties of transport measurements to assess the presence of
magnetic textures in a system comes here to the front. This is evident in

the transport measurements depicted in Figure 6.16, which correspond to

a trilayer with the following structure: SIO (2.4 nm)/LSMO (3.5 nm)/SIO
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(2.4 nm). The objective of this layer sequence was to reduce the symmetry
breaking within the system. Our hypothesis postulated that if magnetic
textures arise due to the Dzyaloshinskii-Moriya interaction, which
involves symmetry breaking, minimizing the asymmetry of the system

would preclude the formation of magnetic textures.

The trilayer exhibits behavior similar to the previous LSMO 3.5 nm / SIO
5 nm bilayer: it undergoes a metal-insulator transition (MIT) at low
temperatures and appears to approach another MIT at room temperature
(Figure 6.16a); it demonstrates a large negative MR with an opposite
trend to that of manganite, as observed previously in LSMO 3.5 nm / SIO
2.4 nm bilayer (Figure 6.16b); and it exhibits a curved Hall effect at high
fields with a slope that varies significantly with temperature (Figure
6.16¢).
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Figure 6.16. Transport characterisation of trilayer SIO 2.4 /LSMO 3.5 nm
/SIO 2.4 nm. (a) Resistance as a function of temperature. (b) Magnetoresistance
at 4, 10, 30, 60, 100, 120, 140, 160 and 200 K. (c¢) Hall effect at the same

temperatures.

Since the Hall effect is curved at high fields, we have the same problem
as in the previous 5nm SIO bilayer. As shown in Figure 6.17, the linear
component can be rectified at high fields (Figure 6.17a) or intermediate
fields (Figure 6.17b). This trilayer exhibits a slight hysteresis at low fields,

which decreases with increasing temperature.

This weak hysteresis could indicate that we have eliminated or reduced
the magnetic textures of the system. But, one has to keep in mind that
the reduced THE may both result of textures getting suppressed or

because the system is getting more conduction channels (notice the small
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values of the transverse resistivity compared to those found at the large
THE peak in the LSMO 3.5 nm / SIO 2.4 nm bilayer .

0.15

45 10 5 0 5 10 15 4 2 0 2 4
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Figure 6.17. Hall effect comparison based on linear adjustment of trilayer
SIO 2.4 /LSMO 3.5 nm /SIO 2.4 nm. Hall effect without the ordinary

component, subtracting the slope at high fields (a) and at low fields (b).

7. Control experiments. Transport
characterization in bilayer LSMO (8 nm)
/SIO (2.4 nm)

In light of the findings from the previous two bilayers, we conclude that
it is necessary for the transport to be dominated by LSMO in order to
circumvent the curved Hall effect. However, if the thickness of the LSMO
is too large, the topological Hall effect (THE) will not emerge, as
demonstrated in LSMO/SIO bilayers with LSMO 25 nm in the previous
chapter. One plausible explanation is that when the LSMO is sufficiently
thick, the Dzyaloshinskii-Moriya interaction (DMI) does not influence its
magnetism, since the DMI takes place at the interface and has a short
(nanometer scale) effective range. In response to this situation, we opted
to characterize the transport properties of a bilayer with an intermediate
LSMO thickness: LSMO 8 nm / SIO 2.4 nm (Figure 6.18).

In this bilayer, a clear LSMO dominance in transport is evident: the
resistivity is low, with a barely discernible metal-insulator transition
(MIT) at 20 K (Figure 6.18a); the magnetoresistance (MR) is negative,

173



Chapter 6: Magnetic textures and its relationship with the topological Hall
effect

and takes roughly the same values in the whole temperature range (Figure
6.18b); and the Hall effect demonstrates a positive slope that scarcely

varies across the temperature range (Figure 6.18¢).
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Figure 6.18 Transport characterisation of bilayer LSMO 8 nm /STIO 2.4 nm.
(a) Resistance as a function of temperature. (b) Magnetoresistance at 3, 10, 30,
60, 100, 120, 140, 160 and 200 K. (¢) Hall effect at the same temperatures.

In this system, we uncover a highly unanticipated behavior of the
topological Hall effect (THE). At low temperatures (Figure 6.19a), the
THE observed in the LSMO 3.5 nm / STO 2.4 nm bilayer is absent. Rather
a THE peak starts to emerge at 60 K, a temperature where the large THE
of the LSMO 3.5 nm / SIO 2,4 nm bilayer had disappeared. This already
shows that the large THE contribution is not observed when the thickness
of the LSMO is increased. Moreover, at higher temperatures, an entirely
distinct phenomenon occurs. Firstly, at 100 K, the anomalous Hall effect
(AHE) changes sign (from negative to positive) and undergoes another
change at 140 K. This temperature range could correspond to the Curie
temperature of the LSMO at the interface and could thus potentially be
attributed to the non-coplanar spin triads present in manganite, which
have been demonstrated to generate an unexpected AHE through skew
scattering effects [27], [28] close to Te.
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Figure 6.19. Differences in the Hall effect at low and high temperature of
bilayer LSMO 8 nm /SIO 2.4 nm. Hall effect without the ordinary component
at temperatures between (a) 3-60 K and (b) 100-160 K.

8. Control experiments. Transport
characterization in bilayer SIO (2.4 nm)
/LSMO(3.5 nm) with inverted layer

sequence

Finally, we aimed to examine the transport characteristics of a 2.4 nm
SI10/3.5 nm LSMO bilayer, with the same thickness as the initial bilayer
but with the opposite layer sequence. Our objective was to get a deeper
understanding of the interface's impact on the system since, as mentioned
at the beginning of the chapter, this interface features an additional SrO
plane which is expected to weaken superexchange interaction across the

interface.

As displayed in Figure 6.20a, the resistivity of the bilayer is similar to the
previous one: low resistance, metal-insulator transition (MIT) at room
temperature, and an indication insulating state at low temperature
suggesting localization. However, the magnetoresistance (MR) is in stark
contrast (Figure 6.20b) with the behaviour observed in the LSMO 3.5 nm
/ SIO 2.4 nm bilayer: negative MR values increasing with temperature,

as it is typically observed in manganites. This suggests conventional
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LSMO behavior. This is also evident from the Hall effect measurements,
where the slope remains consistently positive and exhibits typical

manganite bahvior (Figure 6.20c).

