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ABSTRACT

Low Temperature Electrical Transport Behavior of

AlOx / KTaO3 Based Two Dimensional Electron Gases

Patrick W Krantz

Necessity is the mother of innovation. In the wake of the pandemic, with no flow of sam-

ples and limited fabrication techniques available, necessity demanded a new material platform and

adaptable methods to make complex oxide samples worth measuring. The material platform was

KTaO3, the younger successor to the mainstay of complex oxide work, SrTiO3, and the method

was in-house aluminum evaporation that generated a conducting gas on the surface of the unas-

suming crystal squares. The result of this innovation was the conducting gas at the interface of

the AlOx / KTaO3 heterostructure, fabricated into Hall bars to measure conducting properties and

search for novel physics. KTaO3 has previously been shown to host a number of interesting prop-

erties, including large spin orbit interactions due to the conducting 5d orbitals on the Ta atoms,

superconductivity on the (110) and (111) crystal terminated faces up to 2 K, and a readily tunable

set of conducting properties with an applied back gate voltage. These properties were confirmed in

two sets of conducting samples fabricated as described, and showed improvement in both carrier

concentration and carrier mobility compared to similar works in the literature. The samples also

showed a series of novel results, in particular the emergence of macroscopic magnetism evident

in hysteretic peaks observed in magnetotransport measurements. The second set of samples were

fabricated in such a way to induce superconductivity, and those samples showed peaks in carrier

concentration as a function of applied gate voltage, indicated the presence of a Lifshitz transition

in the nature of the conduction. This unexpected carrier dependence on gate voltage was reflected
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in the superconducting properties, which showed other novelties including an upper gate limit to

the superconductivity, a coexistence of the superconductivity with the macroscopic magnetism,

and non-trivial relationship between carrier concentration and Tc, which is a strict departure from

the literature. An analysis of the superconducting state followed, showing other peculiarities, and

the work extends to measurements of the quantum nonlinear Hall effect which do not agree with

theory for most of the samples investigated. In total, this work forms a broad basis for research

on the novel transport properties of the AlO3 / KTO interface, and suggests several experiments to

dive deeper into unexplained results encountered along the way.
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CHAPTER 1

INTRODUCTION

Condensed matter physicists seek an understanding and control over material systems to use

them as tools to further probe our world, or to harness the power in technologies that transform

our daily lives. Like semiconductor research of the 1940s which lead to the digital revolution,

fundamental research of the modern era seeks the next advancement in �elds like high temper-

ature superconductivity, quantum computation, or spintronics. These technologies often require

materials that combine different properties, making them challenging to study but scienti�cally

interesting as platforms to explore the interactions between disparate forces or to search for new

physics.

The family of complex oxide materials represent one such con�uence of properties, and they

respond readily to external, experimentally tunable parameters. SrTiO3 (STO) is the preeminent

example of a material system hosting multiple competing electronic states including normal metal-

lic conductivity, superconductivity, and magnetism. The two dimensional electron gas (2DEG)

hosted on its interface has been exhaustively studied since its discovery in 2004. One worthy

successor to STO is KTaO3 (KTO), which boasts a number of improvements over STO including

stronger spin orbit interactions and higher transition temperatures for superconductivity. The work

presented here in this manuscript seeks to probe this new platform through electrical transport

measurements performed on the 2DEG formed at the AlOx / KTO interface, looking for signatures

of novel quantum phenomenon.

The results here focus on two sets of samples fabricated by the author; the �rst where the

2DEG is metallic but not superconducting down to the lowest measurement temperatures, the sec-
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ond which did go superconducting. Each set of samples included (001), (110), and (111) crystal

terminated KTO substrates, to compare the effects of crystal orientation on the transport proper-

ties, which are substantial. Both sets of samples show signatures of magnetism at low temperatures,

despite there being no magnetic constituents in the fabrication components. The magnetism even

persists in the superconducting regime of the second set of samples. On this largely phenomenolog-

ical bedrock we also explore more advanced experimental techniques to probe the Berry curvature

of the system, which manifests itself as an anomalous component in the second harmonic response

of the Hall effect at low temperatures. These �ndings inform future experiments which would look

for further signatures of topological transport and potentially topological superconductivity.

