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All men dream, but not equally.
Those who dream by night in the dusty recesses of their minds,

wake in the day to find that it was vanity: but the dreamers of the day are dangerous men,
for they may act on their dreams with open eyes, to make them possible.

T. E. Lawrence
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SUMMARY

The realization of interfaces between different transition metal oxides has heralded a
new era of materials and physics research. Notably, it enabled a uniquely diverse set of
coexisting physical properties to be combined with an ever-increasing degree of experi-
mental control.

The primary focus of this thesis is the celebrated interface between the two wide
band-gap insulators LaAlO3 and SrTiO3, which exhibits a variety of phenomena such as
conductivity, superconductivity and spin–orbit coupling — all of which are gate-tunable,
demonstrating the promise of this system for fundamental research and technological
applications alike.

We start by discussing the role of spin–orbit coupling in the magnetotransport prop-
erties of the system. Namely, we show how it can drive a giant in-plane magnetore-
sistance. On a more technically challenging perspective, we realize tunable Josephson
junctions by means of lateral confinement and local side-gating. This technique, due to
its simplicity, can be expanded to a broad group of interfacial systems. We then inves-
tigate LaAlO3/SrTiO3 interfaces along the (111) crystallographic direction, discovering
that it condenses into a superconducting ground state and elucidating the important
role played by electronic correlations.

Finally, this thesis ends with a twist to the story. Moving away from epitaxial inter-
faces, we employ an innovative technique to obtain free-standing oxide films by etching
a water-soluble sacrificial buffer layer. This exciting development paves the way to in-
tegrating complex oxides with van der Waals materials and engineering new phases in
hybrid devices.

xi





SAMENVATTING

De realisatie van grensvlakken tussen verschillende transitiemetaaloxides heeft een nieuw
tijdperk van materiaal en natuurkundig onderzoek teweeggebracht. Het liet met name
toe dat een unieke set van naast elkaar bestaande fysische eigenschappen kon worden
gecombineerd met een toenemende mate van experimentele controle.

De primaire focus van dit proefschrift is het gevierde grensvlak tussen de twee isola-
toren LaAlO3 en SrTiO3 dat een verscheidenheid aan verschijnselen vertoont zoals gelei-
ding, supergeleiding en spin-baankoppeling — allen zijn controleerbaar door het aan-
brengen van schakelspanningen, wat getuigt van het potentieel van dit systeem voor
fundamenteel onderzoek en technologische toepassingen.

We beginnen door de rol van spin-baankoppeling in de magnetische transportei-
genschappen van het systeem te bediscussiëren. We laten namelijk zien hoe het een
enorme magnetoweerstand in het vlak teweeg kan brengen. Op een meer technologisch
uitdagend vlak realiseren we controleerbare Josephson juncties bij wijze van laterale be-
grenzing en het lokaal aanbrengen van schakelspanningen. Deze techniek kan door zijn
eenvoud toegepast worden op een brede groep grensvlaksystemen. We bestuderen ver-
volgens LaAlO3/SrTiO3 grensvlakken in de (111) kristallografische richting en ontdekken
dat het in een supergeleidende grondtoestand condenseert, en verhelderen de belang-
rijke rol die ingenomen wordt door elektronische correlaties.

Uiteindelijk eindigt dit proefschrift met een onverwachte wending. We gaan weg
van epitaxiale grensvlakken en gebruiken een innovatieve techniek om vrijstaande oxide
films te bemachtigen door een wateroplosbare bufferlaag weg te etsen. Deze spannende
ontwikkeling maakt de weg vrij om complexe oxides te integreren met van der Waals
materialen en nieuwe toestanden in hybride apparaten te ontwerpen.
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1
INTRODUCTION

Where nature finishes producing its own species, man begins,
using natural things and in harmony with this very nature,

to create an infinity of species.

Leonardo da Vinci

1
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2 1. INTRODUCTION

T
He fundamental importance of materials is made clear from the naming of ages of
civilizations – the stone, iron and bronze ages – with each new era being brought
about by a new material. In the Stone Age, people built and used simple stone

tools which enabled them to improve their lives and advance their civilization. This age
saw the Agricultural Revolution begin, during which humans began the systematic hus-
bandry of plants and animals [1]. As agriculture advanced, most humans transitioned
from a nomadic to a settled lifestyle as farmers in permanent settlements, fundamen-
tally changing the human lifestyle. In the Bronze Age, the development of advanced
metalworking enabled a number of technological innovations which profoundly altered
the landscape of the civilization, ultimately making the Stone Age obsolete. Iron and
steel were the defining materials of the Iron Age, allowing engineers to give full rein to
their dreams of creating suspension bridges, railways, steam engines and passenger lin-
ers. Isambard Kingdom Brunel used them as a manifesto to transform the landscape
and sow the seeds of modernism [2, 3]. Rapid and farther transportation became possi-
ble, and people then explored many lands and seas, otherwise unreachable before.

1.1. THE SILICON AGE

A profound change in direction was initiated at the end of the 19th century by a remark-
able event: the discovery of the electron [4]. In his laboratory in Cambridge, J. J. Thom-
son was performing detailed fundamental experiments to try to determine the compo-
sition of the mysterious radiation emitted by negative metallic electrodes — so-called
“cathode rays”. Thomson was able to show that the rays are made of negatively charged
particles, with a mass almost 2000 times lighter than a hydrogen atom. Soon it was rec-
ognized that Thomson’s cathode ray particles are the same as those that carry current in
wires and they became known as electrons.

Figure 1.1: Glass apparatus (electromagnetic tube) used by J. J. Thomson to measure the ratio of charge to mass
of cathode rays. Science Museum, London, 1975. Photo by I. Peterson.

For his fundamental studies, Thomson developed glass tubes strong enough to with-
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stand the pumping out of most of the air molecules (see Fig. 1.1), which provided engi-
neers with the design for the first electronic devices: three-terminal devices called vac-
uum tubes or triodes [5] which could be used as switches, for amplification, and to make
simple logic circuits. Vacuum tubes offered the first glimpse of the tremendous capabili-
ties that might be provided by electrical circuits. Since, however, they were bulky, some-
times unreliable and devoured energy, they also provided device physicists and materi-
als scientists with a strong incentive to find a route to a more convenient three-terminal
device. The resulting development of the semiconductor transistor [6, 7] — first in ger-
manium and soon after in silicon due to its superior material properties — is certainly
one of the most significant breakthroughs of the 20th century.

As a result, our current time is often referred to as the Silicon Age, with silicon tran-
sistors forming the core of much of the microelectronics that enable our modern way
of life. Devices have gotten smaller, faster, more efficient, more powerful, and cheaper.
However, as the size of transistors — the building blocks of electronics — approaches
the size of the individual silicon atoms, we will run into fundamental physical limits [8]
and the silicon revolution will inevitably be forced to come to an end. Might there still be
a future for silicon, provided it is given new capabilities? Or has the time come when a
replacement for silicon can no longer be avoided? Moving away from silicon, the subject
of this thesis is the richness of the electronic phases and enhanced functionality afforded
by transition metal oxides (TMOs).

1.2. AN EMERGENT PHASE OF ELECTRONICS
The introduction of interfaces into semiconductor structures spawned numerous semi-
conductor devices of immense utility, at the same time as it allowed a multitude of fasci-
nating discoveries in fundamental science. Transistors, lasers, and solar cells all exploit
interfacial phenomena — interfaces enable data processing, memory, and electronic
communication. Herbert Kroemer began his Nobel lecture by stating [9]:

“Often, it may be said that the interface is the device.”,

but away from interfaces, in the bulk of the material, the behavior of electrons in
semiconductors such as silicon is less exciting. The electrons zip through the crystal lat-
tice essentially as independent, free particles. In contrast, the electron interactions in
the bulk of TMOs give rise to spectacular phenomena, such as colossal magnetoresis-
tance [10, 11] and high-temperature superconductivity. These phenomena arise in ox-
ides from regularly spaced ions interacting with the electrons, from the unique electronic
character of oxygen ions, and from the electronic correlations — interactions among the
electrons themselves, which make them deviate from free-particle behavior. By analogy
with the silicon case, it is tantalizing to incorporate well-defined interfaces into TMOs to
generate completely novel phenomena.

1.2.1. ELECTRONIC CORRELATIONS: INTERFACES MATTER
The electric and magnetic properties of TMOs are often dominated by electrons in d-
orbitals. The large Coulomb repulsion between electrons accommodated in the spatially
constrained d-orbitals tends to block the motion of electrons from one atom to another,
and the electrons are highly interacting. Just like interacting atoms and molecules, the
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correlated electrons can form solid (insulator), liquid (metal), and superfluid (supercon-
ductor) states inside the solid. The presence of the electron’s three degrees of freedom —
charge, spin, and orbital — enrich these electronic phases further. Complex combina-
tions of charge-, spin-, and orbital-ordered states indeed appear in the phase diagrams
of TMOs.

The strength and relevance of the correlations among electrons are characterized by
parameters such as the on-site Coulomb repulsion energy U and exchange energy J [12].
As these parameters are sensitive to the local ionic structure, they are usually highly sus-
ceptible to changes occurring at interfaces [13]. One exciting example is an interface–
driven reduction of the electronic screening, possibly caused by the broken periodicity
of the ion lattice, leading to an enhanced on-site Coulomb energy U.

1.3. LAO/STO: A CONDUCTING LAYER BETWEEN TWO INSU-
LATORS

The ability of creating complex oxide heterostructures — interfaces formed between two
different TMOs — has heralded a new era of materials and physics research [14]. The
physical phenomena that emerge at oxide interfaces go well beyond those exhibited by
conventional semiconductor interfaces because new and largely unexplored physics be-
comes relevant, enabling novel electronic phases. Moreover, they represent an ideal con-
figuration for future electronic applications, since (i) they work at room temperature, (ii)
can be tuned by externally applied electric fields [15] and (iii) feature high carrier mobil-
ities.

The best example is the seminal discovery of a conducting electron system at inter-
faces between the wide band-gap band insulators LaAlO3(LAO) and SrTiO3(STO) [16]. If
LAO is epitaxially grown on the TiO2-terminated and (001)-oriented surface of STO, a
conducting electron-doped (n-type) sheet is generated at the interface.

Typical mobilities of the electron system at the LAO/STO interface are ∼ 1cm2V−1s−1

and ∼ 103 cm2V−1s−1 at room and low temperature, respectively. Carrier densities are
usually in the range of 1013 cm−2 [17]. In the direction perpendicular to the interface, the
conducting sheet is at most a few nanometers thick [18]. These characteristics, which
differ remarkably from the typical properties of semiconductor interfaces, are exhibited
by samples that are annealed in an oxygen atmosphere after epitaxial growth. Under
these conditions, the conducting sheet generated by electronic reconstruction is not
shunted by electrons arising from doping of STO by oxygen vacancies [19].

In recent years, the LAO/STO electron mobility has been enhanced by surface engi-
neering or film growth control. These techniques, which enabled carrier mobilities of
∼ 104 cm2V−1s−1, include:

• lowering the deposition temperature [20],

• writing charges on the sample surface [21],

• introduction of a SrCuO2 cap layer of a few unit cells [22],

• modulation doping [23].
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1.3.1. POLAR CATASTROPHE AND ELECTRONIC RECONSTRUCTION
One of the key features of the LAO/STO system is the polar discontinuity that occurs at
the interface. As shown in Fig. 1.2a, along the (001) direction STO is composed of alter-
nating neutral TiO2 and SrO planes, while LAO is composed of alternating AlO2 and LaO
planes which are charged −e and +e (per surface unit cell), respectively. The resulting
polar discontinuity leads to an electric field inside the LAO layer and an electrostatic po-
tential that grows as the LAO layer thickness increases. This is the so-called “polar catas-
trophe scenario” that leads to an instability as the LAO layer thickness is increased [24].
The voltage grows with the LAO thickness to such large values that, above a critical LAO
thickness of 3 unit cells, electrons reduce their Coulomb energy by moving from the LAO
sheet to the interface, as depicted in Fig. 1.2b. This process leaves the overall structure
neutral, with the Ti ion at the interface becoming Ti3.5+, and the potential no longer di-
verges.

To cancel the polar field, a charge transfer of exactly 1/2e per surface unit cell is
necessary, which translates into a carrier density of 3× 1014 cm−2. However, as previ-
ously mentioned, experimentally measured carrier concentrations from the Hall effect
are generally an order of magnitude lower [25, 26], raising the question: where are the
missing electrons? One explanation proposes that there are two populations of electrons
at the interface, one that is tightly bound to the interface and strongly localized through
impurities and defects, while the other is more loosely bound and mobile [27, 28].

AlO2
LaO
AlO2

LaO
TiO2

SrO
TiO2

SrO

1-
1+
1-
1+
1/2-
0
0
0

Eρ V

AlO2
LaO
AlO2

LaO
TiO2

SrO
TiO2

SrO

1-
1+
1-
1+

0
0
0

Eρ V

0

a

b

Figure 1.2: (a) Unreconstructed interface. Left: charge distribution across the ionic planes. Right: non-negative
electric-field (E) and resulting electrostatic potential (V ), which diverges with the LAO thickness. (b) Re-
constructed interface. Left: charge distribution after half and electron per unit cell is transferred to the last
TiO2 layer. Right: electric field oscillates about 0 and the electrostatic potential remains finite. Reproduced
from [24].

Other mechanisms that could give rise to a conducting interface have been discussed,
such as La/Sr intermixing at the interface [29] or oxygen vacancies in STO [17, 30, 31].
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One point worth noticing is that while such mechanisms may lead to STO doping, that
is to conduction, they do not fix the polar catastrophe problem.

Recently, new models have been proposed to explain the occurrence of the 2DES at
the LAO/STO interface [32–35]. Although the polar discontinuity is still the driving force
for the appearance of a conducting layer, the novelty in these approaches is that the
mechanism for charge transfer is not a Zener breakdown but the formation, at the critical
thickness, of oxygen vacancies on the top surface of LAO (rather than at the interface) —
each neutral oxygen vacancy gives two electrons that are transferred to the interface.
These models provide an explanation as to why the top surface is insulating and may
also explain why the charge transfer is abrupt at the critical thickness.

Interesting consequences of the polar catastrophe scenario pertain to interfaces ori-
ented along other crystallographic directions. Later in this thesis, we will discuss exten-
sively the case of (111)-oriented interfaces.

1.3.2. GATE-TUNABLE SUPERCONDUCTIVITY

In 2007, superconductivity was discovered at the LAO/STO interface with a critical tem-
perature of ∼ 250mK [36]. Shortly after, a back gate geometry as depicted in Fig. 1.3a
was used to tune the carrier density by electric field-effect. Notably, it was discovered
that applying an electric field also allows one to switch back and forth between a zero
resistance state and a resistive state at low temperature [15]. A typical plot of Tc versus
back gate voltage is shown in Fig. 1.3b. Salient features of this phase diagram include (i)
a quantum critical point (QCP) separating a localized from a superconducting region at
low dopings, (ii) a dome shaped curve culminating at T max

c ∼ 300mK and (iii) a super-
conductor to metal boundary at higher dopings.

VBG

2DES

Back Gate
electrode

300

R
 (k

Ω
 p

er
 s

qu
ar

e)

QCP

200
VBG (V)

100

200

300

T
c  (m

K
)

0

400

0

4

8

12

16

1000-100-300 -200

2D SC

a b

Figure 1.3: (a) Schematic of a field-effect device at LAO/STO interface using a back-gate geometry. (b) Gate-
tunable superconductivity at LAO/STO, reproduced from [15]. Critical temperature Tc (right axis, blue dots)
is plotted against gate voltage, revealing the superconducting region of the phase diagram. Also plotted is
normal-state sheet resistance, (left axis, red triangles) as a function of gate voltage.
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1.3.3. ELECTRONIC STRUCTURE
The confinement of the electrons at the (001) interface has important consequences on
the electronic structure of the 2DES. Notably, it produces a subband structure and deter-
mines the orbital order of the different subbands. X-ray spectroscopy has revealed that
the Ti 3d-t2g bands, which are three-fold degenerate in a cubic crystal (see Figs. 1.4a
and 1.4b), exhibit an energy splitting due to the confinement in the direction perpendic-
ular to the interface [37]. As depicted in Fig. 1.4c, the formation of an interface lowers
the energy of the states with dx y symmetry with respect to the states with dxz /dy z ; the
former predominantly reside in TiO2 planes close to the interface while the latter extend
further in the direction perpendicular to the interface [27, 38].

Ti atom

d states

eg

t2g

dz2

dxy

dxz /dyz

dx  -y2 2

Octahedral field Interface

a b c

Figure 1.4: Energy levels of the Ti 3d orbitals. (a) Isolated Ti atom. (b) Octahedral field from a cubic perovskite.
(c) Interface: non inversion-symmetric tetragonal environment.

This has important consequences for electronic transport. Magnetotransport mea-
surements as a function of electrostatic doping have shown that, at low carrier densi-
tities, the Hall voltages are linear in magnetic field, indicating that transport follows a
single-band behavior. Above a critical density, Hall curves become non-linear, which is
consistent with two-band transport. This transition has been firmly established, as it has
been observed by several groups [39–43]. However, it is important to mention that differ-
ent works report different values for the corresponding critical carrier density, indicating
that it might depend on factors other than the band structure alone.