Aside from the typical LSMO anomalous Hall effect (AHE), no indication
of topological Hall effect (THE) is observed in this sample. This could be
rationalized in view of the observed interface structure with depressed
LSMO magnetism and with an additional SrO plane which weakens

superexchange interaction across the interface.

] 0
5001 5 | b
— 400 -5 3K
E —_
- S
3001 S ]
% DE:-10
%200
e 15
1004 20K
‘ . . . -20 1
0 100 200 300 15 10 5 0 5 10 15
T (K) H(T)
O-S’C 0.2 d
= 041 ’g 0.1 —\
§ 02 g \
G 00 o~ 0.0
=2 =
>-02+ T
a w 01
0.4 <z 200K
06 -0.2
45 40 5 0 5 10 15 45 40 5 0 5 10 15
H(T) H(T)

Figure 6.20. Transport characterisation of bilayer SIO 2.4 nm / LSMO 3.5
nm. (a) Resistance as a function of temperature. (b) Magnetoresistance at 3, 10,
30, 60, 100, 120, 140, 160 and 200 K. (c) Hall effect at the same temperatures.

(d) Hall effect without the ordinary component at the same temperatures.

By collecting the magnetoresistance (MR) values at 10 T at various
temperatures for all the samples discussed earlier, we can discern the
relationship between MR and temperature, as illustrated in Figure 6.21.
Among these measurements, only three of the samples exhibit MR trends

that depart from the typical manganite behaviour. Notably, only the
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bilayer LSMO (3.5 nm)/SIO(2.4 nm), which shows the most pronounced
topological Hall effect (THE), displays a linear Hall effect at high fields.
Conversely, the Hall effect in the other two samples exhibits curvature.
This finding suggests that the observation of the large topological Hall
effect results from a delicate balance between the contributions of SIO

and LSMO to the transverse resistivity.

1 s10(2,4 nm)/ LSMO (3,5 nm)
»— a1 LSMO (8 nm)/ SIO(2,4 nm)
«—1 LSMO (3,5 nm)/ SIO(5 nm)
S10(2,4 nm) / LSMO (3,5 nm)/ S10(2,4 nm)
P //:ﬁ./'- LSMO (3,5 nm)/ SIO(2,4 nm)*

0 20 40 60 80 100

T (K)
Figure 6.21. Magnetoresistance tendency with the temperature. Value of the
MR at 10 T, at temperatures from 2 to 100 K in all the bilayer.

9. Discussion

In summary, we have observed a large topological Hall effect (THE) in
SIO/LSMO bilayers, confirming the theoretical prediction of THE in this
system [29]. Yet, the appearance of the THE contribution to the
transverse resistivity depends on magnetic history, what, compared to
previous reports of THE, is a very anomalous result. In the following we

discuss the possible origin of this behaviour.

The Dzyaloshinskii-Moriya interaction (DMI) is an antisymmetric

exchange interaction [1], [3] induced by the interplay between spin-orbit
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coupling and superexchange interaction. It was initially used to explain
the weak ferromagnetism in antiferromagnetic oxides and anisotropy fields
in spin glasses [30] and magnetoelectric coupling in multiferroic perovskite
oxides [31]. Later, it was found to be responsible for understanding a
variety of physical phenomena including noncollinear spin textures in
chiral magnets (e.g., spin spirals [32|, magnetic skyrmions [8], [33], and

chiral domain walls [34]), etc.

Under the Dzyaloshinskii-Moriya interaction (DMI) real-space
noncollinear magnetic textures nucleate with a finite scalar spin chirality
Si e (Sj x Sk ) [35], [36]. This spin chirality generates an effective
electromagnetic field for electrons through the spin Berry phase
mechanism giving rise to the topological Hall effect (THE), an
antisymmetric contribution to the transverse resistivity governed by the
Berry phase acquired by conduction electrons when their spin couple to
the non collinear local spins of the magnetic texture [25]. THE has been
observed chiral magnets [27], [37], frustrated magnets [38], and Heusler
alloys [39]-[41], and also in perovskite oxides [18], [26], [42].

In addition to the noncentrosymmetric magnetic single crystals [43], DMI
has been demonstrated in multilayers combining materials with heavy
elements and ferromagnets. In multilayers DMI competes with the
Heisenberg exchange over atomically short length scales from the interface
to twist spins and nucleate non-collinear spin textures, such as a spin
spirals or skyrmions [4]-[6]. A resultant net interfacial requires thin films
with asymmetric interfaces [6], [44], [45], where the asymmetry may be
controlled by the layer sequence or induced chemically [46], [47] or
structurally through strain engineering [48], [49].

Interfaces between correlated oxides are an interesting scenario to explore
chiral magnetic textures. In particular, interfaces between 3d (LSMO) or
4d (SRO) magnets and 5d (SIO) oxides [10]-[17] with strong spin orbit
interaction are acclaimed benchmarks to explore the interplay between

topology and correlations, which has been proposed to be the source of
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large (giant) values of the THE [18]. At oxides interfaces there are
typically charge transfer processes and polar discontinuities which
conspire with correlation broken orbital degeneracy to promote non
collinear spin textures [50], [51]. Moreover, the atomic control of interface
termination enabled by modern oxide epitaxy allows controlling symmetry
breaking [17] what has been recently shown to play a decisive role in the
appearance of THE in LMO/SIO superlattices.

However, there is a growing debate on the connection between electronic
transport phenomena and chiral magnetism [9], [25], [52]. While in some
cases THE has been found to scale with the skyrmion density [10], [11],
[27], [53], this is not the case in magnetic multilayers where large
discrepancies between the skyrmion densities obtained from THE and
MFM observations have been reported. Moreover, chiral spin structures
can be also stabilized by the dipolar interaction in what are called chiral
magnetic bubbles [7], [8] with topological properties akin to skyrmions
(they possess the same skyrmion number), and displaying similar THE
[9]. The interpretation of THE as the transport signature of chiral spin
textures has been recently challenged [54]-[58] mostly in connection to
experiments on SRO oxide interfaces showing that, in addition, intrinsic
(momentum space) electronic mechanisms and/or inhomogeneities may
yield inhomogeneous multicomponent anomalous Hall effect which can be
mistaken with THE [58].