The remainder of this thesis is organized as follows:

Chapter 2 discusses in detail the previous experimental results that informed this work. KTO

cannot escape comparison to STO, and many of the works in STO �nd parallels in the current work

on KTO. Examples of these parallels include works on heterostructure construction using similar

materials, works on spin-charge conversion and other manifestations of the spin-orbit coupling

(SOC), and the coexistence of superconductivity and magnetism. This chapter will also discuss

recent experimental work on KTO and potential applications.

Chapter 3 establishes a theoretical foundation for many of the phenomenon observed in KTO

devices. It discusses the origin of the conduction seen at the interface of complex oxide heterostruc-

tures, introduces some selected results from Ginsburg-Landau theory that describe physical char-

acteristics of the superconductivity, delves deeper into magnetoresistance, covers the Hall effect,

and �nally introduces the quantum non-linear Hall effect (QNLHE). This will inform the analysis
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conducted on experimental results later in the manuscript, and is not meant to be an exhaustive

discussion of these topics.

Chapter 4 describes the experimental techniques used to produce our results. Special attention

is paid to novel procedures developed to prepare superconducting samples, and to probe the quan-

tum non-linear Hall effect in those samples. Additionally, a discussion of speci�c experimental

artifacts is included, with examples and explanations so future experimentalists can avoid pitfalls

common to these type of measurements.

Chapter 5 is the core of the thesis, where the experimental studies on the normal metal and

superconducting KTO sample sets are presented and interpreted. This chapter is generally broken

into two parts, one discussing the transport properties of the AlOx / KTO system in the normal and

superconducting state, and one focused on the quantum non-linear Hall effect and its implications

for the system.

Chapter 6 summarizes the �ndings of the thesis, details future experiments to be conducted on

these systems, and predicts the results of those experiments.
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CHAPTER 2

PRIOR WORKS: KTO AND STO

KTaO3 is a cubic perovskite material �rst appearing in the literature in a Physical Review

article detailing the Proceedings of the American Physical Society1 from the April 28th - 30th

Meeting, 1949. There, B. T. Matthias of Bell Labs gave a talk about the ferroelectric Curie tem-

peratures of a number of newly synthesized materials, including KTaO3. For the next few decades,

experimental interest focused on the optical and ferroelectric properties2–4 of KTO and its solid

solutions.4–6 It took until 1965 that the transport properties of the material came of interest7 in the

wake of the discovery of bulk superconductivity8 in Nb doped SrTiO3. Superconductivity remained

elusive in KTO despite attempts at doping9 or modifying the material with oxygen vacancies.7 Re-

search into the material continued, still tightly bound to the fate of STO, and many of the seminal

works on STO include KTO as a reference, e.g. the establishment of STO as an intrinsic quantum

paraelectric also incriminates KTO.10

Work on the surface of KTO accelerated in 2004 when Uenoet al.11 investigated the poten-

tial of the KTO surface, constructing FET devices showingn-type semiconducting behavior, once

again extending work that had already been done on STO substrates.12 The two dimensional elec-

tron gas (2DEG) was later shown to be metallic down to cryogenic temperatures,13 but it was not

until 2011 that Uenoet al. showed that the system could be gated into superconductivity14 using a

polyethylene oxide/ KClO4 top gate. From there the �eld expanded to include many different het-

erostructure top layers including LaAlO3,15,16 EuO,17,18 and LaVO3
19 among others. The material

remains a promising platform for a number of potential applications due to its high superconduct-

ing transition temperature, large spin-orbit interactions, and potential topological qualities.
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2.1 Material Properties and Band Structure

KTaO3 is a body centered cubic (BCC) perovskite with the Pm�3m space group,20 as shown in

Fig. 2.1 (a). It is a 3.64 eV indirect band gapn-type semiconductor with the smallest direct gap of

4.35 eV,21 as shown in Fig. 2.1(a) and (b). KTO also has a large dielectric constant that increases

from a few hundred at room temperature to� 5000 at low temperatures.6 At these temperatures

KTO is a quantum paraelectric material, also referred to as incipient ferroelectric material, where

quantum �uctuations suppress a true ferroelectric phase transition.10 This transition can be recov-

ered through defect engineering,22,23 or by creating polycrystalline �lms, where it shows a Curie

temperature24 of 60 K.