This critical density corresponds to a Lifshitz transition between the population of a
single, light, dx y band and the additional population of two heavy bands: the dxz and the
dy z (see Fig. 1.5a). The reason for the difference in their mobilities can be understood
from a simple geometrical argument: in contrast with y z and xz bands, both lobes of
the x y are in plane, resulting in a larger orbital overlap. Gate-dependent angle-resolved
photoemission spectroscopy measurements have corroborated this scenario [44]. Band
structure calculations [45, 46] show that atomic spin–orbit interactions lift the degener-
acy between dxz /dy z bands and give rise to an energy gap ∆so, causing avoided band
crossings and mixing the band characters. As a result, a more accurate band structure is
depicted in Fig. 1.5b.
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Figure 1.5: Band structure of the 2DES hosted at the LAO/STO interface (a) without and (b) with spin–orbit
interactions. At the Γ-point the bands are split by ∆so.

This simple yet effective band picture has been linked to important experimental ob-
servations.

I. Rashba spin–orbit interactions

Rashba spin–orbit coupling can also be dramatically tuned by the gate voltage at
LAO/STO interfaces [47, 48]. The spin–orbit strength is found to sharply rise as the car-
rier density is increased and reaches very large values of the order of 10meV [47]. The
doping range over which the spin-orbit interaction exhibits this steep increase appears
to correlate with the aforementioned Lifshitz transition. Atomic spin–orbit interactions
should be most prominent where the bands are degenerate, which corresponds exactly
to the energy where the heavy bands start being populated — the Lifshitz transition. In
turn, the influence of Rashba spin–orbit coupling is also peaked at the Lifshitz point, be-
cause it is directly proportional to the atomic spin–orbit coupling.

II. Superconductivity

While the dome-shaped phase diagram of superconductivity at LAO/STO interfaces
is well-established, the influence of the Lifshitz transition on superconductivity is still
under debate. Experimentally, it has been found that the peak of the superconducting
dome occurs in the vicinity of the Lifshitz transition [39, 49]. On the one hand, at higher
doping Tc decreases, hinting that the demise of superconductivity is linked to the fill-
ing of the dxz /dy z states. On the other hand, at low carrier densities the system is not
superconducting, supporting the argument that the superconducting regime cannot be
driven by purely dx y states.

An interesting aspect to consider is the possible influence of spin–orbit on the super-
conducting state. The increase of strength of spin–orbit interactions is concomitant with
the onset of superconductivity and reaches values much larger than the superconduct-
ing gap (40µeV [50]). This might lead to a non s-wave symmetry of the order parameter.
Future experiments sensitive to the symmetry of the order parameter will allow for a bet-
ter understanding of the interplay between spin–orbit coupling and superconductivity.
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1.4. THIS THESIS
In this thesis, we investigate quantum transport phenomena at oxide interfaces, with
particular focus on phenomena at the LAO/STO interface.

In Chapter 2 we demonstrate that spin–orbit coupling and scattering from finite-
range impurities can explain the giant in-plane magnetoresistance observed at the LAO/
STO interface. The thermal insensitivity of the giant magnetoresistance, in combina-
tion with a striking correspondence that we have observed between the gate voltage and
temperature dependence of the effect, are features that are difficult to reconcile with the
thermally fragile Kondo interpretation — but fit naturally in the semiclassical Boltzmann
description.

In Chapter 3, we explore a side gate geometry in order to realize gate-tunable Joseph-
son junctions at the LAO/STO interface. We demonstrate local electrostatic tunability of
these junctions while preserving a single lithographic step process by simultaneously
defining both the constrictions and the side gate electrodes. We address the high dielec-
tric constant of STO, demonstrating that it renders the action of the side gates compara-
ble to that of an effective “local back gate”.

Chapters 4 and 5 are dedicated to the study of LAO/STO interfaces along the (111)
crystallographic direction. In Chapter 4 we report the discovery of 2D superconductiv-
ity at the (111)LAO/STO interface. The superconducting transition is consistent with a
Berezinskii–Kosterlitz–Thouless transition and its 2D nature is further corroborated by
the anisotropy of the critical magnetic field. In Chapter 5 we show that along this direc-
tion transport occurs through two sets of electron-like sub-bands, and the carrier den-
sity of one of the sets shows a non-monotonic dependence on the sample conductance.
Using tight-binding modelling, we demonstrate that this behavior stems from a band
inversion driven by on- site Coulomb interactions.

In Chapter 6 we investigate the properties of free-standing single-crystal SrRuO3 (SRO).
Free-standing ultrathin films are obtained by etching of a water-soluble buffer layer and
exhibit ferromagnetic behavior down to at least 3 nm thickness. Magnetotransport mea-
surements show that the anomalous Hall conductivity is modified with respect to epi-
taxial SRO films grown on STO. We show that the data can be well described by a phe-
nomenological model comprising two channels with opposite signs of their anomalous
Hall conductivity.





2
GIANT MAGNETORESISTANCE

DRIVEN BY SPIN–ORBIT COUPLING

AT THE LAALO3/SRTIO3

INTERFACE

The LaAlO3/SrTiO3 interface hosts a two-dimensional electron system that is unusually
sensitive to the application of an in-plane magnetic field. Low-temperature experiments
have revealed a giant negative magnetoresistance (dropping by 70%), attributed to a mag-
netic field induced transition between interacting phases of conduction electrons with
Kondo-screened magnetic impurities. Here we report on experiments over a broad temper-
ature range, showing the persistence of the magnetoresistance up to the 20K range — in-
dicative of a single-particle mechanism. Motivated by a striking correspondence between
the temperature and carrier density dependence of our magnetoresistance measurements
we propose an alternative explanation. Working in the framework of semiclassical Boltz-
mann transport theory we demonstrate that the combination of spin–orbit coupling and
scattering from finite-range impurities can explain the observed magnitude of the nega-
tive magnetoresistance, as well as the temperature and electron density dependence.

Parts of this chapter have been published in Physical Review Letters 115, 016803 [42].
Theoretical modelling using the semi-classical Boltzmann transport equation was performed by M. Diez,
E. Cobanera, T. Hyart, N. Bovenzi and C. W. J. Beenakker.
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T
He mobile electrons at the LaAlO3/SrTiO3 (LAO/STO) interface [16] display an ex-
otic combination of superconductivity [15, 36] and magnetic order [51–54]. The
onset of superconductivity at sub-Kelvin temperatures appears in an interval of

electron densities where the effect of Rashba spin–orbit coupling on the band structure
at the Fermi level is strongest [47, 48], but whether this correlation implies causation
remains unclear.

Transport experiments above the superconducting transition temperature have re-
vealed a very large (“giant”) drop in the sheet resistance of the LAO/STO interface upon
application of a parallel magnetic field [39, 55–57]. An explanation has been proposed
[57, 58] in terms of the Kondo effect: Variation of the electron density or magnetic field
drives a quantum phase transition between a high-resistance correlated electronic phase
with screened magnetic impurities and a low-resistance phase of polarized impurity mo-
ments. The relevance of spin–orbit coupling for magnetotransport is widely appreciated
[55, 58–63], but it was generally believed to be too weak an effect to provide a single-
particle explanation of the giant magnetoresistance.

In this chapter we provide experimental data (combining magnetic field, gate volt-
age, and temperature profiles for the resistance of the LAO/STO interface) and theoret-
ical calculations that support an explanation fully within the single-particle context of
Boltzmann transport. The key ingredients are the combination of spin–orbit coupling,
band anisotropy, and finite-range electrostatic impurity scattering. The thermal insensi-
tivity of the giant magnetoresistance [55, 56], in combination with a striking correspon-
dence that we have observed between the gate voltage and temperature dependence of
the effect, are features that are difficult to reconcile with the thermally fragile Kondo in-
terpretation — but fit naturally in the semiclassical Boltzmann description.

2.1. GIANT NEGATIVE MAGNETORESISTANCE
Devices were fabricated by using amorphous LAO (α-LAO) as a hard mask and epitaxi-
ally depositing a thin (12 u. c.) film of LAO on top of a TiO2-terminated (001)STO single
crystal substrate. The film was grown by pulsed laser deposition at 770◦C in O2 at a pres-
sure of 6 ·10−5 mbar. The laser fluence was 1Jcm−2 and the repetition rate was 1Hz. The
growth of the film was monitored in-situ using reflection high energy electron diffrac-
tion (RHEED), and layer-by-layer growth was confirmed. After deposition, the sample
was annealed for one hour at 600◦C in 300mbar of O2. Finally, the sample was cooled
down to room temperature in the same atmosphere. Magnetotransport measurements
were performed in a four-probe Hall bar geometry and in a field-effect configuration
(Fig. 2.1a, inset) established with a homogeneous metallic back gate. The magnetic field
B is applied in-plane and perpendicular to the current. The longitudinal sheet resistance
ρxx (B) determines the dimensionless magnetoresistance

MR(B) = ρxx (B)/ρxx (0)−1. (2.1)

The left panel of Fig. 2.1a shows the measured magnetoresistance as a function of
magnetic field, recorded at 1.4K, for gate voltages VG ranging from 0V to 50V. In gen-
eral, we observe the magnetoresistance to remain mainly flat up to some characteris-
tic value of the magnetic field. For larger values, the magnetoresistance drops sharply.
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At even higher magnetic fields, the magnetoresistance begins to saturate, producing an
overall bell-like curve. At the highest voltage VG = 50V, a very large negative magne-
toresistance is observed (a drop of 70%) over a magnetic field range from 0T to 12T. As
VG is decreased, the overall magnitude of the magnetoresistance drop is suppressed, as
the curves flatten out and the characteristic field progressively moves to higher B . At
VG = 10V, the maximum magnetoresistance variation is less than 5%.

The right panel of Fig. 2.1a shows the measured magnetoresistance at a fixed gate
voltage of VG = 50V, for different temperatures ranging from 1.4K to 20K. The corre-
spondence between the bell-shaped magnetoresistance profiles as a function of temper-
ature and gate voltage is striking. As T increases or VG decreases, both the magnitude of
the magnetoresistance and steepness of ∂MR/∂B decrease. Although the negative mag-
netoresistance is progressively suppressed as the temperature is raised, it is still clearly
visible at 20K, in agreement with previous experiments [55, 56]. Notice that the charac-
teristic field scale of the resistance drop increases with temperature.

2.2. THREE-BAND MODEL

For the theoretical description we use a three-band model of the t2g conduction elec-
trons at the LAO/STO interface [39], with Hamiltonian

H = ∑
k ,l ,l ′,σ,σ′

c†
k ,l ,σ (HL +HSO +HZ +HB)ck ,l ′,σ′ . (2.2)

The operators c†
k ,l ,σ create electrons of spin σ and momentum k (measured in units of

the lattice constant a = 0.4nm), in orbitals l = dx y ,dxz ,dy z of the Ti atoms close to the
interface. We describe the various terms in this three-band Hamiltonian, with parameter
values from the literature [39, 44, 46, 64–69] that we will use in our calculations.

The lobes of the dx y orbital are in-plane, producing two equivalent hopping inte-
grals tl = 340meV. For the two other orbitals, the x-lobe or y-lobe is in-plane and the
z-lobe is out-of-plane, giving rise to one large and one small hopping element tl and
th = 12.5meV, respectively. The dxz and dy z orbitals are hybridized by a non-diagonal
hopping td = th . Confinement lowers the dx y orbital in energy by ∆E = 60meV. All this
information is encoded in

HL =
εx y (k)−∆E 0 0

0 εxz (k) δ(k)
0 δ(k) εy z (k)

⊗ σ̂0, (2.3)

εx y (k) = 2tl (2−coskx −cosky ),

εxz (k) = 2tl (1−coskx )+2th(1−cosky ), (2.4)

εy z (k) = 2th(1−coskx )+2tl (1−cosky ),

δ(k) = 2td sinkx sinky .

We use σ̂x,y,z and σ̂0 to denote the Pauli-matrices and the identity acting on the electron
spin. The intrinsic electric field at the interface breaks inversion symmetry and produces
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Figure 2.1: (a) Measured magnetoresistance at T = 1.4K for different gate voltages (left panel) and at VG = 50V
for various temperatures (right panel). Inset: Schematic drawing of the device in a Hall bar geometry (in-plane
field perpendicular to current direction), showing the source S, drain D, longitudinal voltage V xx, transverse
voltage V xy and gate voltage VG. (b) Magnetoresistance calculated from the Boltzmann equation, at fixed
T = 1.4K (left panel) and at fixed n = 2.2 ·1013 cm−2 (right panel).
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the term

HZ =∆Z

 0 i sinky i sinkx

−i sinky 0 0
−i sinkx 0 0

⊗ σ̂0, (2.5)

with ∆Z = 15meV. Atomic spin–orbit coupling gives

HSO = ∆SO

2

 0 i σ̂x −i σ̂y

−i σ̂x 0 i σ̂z

i σ̂y −i σ̂z 0

 , (2.6)

with an amplitude ∆SO = 5meV. Together, HZ and HSO cause a Rashba-type splitting of
the bands, coupling the dx y orbital with the dxz/y z orbitals above the Lifshitz point at the
bottom of the dxz/y z bands.

The term HB =µB(L+g S) ·B/ħ, with g = 5 [69], describes the coupling of the applied
magnetic field to the spin and orbital angular momentum of the electrons, where S =
ħσ̂/2 and

Lx =ħ
 0 i 0
−i 0 0
0 0 0

 , Ly =ħ
0 0 −i

0 0 0
i 0 0

 , Lz =ħ
0 0 0

0 0 i
0 −i 0

 . (2.7)

The resulting highly anisotropic band structure is shown in Fig. 2.2. Notice the un-
usually close relevant energy scales: When measured from the bottom of the upper,
anisotropic bands, the Fermi energy, spin–orbit coupling induced spin-splitting, Zee-
man energy (10T) and temperature (10K) all are on the order of 1meV.

2.3. BOLTZMANN TRANSPORT
We calculate the magnetoresistance from the model Hamiltonian (2.2) using the semi-
classical Boltzmann transport equation for the momentum k and band index ν-depen-
dent distribution function fk ,ν = f0(εk ,ν) + gk ,ν. We linearize around the equilibrium
Fermi–Dirac distribution f0, at temperature T and chemical potential µ (determined
self-consistently to obtain a prescribed carrier density n). In this way we find the con-
ductivity tensor

σi j = e
∑
k ,ν

(v k ,ν)i∂gk ,ν/∂E j (2.8)

in linear response to the electric field E .
The longitudinal resistivity ρxx then follows upon inversion of the σ-tensor. The

band structure determines the velocity v k ,ν =ħ−1∇kεk ,ν, which is not parallel to the mo-
mentum ħk because of the anisotropic Fermi surface.

Calculations of this type are routinely simplified using Ziman’s relaxation-time ap-
proximation [70, 71], but the combination of finite-range scattering and anisotropic band
structure renders this approximation unreliable [72]. We have therefore resorted to a nu-
merical solution of the full partial differential equation:
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Figure 2.2: (a) Dispersion relation for the mobile electrons at the LaAlO3/SrTiO3 interface, calculated from the

model Hamiltonian (2.2) for n = 2.2·1013 cm−2 at B = 0T (solid line) and B = 12T (dashed line). Colors indicate
the orbital character of the bands. (b) Corresponding Fermi surfaces when the chemical potential is located at
the “sweet spot” above the Lifshitz point where the system becomes very sensitive to changes in carrier density
and magnetic field.

−e(v k ,ν ·E )∂ f0/∂εk ,ν = (e/ħ)(v k ,ν×B ) ·∇k gk ,ν

+ ∑
k ′,ν′

(gk ,ν− gk ′,ν′ )qkν,k ′ν′δ(εk ,ν−εk ′,ν′ ). (2.9)

Elastic impurity scattering enters with a rate

qkν,k ′ν′ = 2
3π

3ħ−1δ2xi 4nimp e−ξ
2|k−k ′|2/2|〈ukν|uk ′ν′〉|2. (2.10)

The impurity density nimp and scattering amplitude δ drop out of the magnetore-
sistance (2.1), so they need not be specified. The scattering potential has correlation
length ξ, for which we take 2nm ' 5 lattice constants, consistent with experiments on
scattering by dislocations [73]. (We will discuss the role of this finite correlation length
later on.) Both intraband and interband scattering are included via the structure fac-
tor |〈ukν|uk ′ν′〉|2, which takes into account the finite overlap 〈ψν(k)|V (r )|ψν′ (k ′)〉 of the

Bloch states ψν(k) = ukν(r )e i k ·r and ψν′ (k ′) = uk ′ν′ (r )e i k ′·r .
The magnetoresistance resulting from the Boltzmann equation is shown in Fig. 2.1b.

The similarity in the bell-shaped magnetoresistance curves, with a corresponding de-
pendence on carrier density and temperature, is clear and remarkable in view of the
simplicity of the theoretical model. We conclude that a semiclassical single-particle
description can produce a “giant” magnetoresistance, up to 50% for a quite conserva-
tive choice of parameter values. Two main ingredients explain how such a large neg-
ative magnetoresistance could follow from a model without electron-electron interac-
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tions. The first ingredient is the orbital-mixing character of the atomic and inversion-
symmetry-breaking spin–orbit coupling terms HSO and HZ. As a result, the spin–orbit
splitting is very non-linear and produces a “sweet spot”, that is, a narrow range of Fermi
energies (carrier densities n∗ ' 2.2 ·1013/cm2) in which the system becomes sensitive to
small changes in the density. If the density (or the corresponding gate voltage) is near
the sweet spot, the spin–orbit induced band mixing gives rise to a substantial contri-
bution to the (zero-field) resistance stemming from inter-band scattering. The Zeeman
energy in turn favors an alignment of the spin with the magnetic field and drives a highly
anisotropic deformation of the Fermi surface into spin-polarized bands (see Fig. 2.2).
Inter-band scattering is suppressed which explains the decrease in sheet-resistance. At
densities n < n∗ only a single band is occupied and spin–orbit coupling is well described
by a conventional Rashba term αSO(σ̂× p) [47, 66, 74] and our calculation gives a van-
ishingly small magnetoresistance. At densities n > n∗ the calculated magnetoresistance
starts to saturate and eventually becomes small again.