Here we report a very large THE in LSMO/SIO ultrathin bilayers. It
displays highly anomalous features which may provide useful insights into
the connection between THE and spin textures. The main experimental

evidences can be summarized as follows:

1-  While the THE is observed in a wide temperature and magnetic
field range in ZFC transport experiments, it is suppressed when
the sample is (FC) cooled in a perpendicular magnetic field.
Systematic MFM and x ray absorption spectroscopy on these
samples has evidenced that the appearance a coarse granular
magnetic texture with small magnetic domains of a (roughly) 400

nm average diameter. Although this magnetic texture is the
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dominant feature in the magnetic field and temperature range
where the THE signal is observed it appears both after ZFC
(maximal THE) and FC (no THE) sequences. Yet, the large THE
signal correlates with the presence of spin spirals detected in MFM
experiments and high fields, which evolve into a coarse granular
domain structure when magnetic field is reduced towards the
values where the THE signal is observed. This suggest that spirals
may introduce chiral features in the small magnetic domains

causing the large THE signals.

The evolution of the THE signal with temperature is also
anomalous. The magnitude of the THE (rhoxy (THE)) decreases
strongly when temperature is increased which in principle rules
out the connection with fluctuating non collinear spins, known to
be present in manganites at the metal to insulator transition
(MIT). On the other hand, and if the THE is interpreted to result
from skyrmions, one expect the THE resistivity to be to large
extent temperature independent. Yet, its temperature dependence
[25] indicates skyrmions sizes evolving with temperature which
is in principle unexpected. Following Bruno, the THE results from
the Berry phase acquired by the electron when it moves in the
spatially varying spin texture. Its effect can described by an
effective (emergent) perpendicular magnetic field b that produces
a Hall effect, the THE, just as an external magnetic field. The
amplitude of b depends on the topology of the spin textures
through skyrmion density (b) = ®gng, where @, is the flux
quantum and ng the average skyrmion density carrying a
topological charge @ = 1. In this simple model for strong

ferromagnetic exchange coupling, the THE then writes

P(b) _®ongP
en N en

PTHE = = Qyng PRy
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with P the spin polarization and e the electron charge, n is the
charge density and Ry is the Hall resistivity. Plugging into this
expression the experimental values of the THE and Hall resistivity
(see Figure 6.6), skyrmion diameters in the range 20 — 50 nm are
obtained, much larger than the values obtained from the analysis
of the experimental images where an average size of 400 nm is

found for the granular small features.

The presence of spin spirals and eventually also of skyrmions can be
understood on theoretical grounds [24] in terms of the strong DM
interaction expected at the interface between the ferromagnetic
manganites of the La;.Sr;MnO3 (LSMO) family with 3d orbitals and the
5d paramagnetic semimetal SrIrOs (SIO), arising from the spin-orbit
coupling in SIO and broken inversion symmetry at the interface.
Moreover, this scenario is favored by the high structural and chemical
compatibility of both materials allowing for the growth of the highly

ordered interfaces shown previously.

The competition between the Dzyaloshinskii-Moriya (DM) interaction
with a ferromagnetic (FM) exchange, favors a spin-spiral phase [50], [59]
which evolves into a skyrmion crystal in presence of magnetic fields [33],
[60]-[63]. T.e., the DMI acting on the magnetic moments of the
ferromagnet with out of plane magnetic anisotropy will give rise to the
helix (spiral) phase at low magnetic fields, and will evolve into the
skyrmion phase when magnetic field is increased and finally into the
homogeneous ferromagnet. On the other hand for a given magnetic field,
the spiral state will be favoured by an increased strength of the DMI, or
alternatively by a decrease of the strength of the ferromagnetic interaction
[24].

Yet, with this theoretical scenario at hand, it appears puzzling that the
coarse granular domain structure apparently responsible for the presence
of the THE is also observed in FC magnetic sequences where the THE is
not detected. Furthermore, it is also intriguing that the spiral features
(expected to result from the largest values of the DMI) are observed in

strong out of plane magnetic fields, stronger than those where THE is
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measured. Moreover, the dependence of the THE on the magnetic history
and the large size (compared to expected skyrmion size) of the granular
magnetic features observed in MFM and PEEM images suggests that,
rather than conventional skyrmions, the THE may be caused by some

chiral magnetic domains.

We discuss next that this phenomenology results from the modulation of
the strength of the ferromagnetic interaction of the ultrathin manganite
layer by the external magnetic field. This is meant in the following sense.
Metastable individual skyrmions and chiral magnetic domains can exist
in zero magnetic field if the effective DMI constant [52]) becomes smaller

than a critical value D, = % (AK)Y? (A and K are the exchange stiffness

and the effective out-of-plane anisotropy, respectively). Although the
exchange stiffness, as it is determined by the local electronic structure, its
value is rather immobile, magnetic anisotropy in ultrathin manganites, on
the other hand, depends on magnetic history. Ultrathin manganites are
known to show depressed ferromagnetism (and dead layers) with small
magnetic domains with weakened (in plane) anisotropy. The fingerprint
of this inhomogeneous magnetic state can be found in the strong domain
blocking observed in ZFC SQUID measurements of figure 6.10. Notice
that apart of the significant blocking of domains pointed by the
temperature dependence of the ZFC magnetization, hysteresis loops of
Figure 6.10 measured with in plane fields have rounded shapes at
remanence indicating weakened in plane anisotropy with significant
rotation of the magnetization at switching. In addition, the strong low
temperature magnetoresistance observed in bilayers displaying the THE
(see Figures 6.4 and 6.14) is further indication of an inhomogeneous
ferromagnetic state. It is important to notice that the strong low
temperature magnetoresistance in excess of 50% decreasing when
temperature is increased is highly anomalous. Single manganite layers (see
Figure 6.2), although they display sizeable low temperature MR of 10% it
increases as the temperature is increased. Within the double exchange
transport scenario, this large MR denounces a granular magnetic structure
with spin disorder at boundaries which yields depressed in plane