Figure 2.1:Crystal structure and band structure of bulk KTaO 3 (a) Unit cell of the bulk body-
centered-cubic perovskite KTaO3, (b) orientation description of the �rst Brillouin zone, and (c)
bulk density functional theory calculation color coded by band character. Figure generated by
Alex Tyner, (unpublished).

All of these properties mirror �ndings in SrTiO3, which has the same crystal structure,20 a

smaller indirect band gap25 of � 3.2 eV, and a low temperature dielectric constant10 of � 30,000.
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Figure 2.2:Spin-orbit splitting at the � - point in bulk KTaO 3 A direct comparison of the band
splitting between theJ = 3/2 andJ = 1/2 bands in KTaO3 and in SrTiO3, along with color coded
band mixing. Figure adapted from Brunoet al.32

STO is also a quantum paraeletric material at low temperatures,10 but unlike KTO it undergoes

a cubic to tetragonal distortion26 at � 105 K. This structural transition contributes to many of the

transport properties of STO at low temperatures, most notably due to the prevalence of tetragonal

domains which have been shown to be polar,27 magnetic,28 and to host preferential conducting

channels.29,30These domains are also responsible for some of the reproducibility problems in mea-

surements of STO based systems, as the domains randomly order as long �ngers with the primary

axis along [001] crystal direction when passing through the structural transition at 105 K.29,30 The

domains can be moved with strain,31 and can be modulated or diluted with gate voltage sweeps.27

Without this added complication and random ordering, KTO boasts improved stability and repro-

ducibility in its transport behavior, a characteristic that the author is quite thankful for.

The band structure of KTO has been a subject of investigation since at least the early 70s,

when L.F. Mattheiss33 and D.R. Edmondson34 independently published calculations of the bulk
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band structure using a modi�ed linear combination of atomic orbital (LCAO) model, a method

introduced by Slater and Koster35 in 1954. The results identi�ed Ta 5d and O 2p orbitals as the two

main contributing conduction bands for electrons and holes respectively, and �t the band gap to

the experimentally observed 3.6 eV value obtained from optical transitions. Fifty years later, this

result holds qualitatively, though the precision of the result has improved with the advancement of

computing power. Fig. 2.1 (c) shows DFT results for the bulk band structure of KTO calculate by

Alex Tyner, showing color coded contributions to the conduction band agreeing with Edmonson's

result that Ta 5d and O 2p orbitals dominate. These results have been corroborated by Fermi

surface reconstruction through high magnetic �eld measurements of bulk KTO in 1987 by Uweet

al.,36 and spectroscopic ellipsometry in 2006 by Jellisonet al.21 amongst other measurements. The

Ta 5d bands also feature very strong spin-orbit coupling, which results in a 400 meV gap between

theJ = 3/2 andJ = 1/2 bands at the� - point, as reproduced from Brunoet al.32 in Fig. 2.2. The

�gure also shows the more modest 17 meV splitting in STO, arising from the much lighter Ti 3d

bands. In summary, bulk KTO is a standard band insulator that can be doped in to conductivity,7

but is otherwise only notable for its large spin-orbit splitting.

In contrast to the bulk, the surface of KTO has proven to be a signi�cantly more interesting

physical system, partially because of differences in symmetry. The three major crystal terminations

of the BCC crystal group are the (001), (110), and (111) surfaces, corresponding to a cut along the

face of the BCC bulk cell, along one facial diagonal, and along the major diagonal cut respectively.

Each of the resulting surfaces boasts a distinct symmetry: the (001) has C4 rotational symmetry

with a = 3:99	A, the (110) elongates one of the sides and breaks the symmetry into two fold C2

symmetries witha = 3:99	A and b = 5:64	A, and the (111) has C3 rotational symmetry witha =

5:64	A. A re�ection of these differences can be seen in the reciprocal space surface states, as shown

in Fig. 2.3. These symmetry difference coincide with a crystal direction dependent mixing of the
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Figure 2.3:Band structure of the surface of KTaO3. From left to right: surface states of the
(001), (111), and (110) crystal terminations, with insets showing details of the spin-split Rashba
bands. Figure generated by Alex Tyner, (unpublished).