The second ingredient is the finite correlation length ξ of the disorder potential. The
resulting anisotropic scattering rate (2.10) is largest at small momenta |k −k ′|. Moder-
ate values of ξ on the order of a few lattice constants suppress back-scattering processes
within the outer Fermi surface with large average momentum kF, while still allowing for
inter-band scattering. This is accompanied by a quasi-particle lifetime which can be sig-
nificantly smaller for the inner band (smaller average kF). The imbalance of band mobil-
ities promotes the importance of inter-band scattering when transport is dominated by
quasi-particles in the outer bands which have a larger Fermi velocity and a small intra-
band back-scattering rate. In comparison we have found that the isotropic scattering by
a delta-function impurity potential cannot produce an MR exceeding 15%.
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Figure 2.4: (a) Measured and (b) calculated magnetoresistance at 1.4K for different densities or gate voltages
as a function of the rescaled magnetic field B/B?. The characteristic field B? is chosen such that the rescaled
curves all pass through the point with MR =−0.05.

Our theoretical curves show a smooth dependence on temperature, with the nega-
tive magnetoresistance persisting beyond 20 K, and they show a striking correspondence
between the temperature dependence of the magnetoresistance for a fixed density and
the density dependence for a fixed temperature. This correspondence, a hallmark of our
experimental data, can be understood as a consequence of the renormalization of the
chemical potential as a function of temperature, see Fig. 2.3b. The weak temperature
dependence of the Hall resistance in separate measurements point towards a constant
carrier density in the range 1–20 K. As shown in Fig. 2.3a the density of states increases
steeply with band energy in the vicinity of the sweet spot, much more than in typical
semiconductors.

To keep the total carrier density fixed with increasing temperature, the chemical po-
tential is lowered by more than 1meV at 20K compared to its low temperature limit. This
is why increasing the temperature is equivalent to probing the band structure at a lower
energy, explaining the similarity in the magnetoresistance curves in the left and right
panels of Fig. 2.1.

These are the two key arguments in favor of a single-particle spin–orbit coupling
based mechanism for the giant negative magnetoresistance: Firstly, the persistence of
the effect to elevated temperatures, and secondly the corresponding effect of temper-
ature increase and density decrease. It seems difficult to incorporate these features of
the data in the correlated-electron mechanism [57, 58], based on Kondo-screening of
magnetic moments. There is a third noteworthy feature of the data that is not well re-
produced by our calculation, and has been interpreted as evidence for a transition into a
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low-field Kondo phase [57, 58]: A rescaling of the magnetic field B → B/B? by a density-
dependent value B? collapses the measured magnetoresistance at different densities
onto a single curve, see Fig. 2.4a. If we apply this B/B? scaling to our numerical results a
significant n-dependence remains, see Fig. 2.4b. The experimental scaling law points to
some relevant physics that is not yet included in our minimal model.

In fact, while the two mechanisms have an altogether different origin, it may well be
that the spin–orbit coupling mechanism is assisted by magnetic moments in the vicinity
of the interface. Even in the case of only weak exchange interactions between mobile
carriers and localized moments, a field driven magnetization of the moments may in-
crease the microscopic field beyond the externally applied one, thereby enhancing the
negative magnetoresistance.

2.4. CONCLUSION
In conclusion, we have presented experimental data and theoretical calculations that
support a semiclassical single-particle mechanism for the giant magnetoresistance of
the LAO/STO interface. The Boltzman transport equation with spin–orbit coupling, in
combination with anisotropy of Fermi surface and scattering rates, suffices to produce a
large resistance drop upon application of a magnetic field. The characteristic tempera-
ture and carrier-density dependence agree quite well with what is observed experimen-
tally, but the B/B? scaling will likely require an extension of the simplest three-band
model.

Our explanation of the sudden onset of the magnetoresistance when the carrier den-
sity approaches a “sweet spot” of amplified spin–orbit coupling has addressed the normal-
state transport above the superconducting transition temperature. Since superconduc-
tivity happens in the vicinity of the same “sweet spot”, it would be interesting to investi-
gate whether spin–orbit coupling plays a dominant role in that transition as well.





3
TUNABLE JOSEPHSON JUNCTIONS

AND QUANTUM INTERFERENCE AT

THE LAALO3/SRTIO3 INTERFACE

Novel physical phenomena arising at the interface of complex oxide heterostructures offer
exciting opportunities for the development of future electronic devices. Using the proto-
typical LaAlO3/SrTiO3 interface as a model system, we employ a single-step lithographic
process to realize gate tunable Josephson junctions through a combination of lateral con-
finement and local side gating. The action of the side gates is found to be comparable to
that of a local back gate, constituting a robust and efficient way to control the properties of
the interface at the nanoscale. We demonstrate that the side gates enable reliable tuning of
both the normal-state resistance and the critical (Josephson) current of the constrictions.
The conductance and Josephson current show mesoscopic fluctuations as a function of the
applied side gate voltage, and the analysis of their amplitude enables the extraction of the
phase coherence and thermal lengths. Finally, we realize a superconducting quantum in-
terference device in which the critical currents of each of the constriction-type Josephson
junctions can be controlled independently via the side gates.

Parts of this chapter have been published in Nano Letters 17, 715-720 [75].
Finite element simulations were performed by N. Manca.
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C
Omplex oxide heterostructures host a diverse set of novel physical phenomena
which, in combination with an ever-advancing degree of experimental control,
shows their promise for fundamental discovery and technological applications

[14, 76]. Over the past decade, the creation and control of interface superconductivity
in oxide heterostructures has attracted a great deal of attention, with special emphasis
on the two-dimensional electron system (2DES) hosted at the interface between the two
wide band-gap insulators LaAlO3 (LAO) and SrTiO3 (STO) [16, 36]. Superconductivity
at the LAO/STO interface occurs in an exotic environment with strong spin–orbit cou-
pling [42, 47, 48] in coexistence with localized magnetic moments[52, 53] and ferroelastic
domains [77, 78]. Moreover, the superfluid density can be tuned using the electrostatic
field-effect [79], allowing for an on-off switch of superconductivity by means of an exter-
nally applied gate voltage [15, 80]. Despite substantial experimental efforts [50, 79, 81]
accompanied by a growing body of theoretical works [82–84], the microscopic details of
superconductivity in the system are still not completely understood. Efforts to clarify
this question have propelled the realization of devices to perform phase-sensitive mea-
surements, opening the possibility to garner information about the symmetry of the su-
perconducting order parameter of the system [50, 79]. Josephson coupling has recently
been reported in STO-based 2DESs, first in top-gated structures where the weak link
is electrostatically defined [85–87], and later in constriction-type Josephson junctions
(c-JJ) [88]. Quantum interference was observed through the integration of two such weak
links in a superconducting loop, forming a superconducting quantum interference de-
vice (SQUID) [88]. While the top-gating approach benefits from the ability to indepen-
dently tune each of the weak links, it is rather complex due to the requirement of multi-
ple aligned lithography steps. Moreover, it is well established that the properties of the
2DES at the LAO/STO interface are extremely sensitive to metals and chemicals adsorp-
tion [89–91] at the surface. These problems can be overcome by employing the simpler
c-JJ approach, which requires only a single lithographic step and no further processing
after the LAO growth. However, it remains to be shown whether local tunability can be
achieved in such weak links.

In this chapter, we explore a side gate geometry in order to realize gate-tunable c-
JJs at the LAO/STO interface. We demonstrate local electrostatic tunability of these c-
JJs while preserving a single lithographic step process by simultaneously defining both
the constrictions and the side gate electrodes. Similar approaches are often employed
in conventional semiconductor based 2DESs to obtain lateral confinement and electro-
statically control the effective channel width [92]. Here, however, we find the electric
field dependence of the STO permittivity to play a crucial role, rendering the action of
the side gates comparable to that of an effective “local back gate”. For a single junction,
phase-coherent transport gives rise to mesoscopic fluctuations of the conductance and
of the (Josephson) critical current as a function of side gate voltage. The amplitude of
these fluctuations enables us to extract the phase coherence and thermal lengths. Fur-
thermore, we demonstrate the reliability of the side gate electrodes to locally and inde-
pendently tune the weak links by integrating two side gated c-JJs in a SQUID and con-
trolling the (a)symmetry of its response.
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3.1. DEVICE FABRICATION

Device fabrication relies on a pre-patterning technique [93, 94] involving a single litho-
graphic step, which makes use of a template to define the insulating regions on the
STO substrate prior to the epitaxial growth of the LAO thin film. Starting from a TiO2-
terminated STO(001) substrate, we first pattern a resist mask using electron-beam lithog-
raphy. After development, a thin (13nm) AlOx layer is deposited by sputtering and the
remaining resist is removed by lift-off in acetone. As a result, the areas of the STO surface
protected by the resist during AlOx deposition are cleared, whereas the exposed regions
are coated by AlOx. Next, a 12 u.c. LAO film is deposited by pulsed laser deposition. In
the areas where the STO surface is exposed, the LAO film grows crystalline (c-LAO) and
the 2DES forms at the interface. The regions covered by AlOx, where the LAO film grows
amorphous (α-LAO), remain insulating. The growth process is monitored in-situ using
reflection high energy electron diffraction (RHEED), displaying a layer-by-layer growth
mode. The LAO films were grown at two different temperatures, namely 770◦ and 840◦.
Lower growth temperature results in samples with higher sheet resistance, whereas sam-
ples grown at higher temperature exhibit lower sheet resistance and superconductivity.
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Figure 3.1: (a) 3D schematic of a side gated constriction. α-LAO: amorphous LAO; c-LAO: crystalline LAO. (b)
AFM image of a typical device showing the constriction and two side gates (SG1 and SG2). The 2DES is formed
only at the interface between c-LAO and STO. (c) Height profile along the black line in panel (b), showing a
constriction width of approximately 50nm.

A 3D schematic of a side gated constriction is shown in Fig. 3.1a. The AlOx mask
delimits the areas where the channel, the bonding pads, and the side gate electrodes are
formed. An atomic force microscopy (AFM) image of a constriction and the two side
gates is presented in Fig. 3.1b. The height profile in Fig. 3.1c reveals a channel width
(w) of approximately 50nm. We have fabricated different devices varying the distance
between the side gates and the conducting channel, and the growth temperature of the
LAO thin film. The parameters of the constriction devices presented in this work are
summarized in Table 3.1 and all devices show qualitatively similar behavior.
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Dev1 Dev2 Dev3

w (nm) 50 50 50
L (nm) 500 500 500
d (nm) 200 100 100

Tgrowth (◦C) 770 770 840

Table 3.1: Parameters of the side gate devices presented in this work: width (w) and length (L) of the conducting
channel, distance between the channel and the side gates (d) and the growth temperature of the LAO thin film
(Tgrowth).

3.2. FINITE ELEMENT SIMULATIONS
The measurement configuration used is shown in Fig. 3.2a. A constant DC current (Ibias)
is injected through the conducting channel and the voltage drop (V ) is locally mea-
sured at the constriction using two probes on the side. Voltages can be applied indepen-
dently to the two side gates (V 1

SG and V 2
SG), enabling local modulation of transport across

the constriction by field-effect. In order to understand how the local side gates modu-
late transport through the constriction in this geometry, we performed Finite Element
Analysis (FEA) in COMSOL®.Calculations are performed for the geometry sketched in
Fig. 3.2b, using a channel width w ≈ 50nm and a distance d ≈ 100nm between the side
gates and the channel. An important aspect that has to be addressed is the role of the
strong electric field dependence of the permittivity of the STO substrate, which is not
commonly found in other systems. Its electric field dependence is modeled as [95, 96]

εSTO(E) = 1+ B

[1+ (E/E0)2]1/3
(3.1)

with B = 23,500 and E0 = 82,000V/m [97]. The side gate electrodes are modeled as areas
of fixed voltage and the conducting channel as a ground plane. This approximation is
valid provided the voltage drop across the constriction is negligible when compared to
the magnitude of the voltages applied to the side gate electrodes.

Figure 3.2b shows a spatial map of the calculated out-of-plane electric polarization
(P ) in a symmetric gating configuration with V 1,2

SG = −50mV. The out-of-plane polar-
ization is directly related to the accumulated charge carrier density at the interface by
∆n2D = P/e. Due to the coplanar capacitor arrangement, crowding of electric field lines
occurs at the edges of the constriction. Figure 3.2c shows the resulting variation of P
across the channel (white line in Fig. 3.2b) for different values of V 1,2

SG . For all the curves,
the magnitude of P is maximum at the edges of the channel and minimum at its cen-
ter. In turn, the enhancement of the local electric field intensity at the edges of the
constriction results in a large decrease of the εSTO as shown in Fig. 3.2d. This has two
consequences that affect the electrostatic gating mechanism. Firstly, it leads to a pro-
gressive saturation of the depleted carrier density in the channel, reducing the gating ef-
ficiency as V 1,2

SG increases in magnitude. Secondly, it redistributes the electric field lines
towards the centre of the constriction, flattening out the depletion profile. The first ef-
fect is reported in Fig. 3.2e where the calculated polarization at the center of the channel
(Px=0 nm) is plotted as a function of V 1,2

SG . The electric field dependence of εSTO produces
a deviation from the linear behavior one would obtain for εSTO = constant, resulting in
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Figure 3.2: (a) Sketch of the device geometry showing the electrical connections for transport measurements.

(b) Spatial map of the out-of-plane electric polarization (P ) for V 1,2
SG = −50mV, obtained by finite-element

simulations. (c) and (d) Evolution of P and εSTO, respectively, across the constriction for different values of

V 1,2
SG . (e) Value of P at the center of the constriction (x = 0nm) as a function of V 1,2

SG . (f) ∆P as a function of

V 1,2
SG . Color code as in panel (e). Inset: electric polarization profiles across the constriction.

a reduction of the depleted charge. Moreover, within the same side gate voltage range,
the magnitude of the induced polarization is smaller for the case d = 200nm than for
d = 100nm. This highlights the fact that the charge depletion is strongly dependent on
the distance between the side gate electrodes and the channel. In Fig. 3.2f we show how
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the steepness of the polarization profile across the channel is affected by the field de-
pendence of εSTO. To evaluate this effect we consider the variation of the polarization
between x = 0nm and x = 20nm , ∆P = Px=20 nm −Px=0 nm. For the case εSTO = constant,
the magnitude of ∆P increases linearly with applied side gate voltage, representing a
proportional scaling of the polarization profile. In contrast, for the case εSTO = f (E), it
rapidly saturates at ∼ 5µC/cm2. This limits the extent to which side gating can reduce
the effective width of the channel, since the depletion profile is less steep due to the di-
electric response of the STO, as opposed to the stronger sideways depletion that would
be obtained if εSTO = constant (red and green curves in the inset of Fig. 3.2f, respectively).
This is in good agreement with previous reports on side gate electrodes at the LAO/STO
interface, which show the electric field lines reaching the gas from below [97]. Therefore,
the side gates are expected to act as an effective “local back gate” due to the proximity
to the channel and can be used to locally modulate the carrier density at the nanoscale
with the application of small voltages.

3.3. NORMAL STATE CHARACTERIZATION
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Figure 3.3: (a) 4-probe resistance (R) of as a function of side gate voltage V 1,2
SG measured for different VBG. (b)
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SG. The voltage step is 0.2mV. (c) R as a function of side gate voltage. Dev1:
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We first characterize the constrictions and the action of the two side gates through
transport measurements in the normal state, at 1.5K. Figure 3.3 shows electrical mea-
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surements of devices Dev1 and Dev2, where the side gates are separated from the con-
striction by 200nm and 100nm, respectively. In both devices, the overall carrier density
can be tuned by the application of a back gate voltage (VBG). The evolution of the 4-
probe resistance (R) across the constriction in Dev1 as a function of V 1,2

SG for different
VBG is shown in Fig. 3.3a. At VBG = 10V, R remains fairly unchanged within the side gate
voltage range considered. This results from the fact that the change in carrier density
∆n2D induced by the side gates is a small fraction of the total carrier density accumu-
lated by the back gate. As the back gate voltage is decreased, the effect of the side gates
becomes increasingly appreciable and at VBG = 1V, the side gates can completely deplete
the channel.

Having established a range of VBG in which the voltages applied to the side gates in-
duce appreciable changes in the transport through the constriction, we now study the
individual action of the side gates. Figure 3.3b shows a 2D map of the 4-probe resis-
tance across the constriction of Dev2 as a function of V 1

SG and V 2
SG. The action of each

side gate on the constriction is identical, evidenced by the symmetry across the diagonal
(gray line). This is also reflected in the good overlap between the red and black curves
in Fig. 3.3c, measured as SG1 and SG2 were individually driven from 0 to −50mV, while
keeping the other side gate at 0mV. When both SG1 and SG2 are swept symmetrically,
the resistance change is roughly twice as large (blue curve). This underlines the reliabil-
ity of the patterning technique, where the action of the side gates is determined by the
geometrical design. When comparing the induced change in resistance as a function of
V 1,2

SG for Dev1 and Dev2, we observe it to be much smaller for Dev1, where the side gate
electrodes are patterned further away from the constriction. This corroborates the ex-
pectation that the tunability of the resistance strongly depends on d , in good agreement
with the simulations from Figs. 3.2e and 3.2f.