anisotropy and out of plane moments sensing the DMI interaction. The
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magnetically granular structure, thus, reduces the relative strength of the
dipolar in plane anisotropy field, and allows for an out of plane
magnetization component necessary for the DMI to develop the chiral
magnetization. Notice that increasing the out of plane field has an effect
of rotating the magnetic moments in the individual domains out of plane,
what promotes the action of the DMI driving the formation of spirals. The
weak ferromagnetic state occurring at ZFC at low temperatures is an
essential ingredient for the DMI to drive the chiral magnetization state.
On the other hand, the FC sequence produces a much homogeneous
ferromagnetic state which is not modified by the interfacial DMI and thus
THE is not observed. It is important to remark that this homogeneous
ferromagnetic state is also attained in FC experiments if the cooling field

is increased above 5 -7 T magnetic fields.

This scenario also explains the reduction of the THE when the thickness
of the ferromagnetic layer is increased. Increasing the thickness of the
ferromagnet is expected to enhance the relative strength of the
ferromagnetic  interaction eventually yielding a  homogeneous
ferromagnetic state with in plane (biaxial) magnetic anisotropy with
suppressed effect of the interfacial DMI, and thus not showing THE. On
the other hand, increasing the thickness of the SIO is expected to promote
the SO groundstate at the interface, thus favoring the topological
magnetization state. However, THE will be observed only if significant
fraction of the current flows through the LSMO layer.

A final comment regards the absence of THE in the SIO/LSMO bilayer
with the inverted layer sequence (SIO layer on top). The interface
structure of this inverted bilayer with an increased number of SrO blocks
and depressed LSMO magnetism results in a suppression the exchange
interaction across the interface (as evidenced by the absence of
interfacially induced magnetism mediated by Mn-O-Ir superexchange
interaction). DMI is itself a form of superexchange interaction across the
interface which will be also suppressed by the thick SrO interfacial block
and, accordingly, the THE will be also absent. The nearly vanishing THE
in the case of the SIO/LSMO/SIO trilayer probably results from the
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geometry of the current distribution with dominant effect of the top

interface.

Hall effect measurements of ultrathin manganites yielded in all cases AHE
with negative Hall conductivity. Thus extrinsic factors due to interfacial
layers with negative values of the anomalous Hall conductivity yielding
(by superposition) THE-like contributions to the transverse resistivity as
those described in references [54]-[58] for SRO based multilayers, can be
ruled out in our system. We conclude that the observed THE is an
intrinsic effect. Yet, since the estimates of the size magnetic textures from
the THE peaks yields sizes much smaller (20- 50 nm) than those observed
from MFM image analysis (300- 400 nm). This may be taken as an
indication that, rather than from skyrmions, the observed THE feature
results from chiral magnetic domains. The onset of the THE
irreversibility, observed for magnetic fields in the 5 T range, is due to the
formation of magnetic spirals. The strong THE peak at smaller fields
(below 1 T) is attributed to small domains with chiral boundaries
originating at the spiral state. It becomes clear, that having found THE
peaks in the transverse resistivity, the observation of granular magnetic
textures is not sufficient to attribute THE to skyrmions and chiral

magnetization states have to be further assessed.

10. Conclusion

In summary, we have found a large THE in LSMO/SIO bilayers which
results from the interfacial DMI across the interface between the strong
spin orbit SIO iridate and the LSMO. The in plane DMI acts on the
fraction of out of plane moments of the manganite which occur at the
interface resulting from weakened in plane anisotropy of a granular
magnetic structure. Thus, DM exchange interaction and granular domain
structure (typically observed in ZFC cooling protocols), are necessary
ingredients for the observation of the THE. Increasing magnetic field in
samples cooled in zero magnetic field promoted out of plane magnetic
moments and the DMI becomes stronger eventually yielding a spiral state.

At low fields (one T range) this spirals evolve into granular domains with
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chiral boundaries responsible for the large THE signals. Our experiment

not only provides evidence for the role of chiral magnetic domains in the

topological Hall effect (THE), which goes beyond skyrmions and bubbles,

but also improves our knowledge of the underlying mechanisms that might
give rise to the topological Hall effect (THE).
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Chapter 7

Conclusions

The experiments conducted along this thesis were aimed to explore the
quantum matter and electronic phases of SrIrO;, a 5d transition metal
oxide featuring a unique combination of electronic correlations and strong
spin-orbit coupling. We have shown that the delicate balance between
band width (kinetic energy), Coulomb repulsion and spin orbit
interaction, all three with similar energy scales (0.4 eV) confers the large
tunability to this system where small external perturbations may yield
large modifications of the electronic structure. Moreover, the strong spin-
orbit coupling exhibited by this material opens the door to a wide range
of novel phenomena, from unconventional magnetic behaviours to exotic

electronic phases driven by topological properties.

In this thesis, we have explored routes to manipulate the electronic
structure of SrlrO; using epitaxial strain and electric field effects as

external perturbations.

We have employed epitaxial strain as a practical tool to modify the
structural properties of SrIrO; thin films. SrIrO; electronic structure
demonstrates a high sensitivity to small perturbations in bond lengths and
angles. This sensitivity is to large extent due to the influence of its
pronounced spin-orbit interaction, which links the lattice details to the
electronic structure. For this reason, the epitaxial engineering has
provided excellent opportunities to highlight the interrelation between

structure and electrical properties.
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We found a strong tunability of the MIT (metal to insulator transition)
of this oxide with the substrate chosen; compressive strain generates an
increase in conductivity and a more metallic behaviour while expansive
strain induces an insulating state in the material. This study demonstrates
that bond reconstruction has an effect in modifying the connectivity of
IrO¢ octahedra and thus the dimensionality of the electronic system. This
behaviour illustrates the role of out-of-plane orbitals in the electronic

transport properties.