Ta 5d orbitals, which is quite complicated,37 and can result in very distinct transport behaviors for

each surface.

On each of the crystal faces the strong spin-orbit coupling of the Ta 5d electrons form Rashba

spin-split bands heavily dependent on crystal direction. This has been studied in a number of

angle-resolved photo-emission spectroscopy (ARPES) measurements and subsequent band recon-

structions.32,37–39The studies identi�ed the contributing sub-band structure of the surface conduct-

ing gases,37,38and highlighted the complex band mixing of the surface gas, which contrasts sharply

with the structure of STO.37 As shown in Fig. 2.4 all three of thet2g orbitals (dxy , dxz , anddyz)

contribute with varying weights to the nature of the conducting bands at the surface.37 Moreover,

the mixing of the bands creates interesting spin textures at the surface due to the large spin-orbit

coupling, an effect that is most prominent for the (111) surface,32 as shown in Fig. 2.4 (a). This
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(a) (b) (c)

Figure 2.4:Spin texture and band mixing on the (111) surface.(a) Spin texture with out of
plane component for the (111) KTO surface. (b) Band dispersion along the[1�10]direction, where
band mixing is maximized, (c) band dispersion along the[1�12] direction where band mixing is
minimized. All �gures adapted from Brunoet al.32

band mixing is directional, with the maximal mixing in the[1�10]surface crystal direction, as shown

in Fig. 2.4 (b), which results in a large out-of-plane spin texture.32 In contrast, the orthogonal sur-

face direction[1�12] has both the mixing and out-of-plane contribution minimized, Fig. 2.4 (c).

This combined symmetry and spin-orbit effect results in anisotropic transport18,40,41and nearly two

orders of magnitude difference in superconducting transition temperatures depending on crystal

termination.14,18 These results, and many others, are the subject of the next section.

2.2 Interfacial Two-Dimensional Conducting Gases

The �rst probes of interfacial conductivity in KTO sought to use electrostatic gating to induce

a surface charge,11 following the procedure that showed success in STO.12 This simple �eld effect

transistor was constructed on (001) KTO and serendipitously featured a 50 nm thick Al2O3 rf-

sputtered overlayer separating the surface of the KTO from a gold paint top gate. The device
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showed moderate ON/OFF ratios of 104, with low mobility of only 0.4 (cm2 / V s), in sharp

contrast to the behavior of the 10,000 (cm2 / V s) shown in LaAlO3 / STO shown by Ohtomo and

Hwang,42 earlier that year. Nevertheless, the result marked the start of a number of studies seeking

to improve the technique of generating a two dimensional gas at the interface of complex oxides.

In 2008 Uenoet al.43 demonstrated superconductivity in (001) STO gated with an ionic liquid gel:

a mixture of polyethylene oxide/ KClO4. Such a technique takes advantage of the large electric

�elds induced by the electric double layer formed from ionic ordering at the surface of the ionic

liquid gel when a gate voltage is applied, and would later be used to great effect in doping van

der Waals thin �lms like MoS2.44 This approach was soon applied to KTO, when in 2011 Ueno

et al.14 applied the same top gate to (001) KTO substrates and showed superconductivity at 50

mK, the only (001) terminated KTO system to do so. The sample con�guration and the report of

the superconducting transition are presented in Fig. 2.5. These superconducting devices showed

dramatic improvement in conducting properties over the earlier Al2O3 topped samples, with carrier

concentrations of 2.3 x 1014 to 3.7 x 1014 (e / cm2) and an improved mobility of 7,000 (cm2 / V

s). This was far from the end of attempts to engineer two dimensional conducting gases at the

interface of KTO though, and further investigation highlighted the impact of crystal termination on

the conducting properties.

Once again following previous works on STO, other oxide capping layers and surface treat-

ments have been applied to KTO in hopes of generating a conducting gas with tailored properties.