3.4. SUPERCONDUCTING STATE

We now turn our attention to the study of the superconducting regime. In previous work
it was shown that such constrictions act as a weak link between the two superconduct-
ing reservoirs, forming a Josephson junction (c-JJ type) [88]. We first focus on the study
and side gate modulation of transport through a single Josephson junction. In Fig. 3.4a,
the differential resistance dV /d I is plotted in color scale as a function of bias current
Ibias and side gates voltage V 1,2

SG , i.e., in the symmetric side gating configuration. The
measurement was performed at T = 50mK with a fixed back gate voltage VBG = −11V.
It can be seen that, on average, the supercurrent range (black region) is reduced when
V 1,2

SG is driven to larger negative values, due to the consequent decrease of the electron

carrier density. The corresponding values of critical current Ic as a function of V 1,2
SG are

plotted in Fig. 3.4b. In the same graph, the differential conductance G is plotted in units
of 2e2/h. Ic and G were determined from the differential resistance dV /d I , from the
position of its maximum and its value at the maximum Ibias, respectively.It can be seen
that both Ic and G fluctuate in an aperiodic manner as a function of applied side gate
voltage. Measurements over several sweeping cycles indicate that these fluctuations are
time-independent and reproducible within the sample. Moreover, we observe that the
fluctuation pattern of Ic is similar to that of G , indicating a common physical origin. We
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Figure 3.4: (a) Differential resistance (dV /d I ) plotted as a function of bias current Ibias and side gate voltage

V 1,2
SG , measured at VBG =−11V and T = 50mK. (b) Fluctuations of the conductance G and the critical current

Ic as a function of applied side gate voltage V 1,2
SG .

note the absence of such mesoscopic fluctuations in Dev2 at 1.5K, due to the low Tgrowth

and consequent high sheet resistance.

The mesoscopic fluctuations of the critical current and conductance — so-called
universal conductance fluctuations (UCF) — originate from the phase-coherent trans-
port in a system with dimensions comparable to the phase coherence length (Lφ), where
only a limited number of inelastic scattering centres are involved [98]. Previous trans-
port studies [99] at the LAO/STO interface have yielded a coherence length Lφ ∼ 110nm
at 40mK. From the AFM image we estimate a junction length L ≈ 500nm, therefore our
c-JJs are expected to display mesoscopic fluctuations.

From the theoretical point of view, fluctuations in the critical current of a Joseph-
son junction have been treated in two limits. For the short junction limit, where the
junction length is much shorter than the superconductor coherence length (L ¿ ξ),
Beenakker [100] has shown that the fluctuations are universal and that their amplitude
depends only on the superconducting gap ∆: δI rms

c ∼ e∆/h. One does not expect our
devices to fit this regime, since the measured length of the constriction L ≈ 500nm is
larger than previously reported values [36, 101] ξ ∼ 100nm (at optimal doping). In the
long junction limit, the reduction in the amplitude of the critical current fluctuations
is caused by classical self-averaging due to inelastic scattering events, i.e., Lφ < L. In
addition, at finite temperatures thermal averaging needs to be taken into consideration
when kBT > hD/L2

φ, where D is the diffusion constant. The length associated with this

dephasing mechanism is the thermal length LT =
√

hD/kBT . Al’tshuler and Spivak [102]
have considered the theoretical description of the oscillations in critical current for the
case LφÀ L À LT. Since the aforementioned dephasing mechanisms should contribute
to the reduction of the amplitude of mesoscopic oscillations in the same way, we con-
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sider an effective length Leff = (L−2
T + L−2

φ )−1/2. Then, for the limit Leff À w, t , where
t ≈ 10nm is the thickness of the 2DES [101], the root mean square of the oscillations in
critical current becomes [102]

δI rms
c = 4ekBT

h
·
√

exp

(−2L

Leff

)
· (2π)5/2 L

Leff
. (3.2)

From the experimentally observed value δI rms
c = 0.09nA we extract Leff ≈ 100nm, which

provides a relation between LT and Lφ.
The amplitude of the conductance fluctuations now enables us to extract numer-

ical values for these two length scales. In the microscopic theory of Lee, Stone, and
Fukuyama [98], the root mean square of the conductance oscillations (δGrms) was evalu-
ated analytically only in the asymptotic regimes of Lφ¿ LT and LT ¿ Lφ. At the LAO/STO
interface, however, these two characteristic length scales are comparable [103], namely,
Lφ ∼ LT. In order to facilitate comparison with the quasi-1D limit (w < LT,Lφ < L),
Beenakker and van Houten have proposed an approximate formula to interpolate be-
tween the two asymptotic regimes

δGrms =α ·
(

e2

h

)
·
(

Lφ
Lx

)3/2

· [1+ (α2/β2)(Lφ/LT )2]−1/2
. (3.3)

We takeα=β= 0.73, which recover the asymptotic results originally obtained in Ref. [98].
From the data in Fig. 3.4b we obtain δGrms = 0.086e2/h, which, together with Leff =
100nm, yields Lφ ≈ 170nm and LT ≈ 120nm. Hence, we can estimate a diffusion con-
stant D ≈ 0.16cm2/s and a Thouless energy ETh = Dħ/L2

φ ≈ 0.4µeV. As previously men-
tioned, we expect the studied device to belong to the long junction limit based on the
value of L estimated from the AFM image. In this regime, the Thouless energy should
be the dominant energy scale, i.e., ETh ¿∆. Within the range of side gate voltages con-
sidered, eIcR ≈ 20µeV, which allows us to estimate ∆ ≈ 7 - 14µeV. Hence, the value
of ETh determined from the combined analysis of the critical current and conductance
fluctuations is in good agreement with the long junction limit.

Finally, we demonstrate the tunability offered by the side gates by integrating two
side gated c-JJs in a superconducting loop to create a SQUID. Figure 3.5a shows an AFM
image of the device which comprises a left (SGL) and right (SGR) side gate electrode to
allow independent control of each c-JJ. If an external magnetic field is applied perpen-
dicularly to the superconducting loop, the measured critical current oscillates periodi-
cally with the changes in phase at the two c-JJ junctions, as seen in Fig. 3.5b. We plot
the differential resistance in color scale as a function of current bias (Ibias) and applied
(out-of-plane) magnetic field (B) for different combinations of side gate voltages. We
start by investigating the case when no voltages are applied to the side gate electrodes
(top panel), where periodic oscillations of the critical current as a function of magnetic
field are observed. The period of these oscillations is ∆B = 19µT, which yields an effec-
tive loop area Aeff = h/2e∆B of approximately 8× 8µm2, indicated by the dashed line
in 3.5a. The difference between the estimated effective area and the area of the central
insulating region (5×5µm2) is expected, and originates from flux-focusing effects due to
the fact that the dimensions of the SQUID are smaller than the Pearl length (∼ 1mm) [88].
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Figure 3.5: (a) AFM image of the SQUID device which comprises a left (SGL) and right (SGR) side gate elec-
trodes. Inset: c-JJ of the left arm and the the respective side gate electrode. (b) Tunability of the the SQUID
oscillations. Left column: V R

SG = 0mV and different values of V L
SG. Right column: V L

SG = 0mV and different

values of V R
SG. B0 is an experimentally determined offset in the magnetic field and has an uncertainty greater

than one oscillation period.

However, a small offset along the B-axis can be observed between the oscillations of pos-
itive and negative critical current. This asymmetry arises due to self flux effects, which
are particularly important for SQUIDs with a large kinetic inductance (Lk). This is in-
deed the case for SQUIDs made at the LAO/STO interface [88], where the low superfluid
density results in an exceptionally large kinetic inductance. The tunability of the su-
perfluid density by electric field-effect therefore provides a direct way to modulate the
kinetic inductance through the application of a gate voltage. In our device, the reduced
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width of the c-JJs causes the kinetic inductance of each arm to be dominated by the weak
link. The local modulation of the side gates therefore simultaneously affects the critical
current of the weak link and the kinetic inductance of the arm. Thus, the independent
tunability of each c-JJ should allow for the control of the asymmetry in the positive and
negative critical current oscillations. By keeping V R

SG fixed at 0mV while driving V L
SG to

positive values (left column), the offset of the positive and negative Ic(B) along the B
axis increases, as denoted by the blue lines connecting two maxima of both branches.
In turn, when V L

SG is kept fixed at 0mV and V R
SG made more positive (right column), the

offset occurs in the opposite direction, as expected. This underlines the reliability of the
side gate geometry in providing independent modulation of the c-JJs, thus enabling the
control of the SQUID asymmetry.

3.5. CONCLUSION
In summary, we have realized nanoscale constrictions at the LAO/STO interface in con-
junction with side gate electrodes, which are patterned in the 2DES itself, allowing for a
single lithography step process. We have shown that such side gates allow for the reli-
able local modulation of transport across the constriction by electric field-effect. Finite
element simulations show that, due to the electric field dependence of the permittiv-
ity of STO, the action of these side gate electrodes is comparable to that of an effective
“local back gate”. Transport measurements in the normal state have corroborated the
reliability of the pre-patterning technique used, by demonstrating a symmetric action of
both side gates. In the superconducting regime, mesoscopic oscillations of conductance
and Josephson supercurrent allow for the estimation of Lφ and LT. Lastly, we integrate
two side gated c-JJs in a superconducting loop to realize a SQUID. The subsequent con-
trol of the (a)symmetry of the SQUID response via the side gate electrodes underscores
the reliability of our single-step technique. We demonstrate efficient local electrostatic
control of the c-JJs, with the additional advantage of not requiring any post processing
after the LAO growth. The results reported in this chapter open exciting perspectives for
the study of quasi-one dimensional superconductivity and for the realization of devices
such as superconducting quantum point contacts.

3.6. SUPPLEMENTAL INFORMATION

3.6.1. FABRICATION
The steps for the fabrication of the nanoscale constrictions and side gate electrodes are
illustrated in Fig. 3.6a. As previously discussed, a template with the desired pattern is
realized on the STO substrates by depositing a thin AlOx layer before the epitaxial growth
of the LAO thin film. To this purpose, we use a single-step electron beam lithography
procedure optimized for insulating materials.

The process starts off with single crystal TiO2-terminated STO(001) substrates, pur-
chased from CrysTec GmbH. A double-layer layer of positive resist (PMMA 495K/950K)
is spun on the surface of the as-received substrates and subsequently covered by a con-
ductive protective coating for e-beam resist (Elektra 92). This layer acts as a charge dissi-
pation layer, thus reducing accumulation of surface charges on the STO insulating sub-
strate. The pattern resolution and the exposure dose required due to the added Elek-
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Figure 3.6: (a) Schematic representation of the fabrication process steps. (b) Reflection high energy electron
diffraction (RHEED) patterns before (left) and after (right) LaAlO3 deposition. (c) RHEED oscillations obtained
during the deposition. (d) Atomic force microscopy image of a side gated device.

tra layer have been studied and optimized. The optimal dose for a beam-spot size of
3nm was 850µC/cm2. After exposure, the Elektra layer layer is removed by dipping in
DI-water, after which the PMMA is developed using a diluted methyl isobutyl ketone
(MIBK) solution, revealing the pattern. After development, we sputter a thin (∼ 13nm)
AlOx layer, before removing the resist with a lift-off procedure. With the described proce-
dure, we obtain an insulating hard-mask with the desired pattern on the STO substrate.
Finally, crystalline LAO (c-LAO) is grown via pulsed laser deposition (PLD), monitored
in-situ by reflection high energy electron diffraction (RHEED) to confirm layer-by-layer
growth (Fig. 3.6c). The RHEED diffraction pattern corroborates the two-dimensional
nature of the growth (Fig. 3.6b). The LAO films are grown at an oxygen pressure of
6×10−5 mbar and two different temperatures: 770◦C and 840◦C. Lower growth temper-
ature results in samples with lower carrier densities, whereas samples grown at higher
temperature exhibit higher carrier density and superconductivity. A KrF excimer laser
with a fluency of 1J/cm2 and a repetition rate of 1Hz is used. Immediately after deposi-
tion, the samples are annealed in oxygen: the deposition chamber is filled with 300mbar
of oxygen and the sample temperature is kept at 600◦ for 1 hour. The sample is then
slowly cooled down to room temperature in the same oxygen atmosphere. After growth,
a metallic back gate is established with silver conductive epoxy on the back of the STO
substrate. Ultrasonic wedge bonding with Al wire is used to make electrical contact to the
conducting regions. An atomic force microscope image of a side gated nano-constriction
realized with this technique is shown in Fig. 3.6d.

3.6.2. ESTIMATION OF THE LITHOGRAPHIC LENGTH OF THE CONSTRICTION

The length of the constriction was estimated from the AFM images, as shown in Fig. 3.7.
The edges of the narrow region are defined by 2 large circles, which then open up in a
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linear fashion, at a 45◦ angle. The length was estimated by extrapolating the lines tangent
to the circles and taking their intersection at both ends of the channel. This yields L ≈
500nm.

500 nm

Figure 3.7: Schematic representation of the estimation of the lithographic length of the constriction.

3.6.3. DETERMINATION OF G , Ic, δGrms AND δI rms
c

The values of Ic and G were both determined from the differential resistance dV /d I
curves, from the position of the maximum and the value of the normal state resistance
at Ibias = 10nA, respectively, as shown in Figs. 3.8a and 3.8b.

To extract the values of quadratic mean of the fluctuations in G and Ic, we first re-
move the monotonically decreasing background component that arises from the de-
crease in carrier density induced by the application of negative voltages in the side gate
electrodes. In both cases, this is done by subtracting a second degree polynomial fitted
to the data. The fits to G and Ic as a function of side gate voltage are shown in Figs. 3.8c
and 3.8d, respectively. The resulting fluctuations after subtraction of the background
modulation, which are used to determine δGrms and δI rms

c , are shown in Fig. 3.8e.

3.6.4. REPRODUCIBILITY OF THE MESOSCOPIC FLUCTUATIONS
In order to confirm that the observed fluctuations are time-independent and repro-
ducible, we have compared the fluctuation patterns of two different sweeps. Figure 3.9
shows the variations in G and Ic as a function of side gate voltage, where a good agree-
ment is observed between both measurements.

3.6.5. FLUCTUATIONS OF RN AND Ic AS A FUNCTION OF THE INDIVIDUAL

SIDE GATE VOLTAGES
The independent control of the side gates enables the investigation of the fluctuations
in RN and Ic as a function of the independent side gate voltages V 1

SG and V 2
SG, as shown

in Figs. 3.10a and 3.10b, respectively. In both cases, a similar pattern of fluctuations is
revealed which is not symmetric across the diagonal. As mentioned before, these fluc-
tuations appear at sufficiently low temperatures, stemming from phase coherent effects
determined by the local disorder potential. Figure 3.10c shows a spatial map of the cal-
culated out-of-plane electric polarization in a configuration of asymmetric biasing of
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Figure 3.9: (a) Critical current Ic and (b) conductance G oscillation patterns for two different measurements.

the side gates. One can immediately observe that the charge depletion is strongest at the
constriction edge near SG2. A closer look at the polarization profile for this configuration
(Fig. 3.10d) indeed shows that the minimum of the magnitude of P is not located in the
middle of the constriction, but shifted towards SG1. Moreover, when V 1

SG is kept fixed
at 10mV and V 2

SG assumes progressively lower values, the minimum of P continuously
shifts towards SG2, as shown in Fig. 3.10e. Thus, asymmetric biasing of the side gates
results in probing different regions of the channel. Since the impurities responsible for
the scattering of the itinerant electrons are randomly distributed across the constriction,
switching V 1

SG and V 2
SG effectively results in probing a different disorder landscape, hence

the lack of symmetry across the diagonal in the maps of RN and Ic .
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4
TWO-DIMENSIONAL

SUPERCONDUCTIVITY AT THE

(111)LAALO3/SRTIO3 INTERFACE

We report on the discovery and transport study of the superconducting ground state present
at the (111)LaAlO3/SrTiO3 interface. The superconducting transition is consistent with
a Berezinskii–Kosterlitz–Thouless transition and its 2D nature is further corroborated by
the anisotropy of the critical magnetic field, as calculated by Tinkham. The estimated
superconducting layer thickness and coherence length are 10nm and 60nm, respectively.
The results provide new insight to clarify the microscopic details of superconductivity in
LAO/STO interfaces, in particular in what concerns the link with orbital symmetry.