Furthermore, we have shown that in addition to strain the symmetries
imposed by the substrate trigger profound modifications of the electronic
structure. This is the case of DyScOs, a material with a non-symorphic
pattern of octahedral rotations, which triggers the nucleation of a SrlrOs
monoclinic phase. This reconstruction is visible only in a thickness window
between 5 and 8 nm and exhibits exotic electronic properties. We have
found that the resistivity becomes independent of temperature in a wide
temperature interval (300 — 2 K) suggesting that the system is in the
vicinity of a quantum phase transition. At the same time, a Dirac cone is
formed 30 mV above the Fermi level. These findings illustrate the
profound influence of strain and thickness on the electronic properties of
SrlrO; thin films, providing valuable insights into the modulation of the
electronic structure enabled by its coupling to structural details enabled

by spin orbit interaction.

Ionic liquid gating technique is a complementary route to explore novel
electronic phases of SrlrOs. This approach encompasses the generation of
strong electric fields, which, in ultrathin layers, couple to the electronic
structure through the strong spin-orbit coupling. Spin-orbit interaction
splits toy bands according to different spin and orbital symmetry, resulting
in narrow bands susceptible to Coulomb interactions. Inversion symmetry
breaking at surfaces or interfaces introduces additional hopping channels,
affects orbital mixing, band width, and spin splitting. The large electric
fields developing in field effect experiments using ionic liquids modify
symmetry-breaking fields of ultrathin layers. As a result, the electronic
structure, which is strongly coupled to the electric field via strong spin-

orbit coupling, may be significantly modified.
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We have demonstrated that the large electric fields generated in field
effect experiments with ionic liquids have a leading influence on the
electronic structure of ultrathin SrlrOs; films, inducing modifications
beyond those expected from doping. The emergent anomalous Hall effect,
linked to the out-of-plane canted antiferromagnetic state identified in the
insulating phase, provides evidence for the pivotal role of electron
correlations in driving the transition. The unusual band splitting and gap
opening, which underpins the metal-to-insulator transition, can be traced
back to the opening of new inter-orbital hopping channels driven by the
electric field and broken inversion symmetry. It becomes evident that the
breaking of inversion symmetry, under the control of an electric field, is
an effective "knob” to modulate the effective strength of the correlations

giving rise to the metal-to-insulator transition.

Once again the possibility of turning on and off the metal-to-insulator
transition and ensuing emergent magnetism, could be exploited to

engineer next-generation spintronic devices.

With regard to Lao7SrosMnOs/ SrIrOs; heterostructures, we have found
that the 3d/5d oxide interface is a highly promising area of research to
examine the interplay between strong spin-orbit coupling of the 5d oxides
with the strong electron correlations and magnetism of the 3d oxides. In
particular, this system open the way to an exciting new scenario to study
the interplay between correlations and topology. The anomalous Hall
effect (AHE) is a very effective tool to analyse the topological electronic
states nucleating at the interfaces between these two materials where

magnetism and symmetry breaking occur naturally.

We explored the differences between the SrlrOs/Lao:SrosMnOs
(SIO/LSMO) and Lay7SrosMnOs/ SrlrOs (LSMO/SIO) interfaces, which
turn out to be structurally very different. The distinction relies on the
different number of SrO planes with rock salt structure occurring at the
interface; the LSMO/SIO interface has two planes, while the SIO/LSMO
interface has three. The emergent intrinsic anomalous Hall effect (AHE)
in the LSMO/SIO bilayers contrast with the absence of this effect in the
SIO/LSMO bilayers. We were able to correlate this AHE in the
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LSMO/SIO bilayer with the magnetic state of the interfacial
Lao7SrosMnOs and the proximity-induced magnetism in the first 2 nm of

SrlrOs.

The intrinsic AHE induced in the LSMO/SIO bilayers brings to light an
intriguing interplay between topology (in momentum space) and electron
correlations at the 3d/5d interface. The proximity-induced magnetism and
broken symmetry at the interface combined with the robust spin-orbit
interaction in SrlrOs;, generates 'hot spots' of integrated Berry curvature
at nodal lines and band (avoided) anticrossings, thus providing an
artificial realization of the minimal model of the AHE. Despite the small
values of the magnetic moment induced in SrIrO; due to its proximity to
Lag7SrosMnQs, it is noticeable that the topological properties of SrlrOs;
greatly amplify this effect on the AHE, and consequently, the anomalous

Hall angle achieves some of the highest values reported in the literature.

This finding holds significant importance, enriching our understanding of
the intricate interplay between topology, electron correlations, and
magnetism in these materials. The possibility of tuning the anomalous
Hall effect in these heterostructures could signal novel device concepts for

next generation of spin orbitronics.

Finally, regarding spin textures in the LagSrosMnOs/SrIrOs bilayer
systems, we have shown that the competition between spin-orbit coupling
and superexchange interaction furnishes an optimal milieu to lodge the
Dzyaloshinskii-Moriya interaction (DMI). This antisymmetric exchange
interaction, when combined with the Heisenberg exchange, can prompt
the nucleation of noncollinear spin textures in chiral magnets such as spin
spirals, magnetic skyrmions, and chiral domain walls. The emergence of
spin chirality generates an effective electromagnetic field for electrons in
real space via the spin Berry phase process, leading to the occurrence of
the topological Hall effect (THE).

We have observed a very large THE in SIO/LSMO bilayers, corroborating
the theoretical anticipation of THE in this structure. However, it exhibits
unique features that might offer valuable insights into the association

between THE and spin configurations.
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We have found that the appearance of the THE is determined by magnetic
history. THE shows up in zero field cooling (ZFC) transport experiments
in a wide range of temperatures and magnetic fields. However, when the
sample is field cooled (FC) in a perpendicular magnetic field, THE is
quenched. Systematic MFM and x-ray absorption spectroscopy and
imaging conducted on these samples have shown a granular magnetic
texture characterized by magnetic domains with an approximate 400 nm
average diameter. Yet, the occurrence of THE is linked to the observation
of spin spirals which transmute into a rough, granular domain structure
when the magnetic field is diminished to the values where THE signal is
observed. This implies that spirals may imprint chiral attributes in the

small magnetic domains, triggering the large THE signals.