Parts of this chapter have been published in Physical Review B 96, 020504(R) [104].
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T
Ransition metal oxide interfaces host a rich spectrum of functional properties
which are not present in their parent bulk constituents [14]. Following the ground-
breaking discovery of a high-mobility two-dimensional electron system (2DES)

at the interface between the two wide band-gap insulators LaAlO3 (LAO) and SrTiO3
(STO) [16], a growing body of research efforts have brought to light many of its interesting
properties. The system features a gate tunable metal-to-insulator transition[105, 106],
strong Rashba spin–orbit coupling [47] and superconductivity[36], possibly in coexis-
tence with magnetism[52, 53]. To date, the vast majority of research efforts has been
directed towards the investigation of the (001)-oriented LAO/STO interface. However, it
is well recognized that the direction of confinement plays a pivotal role in determining
hierarchy of orbital symmetries and, consequently, in properties such as the spatial ex-
tension of the 2DES and the Rashba spin–orbit fields [107]. Recent work suggests that
(111)-oriented ABO3 perovskites are potentially suitable for the realization of topolog-
ically non-trivial phases [108], since along this direction a bilayer of B-site ions forms
a honeycomb lattice. The 2DES at the (111)LAO/STO interface [109] is an interesting
subject of investigation, combining a polar discontinuity at the interface with such a
hexagonal lattice. Signatures of the 6-fold symmetry related to the (111)STO orientation
have recently been observed by angle-resolved photoemission spectroscopy [110, 111]
(ARPES) and magnetoresistance[112, 113] measurements, making the system potentially
suitable for exotic time-reversal symmetry breaking superconductivity[114]. Moreover,
ARPES measurements at the surface of (111)STO have confirmed a distinct orbital or-
dering of the t2g manifold[110], where all the bands are degenerate at the Γ-point. This
implies the absence of a Lifshitz point, considered to be at the origin of many physical
properties at the (001)-oriented interface. In particular, the ‘optimal doping’ for super-
conductivity was found to occur concomitantly with the Lifshitz transition [39]. There-
fore, within this view, it is timely to investigate whether a 2D superconducting ground
state arises at the (111) orientation.

4.1. FABRICATION
The (111)LAO/STO interface under investigation was prepared by pulsed laser deposi-
tion. An LAO film with a thickness of 9 unit cells (u.c.) was epitaxially grown on a com-
mercially available (111)STO substrate with Ti-rich surface. The film was deposited at
840◦C in an oxygen pressure of 6×10−5 mbar. The laser pulses were supplied by a KrF
excimer source (λ = 248nm) with an energy density of 1J/cm2 and a frequency of 1Hz.
The growth process was followed by an annealing step in order to refill oxygen vacancies.
The chamber was filled with 300mbar of oxygen and the sample temperature was kept
at 600◦C for 1 hour. The sample was then cooled down to room temperature at a rate
of 10◦ C/min in the same oxygen atmosphere. The growth process was monitored in-
situ using reflection high-energy electron diffraction (RHEED), which indicates a layer-
by-layer growth mode, as shown in Fig. 4.1a. An atomic force microscope (AFM) topo-
graphic image of the surface after growth is shown in Fig. 4.1b, where an atomically flat
surface with step-and-terrace structure can be observed. The step height corresponds
to the (111)STO interplanar distance (≈ 0.26Å). Transport measurements were carried
out in a Hall bar geometry, as shown in Fig. 4.1c. The fabrication process relied on argon
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Figure 4.1: (a) RHEED intensity oscillations of the specular spot during the epitaxial growth of a 9 u.c. LaAlO3
film on a (111)SrTiO3 substrate. Inset: RHEED pattern before and after growth. (b) AFM topographic image of
the surface after growth. Inset: height profile. (c) Optical image of a Hall bar. The channel is false-coloured in
blue.

dry etching in order to define the channel and e-beam evaporation of metal contacts
(for a detailed description, see Supplemental Information). Hall bars were patterned
along different in-plane orientations (0◦, 30◦, 60◦, and 90◦) in order to investigate possi-
ble anisotropies in the transport properties.

4.2. BEREZINSKII–KOSTERLITZ–THOULESS TRANSITION

The temperature dependence of the sheet resistance (R) is shown in Fig. 4.2a, evidenc-
ing a clear metallic behavior and absence of carrier localisation down to 1.5K. At this
temperature the back gate voltage is swept to the maximum applied voltage (90V) and
back to 0V. At variance with previous reports, we observed no hysteretic or anisotropic
transport behavior attributed to the presence of oxygen vacancies [115]. All further mea-
surements presented in this work are shown for one Hall bar recorded at a fixed back
gate voltage of 30V. The detailed investigation of the evolution of the transport proper-
ties with electrostatic doping shall be discussed elsewhere.

In the milliKelvin regime, a superconducting transition with a critical temperature
Tc ≈ 117mK is observed (Fig. 4.2a). The value of Tc was defined as the temperature at
which the resistance is 50% of its normal state value (Rn, measured at T = 180mK). The
width of the transition, defined between 20% and 80% of Rn, is ∆Tc = 17mK.
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Figure 4.2: (a) Sheet resistance (R) as a function of temperature (T ) in the milliKelvin regime with an applied
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are fits of the data along the transition. The black line corresponds to V ∝ I 3. (d) Temperature dependence of
the power-law exponent a(T ) as deduced from the fits shown in (c).

For a 2D system, it is well established that superconductivity should exhibit a Bere-
zinskii–Kosterlitz–Thouless (BKT) transition, at a characteristic temperature TBKT. Be-
low this temperature, vortex-antivortex pairs are formed. As the temperature increases
and approaches TBKT, a thermodynamic instability occurs and the vortex-antivortex pairs
spontaneously unbind into free vortices. The resulting proliferation of free vortices de-
stroys superconductivity, yielding a finite-resistance state. According to the BKT sce-
nario, a strong non-Ohmic behavior in the V (I ) characteristics emerges near TBKT, fol-
lowing a power law behavior V ∝ I a(T ) with a = 3 at TBKT.

In order to investigate the 2D character of superconductivity in the system, we mea-
sured the V (I ) characteristics of a 9 u.c. (111)LAO/STO interface as a function of temper-
ature. The characteristics were recorded from 82mK, where the samples are completely
superconducting, up to the temperature at which the sample fully recovers to the nor-
mal state. As shown in Fig. 4.2b, there is a clear superconducting current plateau for the
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V (I ) curve at 82mK. As the temperature is increased, the supercurrent plateau becomes
progressively shorter, until it vanishes at approximately 127mK. At this temperature, the
V (I ) curve becomes completely linear. Concomitantly with the disappearance of the su-
perconducting plateau, power-law type V (I ) curves emerge, indicating a BKT transition.
In order to confirm this scenario, we plot the V (I ) characteristics on a logarithmic scale,
as shown in Fig. 4.2c. At sufficiently low current, the V (I ) characteristics display Ohmic
behaviour in the entire temperature range due to well-known finite size effects [116, 117].
At higher current values, the V (I ) curves show a clear V ∝ I a(T ) power-law dependence,
as indicated by the red lines. The black line corresponds to V ∝ I 3. The exponents a(T )
are obtained by fitting all the characteristics and are plotted as a function of temperature
in Fig. 4.2d, revealing that TBKT ≈ 91mK. At T > TBKT, V ∝ I at low currents, transition-
ing to a strongly non-linear behaviour at higher currents and showing the characteristic
rounding. In contrast, at T < TBKT the power-law behaviour terminates abruptly with
a voltage jump at a well defined current. It should be noted that the evolution of a(T )
does not display the characteristic discontinuous jump from a(T +

BKT) = 1 to a(T −
BKT) = 3,

but rather transitions smoothly from 1 to 3 over a range of several milliKelvin. This be-
haviour, also observed in (001)- and 110)-oriented interfaces [36, 118], stems from in-
homogeneties in the local superconducting properties of the system (such as inhomo-
geneous superfluid density [79] or structural twin domains of the STO substrate [119])
which smear the universal jump [120].
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Figure 4.3: (a) Out-of-plane and (b) in-plane critical magnetic field as a function of temperature. Dashed line:
Pauli-limiting field.

For a quantitative estimation of both the superconducting coherence length (ξ) and
the layer thickness d , we carried out an analysis based on the Ginzburg–Landau formal-
ism. To this purpose, a quantitative criterion was chosen in order to determine the out-
of-plane (B⊥

c ) and in-plane (B∥
c ) critical magnetic fields. At each temperature, V (I ) char-

acteristics are recorded for increasing values of applied magnetic field. As shown in the
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Supplemental Information, for small applied magnetic fields, the values of dV /d I I=0 nA

are zero at low currents, corresponding to the superconducting state. As the current
rises, dV /d I increases until a saturating value, dV /d I I=200 nA, which corresponds to the
normal state resistance. For larger applied magnetic fields, dV /d I I=0 nA is non-zero, and
its value increases with the magnitude of the applied magnetic field. We define the criti-
cal magnetic field as the value at which dV /d I I=0 nA reaches 50% of the normal state re-
sistance, i.e., (dV /d I )I=0 nA/(dV /d I )I=200 nA = 0.5. We track the temperature evolution
of the critical magnetic field for the out-of-plane and in-plane orientations, which are
shown in Figs. 4.3a and 4.3b, respectively. The black lines represent a fit to the expected
dependence for a 2D superconductor, i.e.,

B⊥
c = Φ0

2πξ2 (1−T /Tc) (4.1)

and

B∥
c = Φ0

p
12

2πξd
(1−T /Tc)1/2. (4.2)

From the extrapolation of the critical magnetic fields at T = 0K, we extracted the in-

plane coherence length ξ =
√

Φ0
2πB⊥

c,0K
≈ 60nm and the thickness of the superconducting

layer d = Φ0
p

3

πξB∥
c,0K

≈ 10nm. The fact that the superconducting coherence length is larger

than the estimated thickness is consistent with the 2D character of superconductivity.
In fact, B∥

c can seemingly go far beyond the Pauli paramagnetic limit, which gives
a higher bound for the upper critical magnetic field resulting from field-induced pair-
breaking [121, 122]. For weak coupling Bardeen-Cooper-Schrieffer (BCS) superconduc-
tors, this value is given by

B P
c ≈ 1.76kBTc/

p
2µB, (4.3)

where kB is the Boltzmann’s constant and µB is the Bohr magneton.
Violation of the paramagnetic limit has been observed in (001)- and (110)-oriented

LAO/STO interfaces[48, 101, 118], as well as in other STO-based superconductors [123].
In these systems, the paramagnetic limit is exceeded by a factor of approximately 3-5.
In our case, we find B P

c ≈ 200mT, which results in a violation of the Pauli paramagnetic

limit by a factor of 10, since B∥
c,0K ≈ 2000mT. As a matter of fact, the violation is al-

ready present at temperatures very close to Tc, as shown by the dashed line in Fig. 4.3b.
The enhancement of B∥

c well beyond the BCS prediction has been reported in supercon-
ductors which display strong spin–orbit effects [124–126]. These are expected to cause
randomization of electron spins, and thus result in suppression of the effect of spin para-
magnetism [127]. Indeed, we have confirmed the presence of strong spin–orbit fluctu-
ations in the system by magnetotransport measurements (see Supplemental Informa-
tion), suggesting that spin–orbit coupling plays an important role in the violation of the
Pauli paramagnetic limit.
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Figure 4.4: (a) Angular dependence of the critical magnetic field Bc, where θ is the angle between the mag-
netic field and the surface normal. Green line: fit to the 2D Tinkham formula. Blue: fit to the 3D anisotropic
Ginzburg-Landau model. (b) Magnified view of the region around θ = 90◦.

4.4. ANGULAR DEPENDENCE OF Bc
To further investigate the dimensionality of the superconducting layer, we have studied
the angular dependence of the critical magnetic field at T = 82mK. Figure 4.4a shows the
critical magnetic field as a function of the angle θ, defined between the magnetic field
vector and the normal to the surface. The data was fitted with the 2D Tinkham formula
(green curve) and the 3D anisotropic Ginzburg–Landau model (blue curve), given by

Bθ
c |cos(θ)|

B⊥
c

+
(

Bθ
c sin(θ)

B∥
c

)2

= 1 (4.4)

and (
Bθ

c cos(θ)

B⊥
c

)2

+
(

Bθ
c sin(θ)

B∥
c

)2

= 1, (4.5)

respectively. For the overall range, the data seems to be well described by both mod-
els. However, a closer look at the region around θ = 90◦ in Fig. 4.4b reveals a clear dif-
ference between the two models: the 3D model yields a rounded maximum when the
magnetic field vector is completely in plane, while the observed cusp-shaped peak can
only be well captured by the 2D model.

4.5. CONCLUSION
In summary, by means of systematic (magneto)transport measurements we have demon-
strated that the electrons hosted at the (111)LAO/STO interface condense into a super-
conducting ground state with Tc ≈ 117mK. The estimated thickness of the 2D supercon-
ducting layer is approximatelly 10nm, very similar to the one usually reported for (001)-
oriented interfaces. The V (I ) characteristics are consistent with a BKT transition, and
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the two-dimensional character of the superconducting layer was further corroborated
by the angular dependence of the critical magnetic field. The Pauli paramagnetic limit is
exceeded by a factor of 10, indicating strong spin–orbit coupling in the system. In view
of the differences between the symmetries, electronic structure, and orbital ordering of
the confined states at the (001)- and (111)-oriented LAO/STO interfaces, further inves-
tigation of the latter can extend the current understanding of the link between orbital
symmetry and superconductivity at LAO/STO interfaces.

4.6. SUPPLEMENTAL INFORMATION

4.6.1. FABRICATION DETAILS
The steps for the fabrication of the Hall bars are illustrated in Fig. 4.5. The process relied
on (1) pulsed laser deposition for the growth, (2) e-beam evaporation of metal contacts
and (3) argon dry etching in order to define the channel. To this purpose, we use multiple
aligned e-beam lithography steps.

SrTiO3

LaAlO3

Au
Ti
PMMA
e-beam

Ar milling

e-beam lithography

e-beam lithography

Ar milling

Ar millingdevelopment

Ti/Au deposition

a b c d

e f g h

Figure 4.5: Fabrication process of the Hall bars. (a) E-beam lithography to define the areas for Ohmic contacts.
(b) Ar milling to etch the LAO film in the regions exposed after step (a). (c) Evaporation of Ti/Au. (d) Sample
with Ohmic contacts. (e) E-beam lithography to define the areas of the Hall bars. (f) Development leaves the
areas of the Hall bars protected. (g) Ar milling to etch the LAO film in the regions exposed after step (f). (h)
Sample with Ohmic contacts and Hall bars defined.

The process starts off with a single-crystal Ti-rich terminated (111)SrTiO3 (STO) sub-
strate, where an LaAlO3 (LAO) layer with a thickness of 9 u.c. is epitaxially is grown via
pulsed laser deposition (PLD). As discussed in the main text, the oxide growth is moni-
tored in-situ by reflection high-energy electron diffraction (RHEED) to confirm layer-by-
layer growth. The RHEED diffraction pattern corroborates the two-dimensional nature
of the growth.

The LAO/STO interface is coated with a single-layer layer of positive resist (PMMA
495kDa), after which the first e-beam lithography step is performed in order to define
Ohmic contacts to the interface (see Fig. 4.5a). The dose used for a beam-spot size of ≈
100nm was 800µC/cm2. After exposure, the PMMA is developed using a diluted methyl
isobutyl ketone (MIBK) solution, revealing the pattern. Next, as shown in Fig. 4.5b, argon
milling is used to etch away the LAO layer on the exposed regions. Thereafter, a Ti/Au
(3nm/77nm) layer is evaporated as shown in Fig. 4.5c, contacting the 2DES through the
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etched regions. After lift-off in warm acetone, the Ti/Au layer is removed from the re-
gions protected by PMMA, resulting in a structure as depicted in as shown in Fig. 4.5d.

The second e-beam lithography step is used to define the channel of the Hall bar.
As shown in Figs. 4.5e and 4.5f, after e-beam exposure and development the area of the
metal contacts and the channel is protected by a PMMA layer, while the remaining re-
gions are exposed. Finally, an argon milling step is performed to etch away the exposed
LAO layer (see Fig. 4.5g), which defined the channels and isolates the different Hall bars
(Fig. 4.5h).

4.6.2. DETERMINATION OF THE CRITICAL MAGNETIC FIELD
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Figure 4.6: Determination of the critical magnetic field. (a) V (I ) characteristics at T = 40mK with applied out-
of-plane magnetic field. (b) Linear fits performed around I = 0nA. (c) Linear fits performed around I = 500nA.
(d) Ratio between dV /d II=0 nA and dV /d II=500 nA for different temperatures. Red dots indicate the critical
magnetic field Bc.

The determination of the critical magnetic field is done by analysis of the differ-
ential resistance dV /d I , which is extracted from the V (I ) characteristics. Figure 4.6a
shows V (I ) characteristics recorded at T = 40mK for values of out-of-plane magnetic
field between 0 and 100mT. For each V (I ) curve, two values are considered: the dif-
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ferential resistance at low measuring currents, dV /d I I=0 nA, and in the normal state,
dV /d I I=500 nA. These values are extracted from the slope of the linear fit in the ranges
I ∈ [0,5]nA and I ∈ [495,500]nA, as shown in Figs. 4.6b and 4.6c, respectively. The mag-
netic field at which the resistance dV /d I I=0 nA recovers to half that of the normal value,
i.e., dV /d I I=0 nA/dV /d I I=500 nA = 0.5, was defined as the critical field Bc. Figure 4.6d
shows the quantity dV /d I I=0 nA/dV /d I I=500 nA as a function of applied magnetic field
for different temperatures. For each temperature, the critical magnetic field corresponds
to the intersection with the horizontal red line.

4.6.3. SPIN–ORBIT COUPLING
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Figure 4.7: Variation of conductance (∆σ) as a function of applied magnetic field (B) and the best fit according
to the Maekawa–Fukuyama theory.

We investigate the spin–orbit interaction of the system by magnetotransport mea-
surements. A shown in Fig. 4.7, under an externally applied magnetic field B , a negative
correction due the conductance is apparent, pointing towards weak anti-localization. In
a 2D system with in-plane spin–orbit relaxation time, the first order correction to the
conductance, ∆σ=σ(B)−σ(0), is given by the Maekawa–Fukuyama (MF) formula [128]:

∆σ

σ0
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2
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(
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√
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(
B
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√

1−γ2)

)
,

(4.6)

where Ψ(x) = ln(x)+ψ( 1
2 + 1

x

)
, ψ being the digamma function. The parameters of the

theory are the inelastic and spin–orbit fields Bi,SO =ħ/4eDτi,SO, and the g-factor g which
enters into the Zeeman correction γ = gµBB/4eDBSO. From the best fit of the data in
Fig. 4.7 to the MF formula, we obtain BSO ≈ 1.31T and Bi ≈ 0.01T. The fact that we obtain
BSO À Bi indicates the presence of strong spin–orbit coupling, in good agreement with
the weak anti-localization scenario.



5
BAND INVERSION DRIVEN BY

ELECTRONIC CORRELATIONS AT

THE (111)LAALO3/SRTIO3

INTERFACE

Quantum confinement at complex oxide interfaces establishes a complex hierarchy of the
strongly correlated d-orbitals which is widely recognized as a source of emergent physics.
The most prominent example is the (001)LaAlO3/SrTiO3 (LAO/STO) interface, which fea-
tures a dome-shaped phase diagram of superconducting critical temperature and spin–
orbit coupling as a function of electrostatic doping, arising from a selective occupancy
of t2g orbitals of different character. Here we study (111)-oriented LAO/STO interfaces —
where splitting of the t2g manifold due to quantum confinement is absent — and inves-
tigate the impact of this unique feature on electronic transport. We show that transport
occurs through two sets of electron-like sub-bands, and the carrier density of one of the
sets shows a non-monotonic dependence on the sample conductance. Using tight-binding
modelling, we demonstrate that this behavior stems from a band inversion driven by on-
site Coulomb interactions. The balanced contribution of all t2g orbitals to electronic trans-
port is shown to result in strong SOC with reduced electrostatic modulation.

Parts of this chapter have appeared online in preprint arXiv:1808.03063 and are submitted for peer review
[129].
Tight-binding modelling was performed by M. Vivek, P. Bruneel, and M. Gabay. High magnetic field experi-
ments were performed in collaboration with I. Leermakers and U. Zeitler.
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C
Omplex oxide interfaces display a variety of emergent physical properties that
arise from their highly correlated d-electrons and are therefore absent in con-
ventional semiconductor quantum wells [14, 130]. The two-dimensional electron

system (2DES) at the interface between LaAlO3 (LAO) and (001)-oriented SrTiO3 (STO) is
the prototypical oxide quantum well [16], featuring several interesting phenomena that
include 2D superconductivity [36] and Rashba spin–orbit coupling (SOC) [47, 48]. The
hierarchy of d-orbitals with different symmetries imposed by two-dimensional confine-
ment has been recognized as a key element in determining the properties of the sys-
tem [37]. In particular, it has been proposed that the dome-shaped behavior of the su-
perconducting critical temperature (Tc) and SOC strength with electrostatic doping is
related to the selective occupancy of orbitals of different character, detected by a tran-
sition from one- to two-carrier transport [39]. On the other hand, recent works have
shown that the crystallographic direction of confinement is a powerful tool enabling
selective modification of this band hierarchy [107, 109, 131]. (111)-oriented LAO/STO
interfaces are of particular interest owing to the absence of splitting of the t2g mani-
fold due to quantum confinement, resulting from their equal projection along this di-
rection [18, 111, 132]. Transport studies have shown that the system condenses into a
superconducting ground state [104, 133, 134] and proposed a link between Tc and SOC
[134]. More strikingly, field-effect measurements have brought to light an unconven-
tional behavior of the Hall coefficient (RH), which has been interpreted as a signature of
a hole-like band [115, 134, 135].

In this chapter, we investigate the electronic properties of (111)-oriented LAO/STO
interfaces and show that (i) transport occurs through electron-like bands and (ii) a band
inversion triggered by on-site Coulomb interactions is key to explain the unusual be-
havior of RH. Importantly, we show that this band inversion occurs between two sets of
t2g sub-bands, each with a balanced contribution of dx y , dy z and dxz character. As a di-
rect consequence of this unique feature, SOC is strong and displays reduced electrostatic
tunability.

5.1. POLAR INSTABILITY AND ORIGIN OF THE 2DES
Initially, the study of LAO/STO interfaces was restricted to the (001) crystallographic di-
rection, where the emergence of conduction was originally explained in terms of the
polar-catastrophe scenario [16, 24]. In this model, a polar discontinuity arises at the in-
terface between LAO and (001)STO [16] as a consequence of the stacking of charged ionic
LAO planes (with alternating valency of +1e and −1e) over the neutral STO planes. As a
result, the voltage grows with the thickness of the LAO film until the built-in potential
becomes larger than ∆E (Fig. 5.1a). At a critical thickness tc ≈ 3.5u.c., this triggers an
electronic reconstruction in which half an electron per unit cell is transferred from the
surface of the LAO film to Ti 3d states at the interface [105, 136]. More recent works have
shown that the polar field triggers the spontaneous formation of surface oxygen vacan-
cies, leading to interface conductivity [32, 35].

Viewed along the (111) crystallographic direction, the cubic perovskite lattice con-
sists of three interspersing triangular lattices of Ti atoms, as shown in Fig. 5.1b (where
the labels Ti 1, 2 and 3 refer to the distance of the Ti layer with respect to the interface). If
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Figure 5.1: (a) Band diagram of the LAO/STO interface before electronic reconstruction. ∆E : critical potential
build-up. φ: valence-band offset. (b) Top view of three consecutive (111)Ti4+ layers. The red shaded area
represents the unit cell cross-section of a bilayer. The three t2g orbitals are shown to evidence their equivalent

projection onto the 2DES plane. (c) Left: stacking of ionic planes across the interface. The bottom-most Ti4+

plane is considered to react with oxygen to form TiO2+. Right: resulting electric field across the interface before
the electronic reconstruction takes place. (d) Electrostatic potential as a function of the number of unit cells.

a bilayer of atoms is considered, the projection of the Ti atoms onto the same plane yields
an hexagonal lattice, similar to the one found in graphene. A variety of recent works have
probed this 6-fold symmetry, which was corroborated by the 2D Fermi surface [110, 111]
and anisotropic magnetotransport measurements [112, 113]. The (111)-orientation fea-
tures highly charged planes both for STO and LAO (4e+/− and 3e+/−, respectively). In
the most simplistic ionic picture, this would bring about a diverging electrostatic poten-
tial in the STO substrate itself. To overcome this, we consider an STO(111) slab where
the bottom Ti layer is oxidized (see Fig. 5.1c). In this model, the resulting potential on
the STO side no longer diverges and, upon growth of the LAO layer, a polar discontinuity
at the interface takes place. At the (111)-oriented interface, the interplanar distance is
given by d = aLAO/

p
3 and the unit-cell cross-section A is given by the red shaded re-

gion in Fig. 5.1b. Figure 5.1d shows the calculated potential build-up as a function of
the number of unit cells of (111)LAO. On the STO side, the potential oscillates between
a finite value and zero, starting to diverge on the LAO side. It is worth noticing that the
different formal polarization of the successive A-site and B-site sublayers gives rise to
an oscillatory potential also on the LAO side, in contrast with the step-like behavior ob-
served in the (001)-oriented case. This simple model for the intrinsic doping mechanism
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yields a threshold thickness tc ≈ 8.7u.c., in good agreement with recent experimental
studies that report a critical thickness of 9u.c. [137]. The exact value can be slightly af-
fected by defect states or a valence band offset (ϕ), as observed in the (001)-oriented
case [138, 139].
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Figure 5.2: (a) Carrier density (n) and mobility (µ) as a function of temperature (T ) measured for the pristine
state. Inset: schematic representation of the measurement configuration. (b) Superconducting critical tem-
perature (Tc) as a function of sample conductance (σtot) for different thicknesses of the LAO film. (c) Carrier
densities and (d) mobilities as a function of σtot.

5.2. ELECTROSTATIC MODULATION OF CARRIER DENSITY AND

SUPERCONDUCTIVITY
Having proposed a possible solution for the polar instability at (111)-oriented LAO/STO
interfaces, we investigate the evolution of electronic properties as a function of temper-
ature and electrostatic doping. The temperature dependence of carrier density (n) and
mobility (µ) for a 9 u.c. LAO/STO(111) interface is shown in Fig. 5.2a. In the pristine state,
the Hall effect remains linear down to 1.5K in a range of 10T. The extracted carrier den-
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sity remains fairly constant around 3-5×1013 cm−2 in the entire temperature range. The
mobility increases rapidly from 10cm2V1s−1 at room temperature to a maximum value
of 1000cm2V−1s−1 at 1.5K, with saturation occurring below 10K. The gray line repre-
sents the phonon-limited mobility µph ∝ T −3/2, showing good accordance with the data
at high temperatures. Moreover, the carrier density values obtained are comparable with
those reported for (001)-oriented interfaces.

At 1.5K, we use a back-gate geometry to perform high-field magnetotransport mea-
surements as a function of electrostatic doping. At high conductance values, a transition
from linear to non-linear Hall curves is observed, indicating a transition from one- to
two-carrier transport. In contrast with previous works [115, 134, 135], the observation of
this non-linearity enables us to unequivocally ascertain that the two bands involved in
transport are electron-like, and in the Supplemental Material we analytically show that
the evolution of RH as a function of B is incompatible with an electron-hole scenario.
Figures 5.2c and 5.2d show the extracted values of carrier density (n1,2) and mobility
(µ1,2) by fitting the Hall curves to a two-band model (see Supplemental Material). The
appearance of the second band at σ≈ 6mS is readily evident: at this point, n2 increases
rapidly, seemingly at the cost of n1. Moreover, the second band has a mobility which is
roughly 3 times smaller than the first band.

In the millikelvin regime, the system condenses into a superconducting ground state
[104] and measurements in the same conductance range reveal a monotonic decrease
of Tc. This suggests that superconductivity is unaffected by the population of the sec-
ond electron band at the cost of the first. As shown in Fig. 5.2b, this behavior is consis-
tently observed in several samples, with LAO thicknesses ranging from 9 to 12u.c.. This
is in stark contrast with (001)-oriented interfaces, where the maximum of the supercon-
ducting dome occurs concomitantly with the onset of population of the dxz,y z bands at
the Lifshitz point. In the (111) crystallographic direction, all the t2g orbitals have the
same geometrical projection onto the 2DES plane (see Fig. 5.1b), therefore the observed
transition must have an intrinsically different origin than the one observed in the (001)
counterpart.

5.3. TIGHT-BINDING MODEL

Tight-binding calculations of the electronic structure of the (111)STO surface derived
from photoemission spectra [110, 111] show that for the experimentally accessible range
of carrier concentrations, two sets of sub-bands lie close to the Fermi energy EF. Since
the 2DES resides on the STO side of the LAO/STO interface, one expects similar tight-
binding dispersions for (111)-oriented STO and LAO/STO (this is indeed the case for the
(001) orientation [140]). These two sets of sub-bands, labeled 1 and 2 in Fig. 5.3, each
contain six branches. However, due to time reversal symmetry, there are only 3 different
energies per set, thus leading to a six-band low energy model. In our tight-binding cal-
culations we include the effects of (i) confinement, (ii) bulk SOC, (iii) trigonal field, and
(iv) on-site Coulomb interactions, obtaining the band structures in Figs. 5.3a and 5.3b.
Here we show the energy E vs. k (along the kx = 0 direction) for two different filling levels
after the addition of local Coulomb interactions. ky corresponds to ΓM of the hexagonal
Brillouin Zone (BZ) and kx corresponds to ΓK of the hexagonal BZ. Both kx and ky are in
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units of 1/c, where c =p
2/3a, and a is the Ti-Ti inter-atomic distance. Hubbard type in-

teractions are added between like (U) and unlike (U
′
) orbitals, which cause the bands to

shift by unequal amounts resulting in bands crossings and in changes in the individual
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carrier concentrations of the bands. In order to keep the total carrier density constant
before and after the inclusion of interactions, the Fermi level renormalises. This renor-
malisation of the Fermi level is performed in a self-consistent way (see Supplemental
Material for further details on the theoretical model).

Careful analysis of Figs. 5.3a and 5.3b readily highlights the crucial role of electron
correlations in reproducing our experimental observations. At low EF (Fig. 5.3a), only the
first set of sub-bands is populated. At high EF (Fig. 5.3b), the second set of sub-bands,
which extends deeper into the substrate, becomes populated and—most importantly—a
band inversion takes place. The second set of sub-bands becomes lower in energy, while
the first sub-set is pushed upwards. The consequences of this can be more clearly seen in
the corresponding Fermi surfaces plotted in Figs. 5.3c and 5.3d, where the contour of the
first set of sub-bands is reduced with increasing EF. Conversely, it is evident in Fig. 5.3d
that the second sub-band becomes heavily populated, its contour becoming larger than
that of the first sub-band. It is worth underscoring that, while the orbital character of
each band is highly dependent on the crystallographic direction in the BZ, their overall
contributions to electronic transport are nearly equal. The concentrations of the carriers
in each band are summed for each sub-set and are shown in Fig. 5.3e as a function of EF .
The resemblance with the experimental data is striking: at low filling only the first set of
sub-bands contributes to transport and, at a critical filling, the population of the second
set of sub-bands starts increasing, concomitantly with a decline of the population of
the first one. Our model highlights that, in contrast with the (001) case, the transition
from one- to two-carrier transport in the (111) direction stems from the occupation of a
second set of t2g sub-bands as a consequence of Coulomb repulsion.
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5.4. SPIN–ORBIT COUPLING
To investigate the effects of the orbital hierarchy of (111)-oriented LAO/STO on SOC, we
analysed the field dependence of the magnetoconductance (MC) as a function of elec-
trostatic doping. We restrict our analysis to low conductance values, where the Hall ef-
fect is linear and the classical magnetoconductance contribution is negligible (see Sup-
plemental Material). As shown in Fig. 5.4a, negative MC is observed in the entire range
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of conductance explored, in accordance with previous work [134]. For a 2D diffusive
metallic system placed in a perpendicular magnetic field (B), the quantum corrections
to conductance are given by the Hikami–Larkin–Nagaoka (HLN) model [141]:
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(5.1)

where Ψ is the digamma function and Bi,SO are the effective fields related to the in-
elastic and spin–orbit relaxation lengths, respectively. Figure 5.4a shows ∆σ and the
respective quantum correction from the HLN model (black lines). ∆σ displays a local
minimum at a field Bmin, which indicates the point where weak antilocalization (WAL)
is overcome by weak localization (WL). It has been demonstrated that Bmin is propor-
tional to the characteristic magnetic field BSO [142]. Therefore, the gradual shift of Bmin

to smaller values of B as a function of electrostatic doping indicates a monotonic de-
crease of the SOC strength. In contrast with previous work [134], no classical compo-
nent was required to fit the data and the local minima of the data are well captured. The
characteristic lengths of inelastic and spin–orbit scattering li,so are related to the effec-
tive fields by Bi,SO =ħ/4el 2

i,SO and are shown as a function of applied electrostatic doping
in Fig. 5.4b. We find that lSO < li throughout the entire range, indicating WAL. Moreover,
we observe a relatively small value of lSO which is constant with electrostatic doping, in-
dicating that SO interactions are strong (εSO ≈ 4.26meV at 0.38mS), but overall display
reduced tunability with respect to the (001)-oriented case. This can be understood by re-
calling the hallmark feature of this crystallographic direction — the identical projection
of all t2g orbitals onto the 2DES plane. The magnitude of BSO, which is proportional to
the out-of-plane component of the orbitals involved in transport [143], is therefore ex-
pected to be large and independent of band occupation, in very good agreement with
our experimental results.

5.5. CONCLUSION

In summary, we have studied (111)-oriented LAO/STO interfaces where t2g manifold
splitting by quantum confinement is absent. We show that transport occurs through
electron-like bands and on-site correlations drive an inversion between two sets of t2g

sub-bands, each containing a balanced contribution of all three orbital characters. This
captures the non-monotonic dependence of RH on electrostatic doping and rules out the
presence of a hole-like band. The results of this work strongly underline the importance
of orbital hierarchy and electron-electron interactions in determining the properties of
LAO/STO interfaces.
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5.6. SUPPLEMENTAL INFORMATION

5.6.1. THEORETICAL MODELING
The (111)-oriented interface features a very different geometry than that of its (001)-
oriented counterpart. When the cubic structure with Titanium (Ti) atoms is projected
on one plane, three interspersing Ti lattices are found (Ti 1, 2 and 3), as shown in Fig. 5.5,
which forms a hexagonal structure. In our modeling, only two layers are considered,
assuming the coupling of the third layer to be weak as it is further away from the surface.

[-1-12]

[-110]

Ti 1

Ti 2

Ti 3

Figure 5.5: Top view of three consecutive Ti4+ layers in (111)-oriented STO. The number indicates the distance
of the respective atomic layer to the STO surface. For theoretical calculations, only two Ti4+ layers are taken in
to account.