The dependence of the THE signal with temperature is also anomalous.
The amplitude of THE diminishes notably as temperature is increased,
which fundamentally dismisses the association with fluctuating non-
collinear spins, known to be present in manganites at the metal to
insulator transition (MIT). Conversely, if THE is interpreted to arise from
skyrmions, one anticipates the THE resistivity to be largely temperature-
independent. However, its temperature dependence suggests skyrmion
dimensions evolving with temperature, which is typically unforeseen.
Moreover, according to theoretical estimates, anticipated skyrmion
diameters lie within the 20-70 nm range in this system. These values are
significantly smaller than practical domain sizes (400 nm) found from the

experimental images.

It is worth mentioning that these discrepancies have fuelled an escalating
debate regarding the connection between electronic transport phenomena
and chiral magnetism, particularly in magnetic multilayers, where
significant discrepancies between the skyrmion densities derived from
THE and MFM observations are reported. The interpretation of THE as
the transport signature of chiral spin configurations has been recently
contested, in relation to experiments on SrRuQOj; oxide interfaces. It was
suggested that intrinsic electronic mechanisms and/or inhomogeneities
could contribute to the generation of multiple components of anomalous
Hall effect, which could be erroneously identified as THE. Yet, these
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artefacts require that at least 2 AHE components have different signs,
what occurs frequently in SrRuOs; but it has never been observed in

manganites. We conclude that our large THE is an intrinsic effect.

The manifestation of spin spirals and potentially skyrmions can be
theoretically rationalized through the interfacial Dzyaloshinskii-Moriya
interaction (DMI) resulting from spin-orbit coupling and the broken
inversion symmetry expected to occur naturally at the interface between
the ferromagnetic manganites of the La;_SriMnO; family and the
paramagnetic semimetal SrlrQ;. Additionally, this scenario is enabled by
the remarkable structural and chemical compatibility of both materials,
allowing for the fabrication of highly organized interfaces. The DMI,
acting on the magnetic moments of the ferromagnet with out-of-plane
magnetic anisotropy, will induce the helix (spiral) phase at low magnetic
fields, evolving into the skyrmion phase as the magnetic field is high
enough, and ultimately transitioning into the uniform ferromagnet.
Conversely, for a set magnetic field, the spiral state will be promoted by
an enhanced strength of the DMI, or alternatively by a reduction in the

strength of the ferromagnetic interaction.

The observed behavior stems from the modulation of the ferromagnetic
interaction strength within the ultrathin manganite layer by the external
magnetic field. In the absence of a magnetic field, metastable individual
skyrmions and chiral magnetic domains can persist if the effective DMI
constant diminishes below a critical value Dc, which is proportional to the
exchange stiffness and the effective out-of-plane anisotropy. While the
exchange stiffness, determined by the local electronic structure, remains
relatively immobile, the magnetic anisotropy in ultrathin manganites is
dependent upon the magnetic history. Ultrathin manganites are
recognized for exhibiting suppressed ferromagnetism (alongside dead
layers), characterized by small magnetic domains with weakened (in-
plane) anisotropy (as observed from the substantial domain blocking
observed in SQUID measurements following a ZFC). In addition, the
significant low-temperature MR reveals the presence of a granular
magnetic structure with spin disorder at boundaries, leading to attenuated
in-plane anisotropy and to the manifestation of out-of-plane moments,

thus engaging with the DMI interaction. Consequently, the magnetically
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granular structure diminishes the relative strength of the dipolar in-plane
anisotropy field, allowing for the development of an out-of-plane
magnetization component crucial for the development of chiral
magnetization through the DMI. It is noteworthy that increasing the out-
of-plane field induces a rotation of the magnetic moments within
individual domains out of the plane, further facilitating the operation of
the DMI and promoting the formation of spirals. The presence of the weak
ferromagnetic state during ZFC at low temperatures serves as a crucial
element for the DMI to induce the chiral magnetization state. Conversely,
the FC sequence yields a more uniform ferromagnetic state that remains
unaltered by the interfacial DMI, consequently resulting in the absence of

THE.

Finally, the observed discrepancy between theoretical and experimental
skyrmion size may suggest that the observed THE feature, rather than
originating from skyrmions, results from chiral magnetic domains. The
emergence of irreversibility in THE, detected at magnetic fields in the
range of 5 T, can be attributed to the formation of magnetic spirals.
Furthermore, the prominent THE peak at lower fields (below 1 T) is
ascribed to small domains characterized by chiral boundaries originating
from the spiral state. It becomes evident that, despite the observation of
granular magnetic textures, the presence of THE alone is insufficient to
attribute it to skyrmions, thus necessitating further assessment of chiral

magnetization states.

Our experiment not only provides evidence for the role of chiral magnetic
domains in the topological Hall effect (THE), which goes beyond
skyrmions and bubbles, but also improves our knowledge of the underlying
mechanisms that might give rise to the topological Hall effect (THE).

Our research on SrlrO; thin films signals fascinating new avenues for
future research. Given our understanding of how strain and film thickness
conspire to modulate the electronic properties of SrlrOs;, it will be
intriguing to see if other materials families (ruthenates, osmiates, etc)
behave similarly under different conditions of strain and film thickness.
Another exciting facet is to investigate how the novel electronic phases

can be manipulated to create tailored material functionalities for specific
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applications, such as spintronics or quantum computing. It is our hope
that these results will inspire future research to further elucidate the
complex interplay between structural properties and electronic
behaviours, ultimately leading to innovative material designs and

applications.
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Resumen en espanol

Recientemente, los materiales cuanticos han ganado relevancia en la fisica
del estado sélido debido a su capacidad para mostrar fenémenos cuanticos
emergentes. Muchos de estos fenémenos provienen del acoplamiento espin-
orbita, una interaccién cuantica relativista que vincula el movimiento
orbital de los electrones con su espin, generando fases electrénicas

inusuales y comportamientos magnéticos poco convencionales.