In a tight-binding formalism, there exist two kinds of hopping for the two layers-
inter-layer and intra-layer, the amplitude of which depends on the distance between the
concerned atoms. If only intra-layer coupling is added, three bands, one of each t2g

orbitals, is observed, 4 times degenerate, twice in spin and twice for each layer. The
intra-layer coupling is described by

adx y = −2t1 cos(
p

3kx ) (5.2)

ady z = −2t1 cos(−
p

3
2 kx + 3

2 ky ) (5.3)

adxz = −2t1 cos(
p

3
2 kx + 3

2 ky ) (5.4)

where t1 = 0.05eV is the intra-layer hopping amplitude. The inter-layer coupling
then splits this manifold into three bonding and three anti-bonding bands, twice degen-
erate in spin, each. The inter-layer coupling is described by

a
′
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= −t2 −2t3 cos(
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3
2 kx )e−I 3

2 ky (5.5)

a
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2 ky ) (5.6)
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′
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= −t3(1+e−I(
p

3
2 kx− 3

2 ky ))− t2eI(
p

3
2 kx− 3

2 ky ) (5.7)

where t3 = 1.6eV and t2 = 0.07eV are first and third nearest neighbour hoppings be-
tween layers. Since the 2DES resides on the STO side of the LAO/STO interface, one
expects similar tight-binding dispersions for (111)-oriented STO and LAO/STO, allowing
us to use photoemission data for the (111) STO surface [144, 145] (this is indeed the case
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for the (001) orientation [140]). Only the lower energy bonding states are then required
which lie close to the Fermi level. An inter-layer electrostatic potential is added to distin-
guish between the two layers in terms of their distance from the surface, which increases
the distance between the bonding and the anti-bonding orbitals without changing their
character. Using Dirac’s notation, the Hamiltonian Ho in basis of {d x y1,σ,d y z1,σ,d xz1,σ,
d x y2,σ,d y z2,σ,d xz2,σ} for the two layers and where 1,2 is the layer index and σ for spin
↑,↓, is given by

Ho;σ = ∑
P=(d x y,d y z,d xz)

|dP,1,σ,dP,2,σ〉M〈dP,2,σ,dP,1,σ| (5.8)

where M =
[

aP a
′
P

a
′∗
P bP

]
and bP = ap +∆V , ∆V being the difference of potential between

the two layers owing to their different location with respect to the surface.
The next term in the modeling is the trigonal crystal field, the magnitude of which

is given by t f = 10meV, which arises as a result of the changed (111) symmetry at the
surface. This lifts further the degeneracy at Γ and is represented in the {dx y ,dy z ,dxz }

basis by Htr f =
 0 t f t f

t f 0 t f
t f t f 0

. The trigonal field needs to be added separately to each

layer and each spin. Bulk spin–orbit interaction, Hso =λ~L.~S, couples the orbital and spin
degrees of freedom within each layer and changes the character of a band from pure t2g

to a mixture of all three t2g orbitals. It also creates a spin-split off band at Γ.
The final term before the addition of correlations is the modeling of the quantum

confinement at the surface of the (111)-oriented interface. Poisson–Schrodinger (P–S)
calculations show that the bands introduced above give rise to sub-bands in the quan-
tum well, created by the surface potential, and lying very close to each other. At least,
two of these sets of sub-bands lie close to the Fermi level and must be considered in
the effective tight-binding modeling. The Hamiltonian of one set of sub-bands can be
constructed with H0,↑, H0,↑, H1,so , H2,so and Htr f in the basis of |dP,1,↑,dP,2,↑,dP,1,↓,dP,2,↓〉.
A similar matrix exists for the sub-band set two with a shift of the bands by 20 meV as
given by P-S calculations. Correlations become important in this modeling as the exper-
imental data shows that the back-gate voltage tunes the number of carriers in the system
and they increase with increasing back-gate voltage.

A Hartree-Fock interaction is then added which acts on individual orbitals. From
therein stem two contributions to the correlation term, those between like (U) and un-
like (U

′
) orbitals, whose product with the band populations of like and unlike orbitals re-

spectively. The band populations take the following form for each orbital α ∈ {x y, y z, xz}

< Nα >=∑
i
< niα > (5.9)

In Eq. (5.9), < niα > are the populations of the individual orbitals, i is the band index
and the summation is performed for bands with energies less than EF over all degrees of
freedom; < Nα > is the total population of the α orbital. The addition of U and U

′
gives

rise to the following Hartree-Fock contribution

µα =U < Nα >+U
′ ∑
γ6=α

< Nγ > (5.10)
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In Eq. (5.10) µα plays the role of an orbital dependent chemical potential which shifts
the bands. As U and U

′
are added, all orbitals are not equally punished which results

in bands being shifted unequally causing band crossings. Before the addition of U and
U

′
, the total population, N0 ,is calculated and this should remain constant even after the

addition of U and U
′
. At each iteration of the code, U and U

′
shift the bands while the

Fermi level remains unchanged. The total band population, Ni , is then calculated by
summing up individual populations and compared to N0. The Fermi level is re-adjusted
to regain the original total population which again changes the band populations and
causes the U and U

′
to shift the bands at the next iteration. This process is repeated until

self-consistency is achieved. Figure 5.6 shows the evolution of the band structure as one
goes around the BZ. The filling chosen is such that, after correlations are added, both
sub-bands are occupied. The bands are color-labeled according to their orbital character
as in the main text. Upon changing the orientation along which one views the band
structure, one finds that the lower most occupied band changes character. The integral
over the entire BZ yields almost equal population of each orbital character within the
manifold of a single sub-band and hence the average of the populations is considered in
the calculations for Fig. 5.3.

0 0.2 0.4 0.6
-3.35

-3.34

-3.33

-3.32

-3.31

-3.3

-3.29

-3.28

0 0.2 0.4 0.6
-3.35

-3.34

-3.33

-3.32

-3.31

-3.3

-3.29

-3.28

0 0.2 0.4 0.6
 k (1/c)

-3.35

-3.34

-3.33

-3.32

-3.31

-3.3

-3.29

-3.28

 E
 (e

V
)

EF

kx

ky

a b c
 k

 k (1/c)

 E
 (e

V
)

 E
 (e

V
)

kx

ky
 k

kx

ky  k

 k (1/c)

EF EF
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of the BZ for a filling of the bands where both sub-bands are occupied. Gray line indicates the renormalized
Fermi level. (a) With k along the kx = 0 direction. (b) With k along the kx = ky direction. (c) With k along the
ky = 0 direction.

5.6.2. ANALYSIS OF THE HALL EFFECT AND MAGNETORESISTANCE DATA
The Hall data has been fitted to a two-carrier model given by the expression:

ρx y = (σ1µ1 +σ2µ2)+ (σ1µ2 +σ2µ1)µ1µ2B 2

(σ1 +σ2)2 + (σ1µ2 +σ1µ1)2B 2 B , (5.11)

whereσ1,2 are the conductivities and µ1,2 are the mobilities of each one of the bands.
The condition σtotal =σ1 +σ2 is imposed in the fit, since σtotal is experimentally known.
The experimental data and respective fits are shown in Fig. 5.7.
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Figure 5.7: (a) Total conductance as a function of applied back-gate voltage. (b) Hall resistance (ρx y ) as a
function of applied magnetic field (B) for different levels of electrostatic doping, measured at 1.5K. Red dashed
lines are the fits to a two-carrier model. Black arrows illustrate the trend of the slope at low and high magnetic
fields.

The depopulation of the first band can also be qualitatively observed in the Hall
traces, where the slope at low field follows the opposite trend of the slope at high field as
a function electrostatic doping (denoted by the black arrows in Fig. 5.7). The parameters
extracted from the fitting are shown in Fig. 5.2.

Figure 5.8 shows the magnetoresistance (MR) as a function of applied magnetic field
for different levels of electrostatic doping, where magnetoresistance is defined as

MR = ρ(B)−ρ(B = 0)

ρ(B = 0)
. (5.12)

The red traces indicate the electrostatic doping levels for which the Hall effect be-
comes non-linear, clearly indicting a two-carrier transport. As mentioned in the main
text, these traces display a large classical B 2 component, which increases with electro-
static doping. This classical component can be as large as 30% at B = 10T for the highest
doping level.

5.6.3. CARRIER TYPE OF THE 2 BANDS
In the two-band model, the Hall effect saturates towards a linear behaviour at sufficiently
high magnetic fields and the sign of RH provides direct information on the carrier type of
the higher-density band. In the case of an electron-like and a hole-like band, the high-
field (B →∞) and low-field (B → 0) limits of RH are given by

lim
B→∞

RH =− 1

ne −nh
and lim

B→0
RH =− neµ

2
e −nhµ

2
h

(neµe +nhµh)2 ,

where ne,h and µe,h are the electron and hole carrier densities and mobilities of the
two bands, respectively. In our measurements, we access a regime of high conductance
and observe a nonlinearity of the Hall data around 5 T, as shown in Fig. 5.9a. From the
corresponding derivative (Fig. 5.9b) it can be seen that at higher magnetic fields the Hall
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Figure 5.8: Magnetoresistance as a function of applied of applied magnetic field for different levels of electro-
static doping. (a) Entire B-field range. (b) Zoom-in. Red-shaded curves correspond to curves which were not
fitted in the MC analysis Fig. 5.4. (c) Hall effect data corresponding to the same levels of electrostatic doping of
the MC data of Fig. 5.4.

curve is saturated towards a linear behavior (RH = constant), indicating that the high-
field limit has been reached.

Since RH(B →∞) < 0, we can unequivocally ascertain that the higher-density band
is electron-like. From the low-field behavior it can be readily seen that RH(B → ∞) >
RH(B → 0). To prove that this is only compatible with two electron-like bands, we will
show analytically that our data cannot be described by an electron-hole scenario, irre-
spective of the mobility values. Since the higher-density band is electron-like, we con-
sider the situation where the second band is hole-like, i.e., ne > nh , where ne = xnh and
x > 1. Then

lim
B→∞

RH =− 1

xnh −nh
=− 1

nh

1

(x −1)

and

lim
B→0

RH =− xnhµ
2
e −nhµ

2
h

(xnhµe +nhµh)2 =− 1

nh

xµ2
e −µ2

h

(xµe +µh)2 .
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Figure 5.9: (a) Experimental Hall curves for the highest electrostatic doping (red) and respective fit (dashed
black). (b) Derivative of the curves presented in (a).

We now check whether this is compatible with our data, where RH(B →∞) > RH(B → 0).

RH(B →∞)> RH(B → 0)

xµ2
e −µ2

h

(xµe +µh)2 >
1

(x −1)

xµ2
e −µ2

h

x2µ2
e +2xµeµh +µ2

h

> 1

(x −1)

(x −1)(xµ2
e −µ2

h)> x2µ2
e +2xµeµh +µ2

h

(x2−x)µ2
e − (x −1)µ2

h > x2µ2
e+2xµeµh ++µ2

h

−x(µ2
e +µ2

h)> 2xµeµh

−x> 2xµeµh

µ2
e +µ2

h

The expression of the right hand side is always positive because x, µe and µh > 0, and
therefore the solution does not exist. This proves that our data cannot be described by
an electron-hole scenario, irrespective of the mobility values. Moreover, we show that
the data is very well fitted by the two-band model with two electron-like bands (dashed
black lines in Figs. 5.9a and 5.9b), which provides the carrier densities and mobilities
shown in Figs. 5.2c and 5.2d.



6
MAGNETOTRANSPORT IN

FREE-STANDING SRRUO3

NANO-FLAKES

Two-dimensional (2D) materials exhibit a wide range of exceptional electronic and opti-
cal properties at nanometer-scale thicknesses. 2D ferromagnets are, however, scarce, and
transport in such compounds is largely unexplored. Here, we investigate the properties
of free-standing single-crystal SrRuO3 (SRO), a 4d metallic ferromagnet with strong spin–
orbit coupling. Free-standing ultrathin films are obtained by etching of a water-soluble
buffer layer and exhibit ferromagnetic behavior down to at least 3 nm thickness. Magneto-
transport measurements show that the anomalous Hall conductivity, which is determined
by the Berry curvature of the spin–orbit coupled bands, is modified with respect to epitax-
ial SRO films grown on SrTiO3. We show that the data can be well described by a phe-
nomenological model comprising two channels with opposite signs of their anomalous
Hall conductivity. The results presented in this chapter pave the way for the integration of
complex oxides with van der Waals materials to engineer new phases in hybrid devices.
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T
He vast family of two-dimensional (2D) materials covers a wide range of elec-
tronic properties, ranging from metals such as graphene [146, 147], to small band-
gap semiconductors such as the transition metal dichalogenides [148] and black

phosphorus [149], and wide band-gap insulators such as hexagonal boron nitride [150].
2D magnetic materials are however scarce, with insulating ferromagnets such as CrI3
and Cr2Ge2Te6 being discovered only recently [151, 152]. There has been a long-standing
effort to obtain 2D ferromagnetic metallic materials, the first (Fe3GeTe2) being discov-
ered only this year [153]. A different family of materials that is particularly resourceful
is that of the transition metal oxides, where 3D metallic ferromagnets such as SrRuO3
(SRO) and La2/3Sr1/3MnO3 are ubiquitous [154]. SRO is of particular interest due to its
strong spin–orbit coupling (SOC), a basic ingredient for spintronics that can give rise
to various topological properties. These compounds are typically grown epitaxially by
pulsed laser deposition on single-crystal substrates. Recently, Lu et al. demonstrated
the release and transfer of epitaxially grown single-crystal layers of these materials, en-
abling the study of their electronic and magnetic properties in free-standing form [155].
This opens the door for transition metal oxides such as SRO to join the 2D materials
family, to be implemented in similar device architectures and to be stacked to create hy-
brid structures. While free-standing SRO films were previously obtained through chem-
ical etching of the SrTiO3(STO) substrate with hydrofluoric acid, these studies were lim-
ited to films with thicknesses down to 55 nm and no magnetotransport measurements
were performed [156, 157]. This is a crucial point, as the modification of the conducting
and ferromagnetic properties stemming from strain relaxation and the release process
need to be fully addressed to exploit the full potential of free-standing oxide films for
nano-electronics. In this chapter, we study the structural and (magneto)transport prop-
erties of free-standing single-crystal SRO films and establish a comparison with epitaxial
films. We obtain high-quality ferromagnetic films and show that their free-standing na-
ture substantially impacts their anomalous Hall conductivity.

6.1. METHODS AND SAMPLE CHARACTERIZATION
Epitaxial and buffered SRO films are deposited by pulsed laser deposition on commer-
cially available TiO2-terminated (001)STO substrates. Sr3Al2O6 (SAO) films are grown at
800◦C in an oxygen pressure of 10−6 mbar. SRO films are grown at 550◦C in an oxygen
pressure of 0.1mbar. The laser pulses are supplied by a KrF excimer source (λ= 248nm)
with an energy density of 1.2J/cm2. The growth was followed by an annealing step in
order to remove potential oxygen vacancies. The chamber was filled with 300 mbar of
oxygen and the sample temperature was kept at 600◦C for 1 hour. The sample was then
cooled down to room temperature at a rate of 20◦C/min in the same oxygen atmosphere.
As shown in the supplementary information, the growth process was monitored in-situ
using reflection high-energy electron diffraction (RHEED), which indicates a layer-by-
layer growth mode for both SAO and SRO.

To obtain free-standing SRO films, the SAO-buffered samples are immersed in de-
ionized water. After the release, the SRO films are transferred onto Si/SiO2 or STO sub-
strates following the work of Lu et al. [155]. The SRO films are then contacted by e-beam
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Figure 6.1: (a) Preparation of free-standing SRO films and definition of Hall bars. (b) XRD measurements of
free-standing SRO on Si/SiO2 and a reference Si/SiO2 substrate. The gray line is a simulation of the diffracted
intensity. (c) XRD measurement around the (002) reflection of epitaxial, buffered and free-standing SRO. (d)
Resistance (R) as a function of temperature (T ) of epitaxial and free-standing SRO films. The inset shows the
derivative dR/dT and the shift of TC. Right: optical images of the measured devices. The scale bars (from top
to bottom) are 50, 20, and 300µm.

lithography and evaporation of Pd/Au electrodes. Appropriate regions of the transferred
SRO film are located using e-beam alignment markers pre-patterned on the Si/SiO2 and
STO substrates. Magnetotransport measurements were performed in a He flow cryostat
with a 10 T superconducting magnet and a base temperature of 1.5 K. Measurements in
current-bias configuration were performed using lock-in amplifiers and custom-made
low noise current sources and voltage amplifiers.

The procedure for obtaining free-standing SRO films from the buffered samples is
schematically depicted in Fig. 6.1a. First, a polydimethylsiloxane (PDMS) layer is ad-
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hered to the SRO surface and the entire stack is immersed in deionized water [155]. After
the dissolution of the Sr3Al2O6 layer, the SRO is transferred onto other substrates such
as Si/SiO2 or STO using a deterministic dry-transfer technique [158]. Micrometer-sized
Hall bars are then defined using e-beam lithography and Ohmic contact is established
by deposition of Pd/Au. An X-ray diffraction (XRD) measurement of a 75 u.c. SRO film
on a Si/SiO2 substrate is shown in Fig. 6.1b. As a reference, an XRD measurement of a
patterned Si/SiO2 substrate is included, showing the Si(004) peak at approximately 69◦
and a peak at 38◦ arising from evaporated Au. The four orders of diffraction of the SRO
film are clearly visible, and their positions match the simulation of the diffracted inten-
sity (gray line) using a c-axis lattice parameter of 3.923Å and a thickness of 75 unit cells.
The thickness is in excellent agreement with the estimate from the RHEED oscillations
during the growth (see supplementary information).