El SrIrO3, un 6xido metalico de transicién 5d, es un destacado material
cuantico debido a su equilibrio entre correlaciones electrénicas y
acoplamiento espin-orbita. FEste equilibrio le permite modular sus
propiedades fisicas ante perturbaciones externas, manifestando cambios
significativos en sus caracteristicas eléctricas y magnéticas, incluso ante
estimulos leves. Esta notable sensibilidad hace del SrIrOs; un modelo de
estudio para entender el impacto de dichas perturbaciones en materiales

cuanticos.

Un objetivo clave de esta tesis doctoral es emplear perturbaciones externas
para manipular las propiedades del SrlrO;. Nos centramos principalmente
en dos métodos: tensién epitaxial y dispositivos de efecto campo con
liquidos iénicos. Ambos métodos han probado ser efectivos para modificar
propiedades electréonicas. A través de la tension epitaxial, eligiendo el
sustrato, podremos inducir una tensiéon compresiva o expansiva en el
SrIrOs y asi conseguir informacién crucial sobre el efecto de los cambios
estructurales en los estados electréonicos. Por otro lado, la aplicacién de
voltajes de puerta mediante liquidos i6nicos nos permite inducir fuertes
campos eléctricos en el material. Esta herramienta nos permitird estudiar
la relacién entre la estructura electrénica del SrIrOs y la ruptura de la
simetria que experimente este sistema, interrelaciéon posible gracias al
acoplo espin-érbita. Con estos experimentos no sélo pretendemos entender
el comportamiento del SrlrOs; ante perturbaciones, sino también
evidenciar el potencial de estas técnicas para para su aplicaciéon en futuros

dispositivos electrénicos.
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La combinacién de 6xidos bd como el SrlrOj;, con fuerte interaccién espin-
orbita, y 6xidos 3d ferromagnéticos es también buena estrategia para
estudiar la interaccién entre topologia y correlaciones. Esta combinacién
nos permite estudiar nuevos fenémenos emergentes como las texturas
quirales de espin o fenémenos de proximidad exéticos en las interfaces.
Como segundo objetivo de esta tesis, estudiaremos las propiedades de
transporte de heteroestructuras combinando SrlrO; y Lag7SrosMnOs.
Estas Dbicapas ofrecen un amplio campo de juego para investigar
propiedades topoldgicas utilizando el efecto Hall anémalo (AHE) y el
efecto Hall topolégico (THE). La aparicion del THE y su relacién con la
nucleacién de texturas quirales de espin nos permitiran comprender los
mecanismos fundamentales que subyacen al THE. Estas investigaciones
no sélo pretenden ahondar en la comprension fundamental de la
interaccion entre el acoplamiento espin-orbita y las correlaciones en los
materiales cuanticos, sino también allanar el camino hacia el disefio de

nuevos dispositivos espintrénicos.

Los objetivos de esta tesis se alcanzaran mediante el crecimiento de
peliculas delgadas y heteroestructuras mediante la técnica de
pulverizacién catddica de alta presion de oxigeno. Se exploraran las
propiedades estructurales, eléctricas y magnéticas de estos sistemas
mediante una amplia variedad de técnicas experimentales. Finalmente, los

resultados se contrastaran mediante simulaciones de primeros principios.

Como resultado, esta tesis estd estructurada en siete capitulos. Los
capitulos 1 y 2 se corresponden con la introduccién y los métodos
experimentales de la tesis. A continuacién, se suceden cuatro capitulos de

resultados:

- El capitulo 3 esta dedicado al efecto de la tensién epitaxial en el SrlrQOs.
Estudiamos las propiedades estructurales y electrénicas del SrIrO; bajo
diferentes tensiones epitaxiales. Observamos que ciertos sustratos pueden
imponer restricciones de simetria que desencadenan modificaciones de las
propiedades electronicas. En particular, el DyScOs, da lugar a una fase

monoclinica altamente andémala.
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- En el capitulo 4 hemos estudiado los efectos de campo eléctrico en el
SrlrOs. Usando campos eléctricos generados con un liquido idnico,
estudiamos la estructura electrénica de una capa ultradelgada de SrlrOs.
Mediante medidas de magnetotransporte observamos una transicién
metal-aislante en funcién del campo eléctrico y un efecto Hall anémalo
(AHE) en el estado aislante. A través de simulaciones de la teoria del
funcional de la densidad observamos que el campo eléctrico produce un
desdoblamiento de las bandas electrénicas, abriendo un gap que es el
responsable de la transicion metal-aislante. Demostramos que el efecto de
la ruptura de simetria en el sistema puede ser modulado por un campo

eléctrico gracias al acoplo espin-orbita.

- En el capitulo 5 examinamos el AHE que emerge en heteroestructuras
Lao7SrosMnOs/SrlrOs. Atribuimos este AHE a un estado magnético
inducido en el SrIrO; por proximidad. Este efecto depende de la secuencia
en la que se encuentren los materiales en la interfase. Correlacionamos
este AHE con el estado magnético de la manganita en la interfase y el
magnetismo inducido por proximidad en el SrIrO; en los 2 nm iniciales de

la interfase.

- En el capitulo 6 estudiamos el efecto Hall topologico (THE) que emerge
en heteroestructuras  Lao:SrosMnOs/SrIrOs.  Este THE  depende
fuertemente de la temperatura y desaparece al enfriar el sistema con un
campo magnético aplicado. Las imagenes obtenidas mediante microscopia
de fuerza magnética muestran texturas magnéticas granulares similares a
skyrmiones y espirales. Observamos que la aparicién de espirales esta

ligada a la aparicion del THE.

Finalmente, en el capitulo 7 se presentan las conclusiones de la tesis, donde
se discuten los resultados mencionados anteriormente. Haremos hincapié
en los resultados obtenidos en el Ultimo capitulo, al ser los mas relevantes
y dificiles de interpretar. Y es que actualmente existe un creciente debate
entre la relacién del THE con las texturas de espin. La correlacién de las
texturas magnéticas observadas con la aparicién de THE aporta una

informacién esencial a este debate, permitiendo comprender mejor el papel
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de la interaccion Dzyaloshinskii-Moriya y la anisotropifa magnética como

mecanismos subyacentes a THE.

En definitiva, nuestra investigacién sobre las laminas delgadas de SrlrOs;
y LaoSrosMnOs/SrIrOs abre nuevas y fascinantes vias de investigacion.
Considerando c¢émo la tensién epitaxial y el espesor de la pelicula
conspiran para modular las propiedades electrénicas del SrlrOs;, sera
interesante comprobar si otros materiales (rutenatos, osmiatos, etc.) se
comportan de forma similar. A su vez, los fenémenos emergentes
observados en  Dbicapas LaorSrosMnOs/SrIrOs  aumentan nuestra
comprensién de las interfases de 6xidos 3d/5d, siendo extrapolable a

sistemas similares.
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Recently, quantum materials have gained relevance in solid-state physics
because of their ability to manifest emergent quantum phenomena. Many
of these phenomena arise from spin-orbit coupling, a relativistic quantum
interaction that links the orbital motion of electrons to their spin,
generating unusual electronic phases and unconventional magnetic

behaviour.

SrlrOs, a 5d transition metal oxide, is an exceptional quantum material
due to the balance between electronic correlations and spin-orbit coupling.
This balance allows the SrIrOs to modulate its physical properties in
response to external perturbations, manifesting significant changes in its
electrical and magnetic characteristics, even under small stimuli. This
remarkable sensitivity makes SrlrOs; a model for understanding the impact

of these perturbations in quantum materials.

One of the key objectives of this thesis is to use external perturbations to
manipulate the properties of SrlrO;. We focus mainly on two methods:
epitaxial strain and field effect devices with ionic liquids. Both methods
have proven to be effective in modifying electronic properties. By epitaxial
strain, choosing the substrate, we can induce a compressive or expansive
strain in SrIrOs; and thus obtain crucial information about the effect of
structural changes on the electronic states. On the other hand, the
application of gate voltages by using ionic liquids allows us to induce
strong electric fields in the material. This tool will allow us to study the
relationship between the electronic structure of SrlrO; and the symmetry
breaking experienced by this system, an interrelation possible by spin-
orbit coupling. With these experiments, we not only pretend to
understand the behaviour of SrlrO; under perturbations, but also to

demonstrate the potential of these techniques for future electronic devices.

The combination of 5d oxides such as SrlrOj, with strong spin-orbit
interaction, and ferromagnetic 3d oxides is also a good strategy to study
the interplay between topology and correlations. This combination allows

us to study new emerging phenomena such as chiral spin textures or exotic
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proximity phenomena at interfaces. As a second objective of this thesis,
we will study the transport properties of heterostructures combining
SrIrOs and LagSrosMnOs. These bilayers offer a wide playing field to
investigate topological properties using the anomalous Hall effect (AHE)
and the topological Hall effect (THE). The emergence of THE and its
relation to the nucleation of chiral spin textures will allow us to
understand the fundamental mechanisms underlying THE. These
investigations are not only intended to provide a fundamental
understanding of the interplay between spin-orbit coupling and
correlations in quantum materials, but also to pave the way towards the

design of new spintronic devices.

The objectives of this thesis will be achieved by growing thin films and
heterostructures using the high-pressure sputtering technique. The
structural, electrical, and magnetic properties of these systems will be
explored using a wide variety of experimental techniques. Finally, the

results will be contrasted by first-principles simulations.

As a result, this thesis is structured into seven chapters. Chapters 1 and
2 correspond to the introduction and experimental methods of the thesis.

This is followed by four chapters of results:

- Chapter 3 is devoted to the effect of epitaxial stress on SrlrO;. We study
the structural and electronic properties of SrlrO; under different epitaxial
stresses. We observe that certain substrates can impose symmetry
constraints that trigger modifications of the electronic properties. In

particular, DyScOs; gives rise to a highly anomalous monoclinic phase.

- In chapter 4, we studied the effects of electric fields on SrlrOs;. Using
electric fields generated by an ionic liquid, we studied the electronic
structure of an ultrathin SrIrOs; film. Through magnetotransport
measurements, we observe a metal-insulator transition as a function of
the electric field and an anomalous Hall effect (AHE) at the insulating
state. Using density functional theory simulations, we observe that the
electric field produces a splitting of the electronic bands, opening a gap

that is responsible for the metal-insulator transition. We show that the
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effect of symmetry breaking in the system can be modulated by an electric

field thanks to spin-orbit coupling.

- In chapter 5, we examined the emergence of an AHE in
LaoSrosMnOs/SrIrOs heterostructures. We attribute this AHE to a
magnetic state induced in SrlrO; by proximity. This effect depends on the
sequence of materials at the interface. We correlate this AHE with the
magnetic state of manganite at the interface and the proximity-induced

magnetism in SrlrO; in the initial 2 nm of the interface.

- In chapter 6, we studied the topological Hall effect (THE) that emerges
in  LaorSrosMnOs/SrIrOs  heterostructures. This THE is strongly
temperature-dependent and disappears upon cooling the system with an
applied magnetic field. Magnetic force microscopy images show granular
magnetic textures similar to skyrmions and spirals. We observe that the

emergence of spirals is linked to the emergence of THE.

Finally, chapter 7 presents the conclusions of the thesis, where the results
mentioned above are discussed. We will focus on the results obtained in
the last chapter, as they are the most relevant and difficult to interpret.
Nowadays, there is a growing debate about the relationship between THE
and spin textures. The correlation of the observed magnetic textures with
the emergence of THE provides essential information for this debate,
allowing us to better understand the role of the Dzyaloshinskii-Moriya

interaction and magnetic anisotropy underlying THE.

In conclusion, our research on SrIrOs and LagSrosMnOs/SrIrOs thin films
provides fascinating new avenues of investigation. Considering how
epitaxial strain and film thickness conspire to modulate the electronic
properties of SrIrOs, it will be interesting to see whether other materials
(ruthenates, osmiates, etc.) behave similarly. In turn, the emerging
phenomena observed in Lag:SrosMnOs/SrlrOs bilayers increase our
understanding of 3d/5d oxide interfaces, making them transferable to

similar systems.
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