Figure 6.1c shows XRD measurements of epitaxial, buffered and free-standing SRO
films around the (002) diffraction peak. The epitaxial and buffered films show clear Laue
oscillations, indicating that the films are of excellent crystalline quality. Simulations of
the diffracted intensity are included in the supplementary information, showing that the
film thickness of the SRO layer is 75 u.c. as intended. The c-axis lattice parameter of the
epitaxial and buffered SRO films is 3.953Å, which is expected considering the compres-
sive strain supplied by the STO substrate. The (002) diffraction peak of the free-standing
SRO displays a clear shift, consistent with the reduction of the c-axis lattice parame-
ter associated with the release of compressive strain. The lattice parameter of the free-
standing film is 3.923Å, which is consistent with the value for bulk SRO [159].

Next, we investigate the electronic properties of free-standing and epitaxial films.
The resistance (R) of epitaxial SRO is known to display a kink at the Curie temperature
(TC), showing linear behavior at T > TC and Fermi liquid behavior at T < TC [160]. TC

is further known to depend sensitively on epitaxial strain [156, 161, 162]. R(T ) measure-
ments of a patterned epitaxial film and devices fabricated from free-standing films on
STO and Si/SiO2 are shown in Fig. 6.1d. Optical images of the three devices are shown on
the right. All devices display metallic behavior and their R(T ) curves show a kink, indi-
cating that both epitaxial and free-standing films undergo a transition to a ferromagnetic
state. The films have similar resistance values and residual resistance ratios of approx-
imately 2, indicating that the free-standing films are of similar quality as their epitaxial
counterpart. The inset shows the derivative (dR/dT ), and most notably TC is higher for
free-standing SRO, which is consistent with the reduced c-axis lattice parameter [156].

6.2. THICKNESS DEPENDENCE
We now turn our attention to the evolution of the transport properties of free-standing
SRO films with thickness. R(T ) measurements of three free-standing SRO films of dif-
ferent thicknesses on Si/SiO2 are shown in Fig. 6.2a. The corresponding derivatives are
shown in the inset for the 75 and 25 u.c. films. With decreasing thickness, TC is low-
ered and the resistance upturn at low temperature becomes more pronounced. The
thinnest (12 u.c.) film is no longer metallic and displays semiconducting behavior. A
thickness-dependent metal–insulator for epitaxial SRO has previously been measured,
showing a gradual decrease of TC and an enhanced upturn at low temperature due to 2D
weak localization [163]. For epitaxial films, the minimum thickness for metallic behav-
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Figure 6.2: (a) Resistance (R) as a function of temperature (T ) of free-standing SRO with thicknesses of of 75, 25
and 12 unit cells. The inset shows the derivative dR/dT and the shift of TC. (b) Out-of-plane magnetoresistance
(MR) measured at T = 20 K. The inset shows the behavior at low magnetic fields.

ior was found to be 5 unit cells. This critical thickness is hence significantly higher for
free-standing films, which could be related to the release of strain, interfacial effects or
structural/electronic inhomogeneities within the SRO film.

To study the ferromagnetic properties in more detail, we measured the out-of-plane
magnetoresistance (MR) at 20 K (see Fig. 6.2b). The measurements show a “butterfly-
loop”, characteristic of ferromagnets. The measurement of the 12 u.c. thick film still dis-
plays a clear resistance change at the coercive field (Bc see inset), indicating that, despite
the loss of metallicity, the ultrathin free-standing SRO film is still in a ferromagnetic state.

6.3. FREE-STANDING VERSUS EPITAXIAL
A characteristic feature of SRO is its anomalous Hall effect (AHE), which is proportional
to the out-of-plane component of the magnetization. As a consequence, the total Hall
resistance is given by Rx y = Ro

x y +RAH
x y , where Ro

x y and RAH
x y are the ordinary and anoma-

lous Hall components, respectively. It is well established that both intrinsic deflection
and extrinsic sources of scattering can contribute to RAH

x y [164]. For SRO, it is generally
accepted that the intrinsic mechanism is responsible for its AHE, as its temperature de-
pendence is well reproduced by first-principles calculations and reflects the exchange
splitting proportional to the temperature-dependent magnetization [165]. Having es-
tablished that there is a change in the magnetic anisotropy of the free-standing film, it
is expected that this will also impact the AHE. To investigate this, we compare the Hall
effect of a free-standing (top) and epitaxial (bottom) SRO film of 75 u.c. in Fig. 6.3a. The
curves are offset horizontally for clarity. On first inspection, the curves appear strikingly
different. The epitaxial film develops a positive AHE below TC, after which RAH

x y changes
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sign and increases in magnitude at low temperatures. The sharp switching at Bc, which
coincides with the magnetization reversal, is followed by an additional tail which is likely
due to pinned sites that align with the field at slightly higher values. The free-standing
film also develops a positive AHE below TC, which then changes sign, but additional fea-
tures appear above Bc. Furthermore, the AH loops only close at 10 T, while the loops of
the epitaxial film already close at approximately 2 T.

To continuously monitor the magnitude of RAH
x y at zero field (defined as RAH), we

measure the Hall resistance while cooling down and applying a field of ±50 mT. Taking
the difference between the two Rx y (T ) curves removes the longitudinal component and
yields the height of the loop at B = 0 T. The contribution from the ordinary Hall compo-
nent is negligible. The resulting RAH is shown in Fig. 6.3b for the free-standing (top) and
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epitaxial (bottom) films. While the AHE in Fig. 6.3a appeared to be very different, the
RAH(T ) curves are similar, apart from a factor 4 difference in magnitude. The behavior,
including the sign change below TC, can also be identified from the curves in Fig. 6.3a
and is characteristic for epitaxial SRO [165].
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Figure 6.4: Magnetoresistance (MR) measured along the axes defined in the schematic (inset bottom panel)
for (a) free-standing and (b) epitaxial SRO films.

We now investigate the magnetic anisotropy by measuring the MR when the mag-
netic field (B) is applied along x, y , and z, as defined in the insets of Fig. 6.4. For the free-
standing film, the coercive fields along all axes are equal, while the coercive field of the
epitaxial film is smaller for B ∥ z. This indicates that the magnetization is predominantly
oriented along z for the epitaxial film, while for the free-standing film it is oriented more
in-plane. This is consistent with previous reports, where the compressive strain supplied
by the STO substrate results in a more out-of-plane magnetization [166]. In addition, the
change in resistance at Bc is more gradual for the free-standing film, which can indicate
a different switching mechanism or the presence of a magnetic multidomain state [167].

6.4. PHENOMENOLOGICAL TWO-CHANNEL MODEL
The peaks close to Bc have also been observed in SRO-based epitaxial heterostructures
and are usually interpreted as a topological Hall effect due to skyrmions [168–170]. In
Fig. 6.5a, we show that the AH loops of the free-standing film can be fitted to a phe-
nomenological model that comprises two channels with contributions of opposite signs.
The curves are fitted to RAH

x y = RAH
x y,I tanh(ωI(B −Bc,I))+RAH

x y,II tanh(ωII(B −Bc,II)), where ω
is a parameter describing the slope at Bc. We note that the ordinary Hall component
is small compared to the anomalous components and does not impact the fit substan-
tially. The individual AH components, that together constitute the total AHE, are shown
in Fig. 6.5b. It is immediately apparent that their behavior is very different: the negative
AHE (dark blue curve) displays a sharp switching behavior, while the positive contribu-
tion (light blue) switches more gradually. This indicates that the free-standing SRO film
comprises two, very different magnetic phases. The parameters extracted from the AH
components are shown in Figs. 6.5c to 6.5e. From Fig. 6.5c, we see that the positive con-
tribution has a larger Bc at 1.5 K but decreases more rapidly with increasing temperature,
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Figure 6.5: (a) Hall resistance (Rx y ) measured at different temperatures. The black dashed lines are fits to the
data and the curves are offset vertically. (b) The two anomalous Hall components that add up to the total Rx y

curves in (a). (c) Extracted coercive fields (Bc) and (d) loop heights R0
AH as function of temperature (T ). (e)

Extracted slope (ω) as function of T .

going to zero at approximately 100 K. Bc of the negative contribution is still around 1 T at
100 K. Comparing the magnitude of Bc and the switching behavior to the epitaxial film,
we can identify the dark blue AH component of the free-standing case as the AHE of the
epitaxial SRO. A possible origin for the second magnetic phase can be related to the in-
terface with SiO2, due to temperature-dependent strain induced by van der Waals forces
at the film/substrate interface. To test this hypothesis, we investigated the temperature
dependence of the AHE of a free-standing SRO film of the same thickness on STO (see
supplementary material). The observed behaviour is qualitatively the same as the one
on SiO2, indicating that the second magnetic phase has a different origin, for example
charge inhomogeneity due to interdiffusion across the SAO/SRO interface.

RAH(T ) of the two AH components and their sum are shown in Fig. 6.5d. At low tem-
perature, the contribution of the positive component reduces RAH by a factor of 2–3,
which explains both the different magnitude compared to the epitaxial SRO and the sat-
uration at low temperature. Looking back at Fig. 6.5b, we note that it is important to
distinguish between the magnitude of the AHE at B = 0 and the magnitude at satura-
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tion. While RAH(B = 0) is zero at 100 K, the magnitude at saturation in fact increases with
increasing temperature, as shown in Fig. 6.5d (green points). This indicates that this
magnetic phase does not disappear at 100 K, but shows more paramagnetic behavior.

6.5. CONCLUSION
In summary, we have realized free-standing ultrathin SRO films and confirmed their high
crystalline quality. We have demonstrated that the AHE of free-standing SRO is strikingly
different from its epitaxial counterpart on STO. Interestingly, the AHE of free-standing
SRO is well described by a phenomenological model comprising two channels with con-
tributions of opposite signs, indicating the presence of two magnetically distinct phases.
We tentatively attribute this to charge inhomogeneity originating from the release pro-
cess. The ability to obtain free-standing SRO films provides exciting prospects for con-
tinuous variation of strain and engineering desired interfacial effects.

6.6. SUPPLEMENTAL INFORMATION

6.6.1. GROWTH AND STRUCTURAL CHARACTERIZATION
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Figure 6.6: (a) RHEED intensity oscillations of the specular spot during the growth of epitaxial SRO. Inset:
diffraction patterns before and after growth of epitaxial SRO. (b) RHEED intensity oscillations of the specular
spot during the growth of SAO-buffered SRO. Inset: diffraction patterns before and after growth of SAO and
SRO.

The RHEED intensity the specular spot for epitaxial and SAO-buffered SRO is shown
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in Fig. 6.6. For the SAO-buffered SRO film, the growth of SAO is displayed in its en-
tirety, while for the SRO film only the first 17 oscillations are shown. In both samples,
the growth rate of SRO is determined from the first 15 oscillations, which are clearly de-
fined. This allows for extrapolation of the film thickness at the end of the growth, when
the RHEED oscillations are no longer discernible.

Figure 6.7 shows two X-ray reflectivity measurements of a 75 u.c. SRO films, the first
grown epitaxially on STO and the second with an intermediate SAO buffer layer. Super-
imposed to the data, we show the simulated diffracted intensity for the film thicknesses
estimated from the RHEED oscillations. In both cases, the good agreement between the
X-ray data and the simulations corroborates that the film thickness estimated from the
RHEED oscillations are accurate.
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Figure 6.7: XRD measurements around the (002) reflection of (a) SRO and (b) SAO-buffered SRO grown epitax-
ially on STO. The red lines represent simulations of the diffracted intensity.

Figure 6.8 a shows a complete flowchart of the various steps involved in the fabri-
cation of the devices discussed in the main text. The light blue arrow shows the fabri-
cation process of the epitaxial SRO device, and the dark blue arrow pertains the more
convoluted fabrication process of free-standing SRO devices. Bold black arrows indicate
optical images of the free-standing device at different stages of the device fabrication.
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CONCLUSION

It is strange that only extraordinary men make the discoveries,
which later appear so easy and simple.

G. C. Lichtenberg
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S
Ince Ohtomo and Hwang’s seminal discovery of conductivity at the interface be-
tween LAO and STO [16], numerous research efforts — both experimental and the-
oretical — have been devoted to the field of oxide interfaces. In this thesis, we

experimentally investigated some fundamental aspects of its complex behavior.

From an extensive list of exotic properties, one of the most surprising experimen-
tal observations is the peculiar anisotropy of magnetotransport under externally applied
magnetic fields of large magnitude [39, 55–57]. When the field is applied in the plane
of the 2DES, a large negative magnetoresistance is observed, showing a dramatic bell-
shaped drop in resistance with respect to its zero-field value. In Chapter 2 we demon-
strate that spin–orbit coupling and scattering from finite-range impurities can explain
the giant in-plane magnetoresistance observed at the LAO/STO interface, as well as the
temperature and electron density dependence. Since the onset of superconductivity oc-
curs in the same electrostatic doping range, it would be interesting to investigate whether
spin–orbit coupling plays a dominant role in that transition as well.

Over the course of this thesis we have showcased the unique advantages of complex
oxide interfaces as a platform for exploring highly-varied physical phenomena. Within
the same interface, one may simultaneously find a rich set of fundamental physical phe-
nomena. Faced with this complex, disordered landscape of coexisting phenomena, we
used nanoscale probes to circumvent the elements that currently evade our control. In
Chapter 3 we employed a single-step lithographic process to realize gate-tunable Joseph-
son junctions through a combination of lateral confinement and local side gating. This
technique is particularly advantageous because the interfacial properties of the 2DES
appear to be very sensitive to the LAO top surface. Polar adsorbates, for instance, cause
a change in the carrier density [90], and metallic capping has even been used to trigger
conductivity in nominally insulating 1 u.c. thick LAO/STO interfaces [91].

Recent works have demonstrated that a 2DES can also be hosted at LAO/STO inter-
faces oriented along different crystallographic directions [109], opening novel possibil-
ities for the realization of distinct electronic structures. In this thesis, we have set out
to explore the properties of (111)-oriented LAO/STO interfaces, both in the supercon-
ducting (Chapter 4) and normal-state (Chapter 5) regimes. We find that the new orbital
hierarchy established in this direction of confinement has deep implications for elec-
tronic transport. In particular, the role of electronic correlations is enhanced due to the
absence of a Lifshitz point and it plays a pivotal role in explaining the evolution of mag-
netotransport with electrostatic doping.

Finally, in Chapter 6 we make use of an innovative technique to obtain free-standing
oxide films by etching a water-soluble sacrificial SAO layer [155]. From a technological
perspective, this is perhaps the most exciting chapter, paving the way for the integration
of complex oxides with van der Waals materials to engineer new phases in hybrid de-
vices. We study the structural and (magneto)transport properties of free-standing single-
crystal SRO films and establish a comparison with their epitaxial counterparts. This al-
lows us to address changes in their electronic and magnetic properties stemming from
strain relaxation and the release process. This is essential to fully exploit the potential of
free-standing oxide films for nano-electronics.
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7.1. FUTURE PERSPECTIVES
The coexistence of different phenomena naturally occurring at LAO/STO interfaces can
be exploited to realize novel nanoscale systems that are presently too difficult to inten-
tionally engineer but can be readily studied with existing probes such as the new gen-
eration of nanoscale scanning SQUIDs. One such interesting arrangement is the inves-
tigation of one-dimensional conducting channels at domain walls. Figure 7.1a shows a
device designed for this purpose. A 50µm-wide LAO/STO channel is crossed by voltage
probes with separations of 1,2,4,8, ...,128µm. The fortuitous location of a domain wall
across the channel as shown in Fig. 7.1b provides the ideal experimental setup for such
an investigation. The usage of etch-and-filled Ti/Au voltage probes allows for an extra
tuning knob to be used, namely electrostatic field-effect via a back gate. This might al-
low for the on-demand placement of domain walls inside or outside the LAO/STO chan-
nel, without the possibility of measurements being hampered by voltage probes turning
insulating first.
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Figure 7.1: (a) Optical image of an LAO/STO channel with etch-and-filled Ti/Au voltage probes with separa-
tions of 1,2,4,8, ...,128µm. (b) Magnetic flux image from current flowing in the region where the voltage probes
are separated by 128µm. Inset: zoom-in showing a domain wall spanning the distance between the voltage
probes.

Nanoscale scanning SQUIDs might also shine light on the depletion/accumulation
process by electrostatic field effect via top gates. Figure 7.2a shows a schematic repre-
sentation of an LAO/STO channel crossed by an Au top gate. Surprisingly, in this con-
figuration the spatial changes to the current flow induced by applying a voltage to the
top gate are not limited to the region underneath the gate. Vast and, more surprisingly,
irreversible changes were detected in the vicinity of domain walls. The magnetic flux
images in Fig. 7.2b shows that the current flow is rather homogeneous throughout the
channel in the as-cooled state, with weak modulations of the current flow at domain
walls. By contrast, when the top gate is swept to −4V and back to 0V, the current flow
is squeezed into a narrow path. By taking a close look at Fig. 7.2c, we can see that this
dramatic change happens at the location of a domain wall. This observation showcases
the importance of addressing and understanding electronic transport at domain walls
before complex and reliable nanoscale circuits at oxide interfaces can be designed.
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Figure 7.2: (a) Schematic representation of an LAO/STO channel crossed by a top gate. Arrows indicate the di-
rection of the current flow. (b) Magnetic flux image from current flowing in the LAO/STO channel as cooled.(c)
Magnetic flux image from current flowing in the LAO/STO channel after the top gate is swept to −4V and back
to 0V.
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