In an effort to probe the natural electronic structure of KTO, a (001) sample was lightly doped

with Ba and then cleaved to reveal a polar conducting gas on the surface, which was probed with

ARPES.38 This work had followed previous studies on STO which showed the generation of a

2DEG by vacuum cleaving45 or exposure to UV light.46 Similar results have been shown with Ar+

ion bombardment, which allowed for the generation of both 2D and 3D conductivity in (001) KTO
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(a) (b)

Figure 2.5:Ionic liquid gating (001) KTO into superconductivity. (a) Schematic of the KTO
sample with ionic liquid top gate. (b) Temperature dependence of the superconducting transition,
low �eld magnetoresistance, and I - V characteristics of the KTO sample. All �gures adapted from
Uenoet al.14

as probed by Shubnikov–de Haas oscillations measured at 2 K.47 The practice of directly probing

crystal surfaces was extended to (111) KTO samples, which were cleaved in ultrahigh vacuum

to reveal a six-fold symmetric Fermi surface with the suggestion that such a surface could host a

topological 2D-metal due to the odd parity of the electron wavefunction at a pair of�M points.39

Other methods of generating 2DEGs involve the deposition of capping layers directly onto

the KTO via pulsed laser deposition (PLD), molecular beam epitaxy (MBE), or sputtering. The

resulting device generated a conducting gas at the intersection of two dissimilar layers, in a con�g-

uration called a heterostructure. The �rst heterostructure to be fabricated this way was made from

a LaTiO3 over-layer in 2015 by Zouet al.48 They showed a very poor carrier mobility of 21 (cm2

/ V s) with a carrier concentration between 5 x 1013 and 1.5 x 1014 (e / cm2). They explained their

data in terms of a polar discontinuity model resulting in charge transfer at the interface, which at

the time was the predominant theory for conductivity in LAO/STO, and will be discussed in detail

later. Soon better systems were realized for conductivity at the KTO interface, revealing a wealth



30

of new physics to probe.

The next most obvious choice of capping layer is LaAlO3 (LAO) given its success in STO

heterostructures,42 and indeed devices were successfully fabricated15 with an amorphous LaAlO3

over-layer deposited on (001) KTO via PLD. The study reported similar transport properties to

those previously discussed, with lower carrier concentrations of 2 x 1012 cm� 2 and mobilities of

� 2,000 (cm2 / V s). A later study15 on LAO / KTO showed that the spin relaxation time could be

tuned by nearly two orders of magnitude by the application of back gate voltage, an improvement

over STO that re�ects the larger spin-orbit interactions.32 Ironically, amorphous LAO has also been

used as a mask for ionic liquid gel doping of KTO surfaces. In 2021 Rubiet al.49 used PLD to

deposit amorphous LAO to de�ne a negative Hall bar which was doped into conduction using the

popular ionic liquid gel (DEME-TFSI). Their study probed the nature of the resulting 2DEG using

angle dependent magnetotransport down to 80 mK, revealing sub-band structure in the 2DEG and

the existence of a 3D conducting band similar to those shown through Ar+ bombardment.47

Crystalline LAO has also been used as a capping layer for KTO. The �rst observation of su-

perconductivity on (110) oriented KTO was made in an LAO heterostructure by Chenet al.16 in

2021. They report a transition temperature of� 900 mK for carrier concentrations of� 7 x 1013

(e / cm2), with an estimated superconducting layer thickness of� 8 nm and coherence length of

� 30 nm. Interestingly, they note that similar samples made on (001) and (111) KTO showed

amorphous LAO due to lattice mismatch, potentially accounting for the results shown earlier by

other groups. Furthermore, studies looking at the critical thickness of LAO capping layers on (111)

KTO show a� 3 nm critical thickness below which conductivity is extinguished.50 This is despite

several computational studies suggesting the formation of a two dimensionalhole gas formed at

KO terminated surfaces without a critical thickness.51 Indeed, all reported conducting samples of

KTO have electron like character at the time of writing.
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Figure 2.6:Gate voltage control of the conducting properties in (111) KTO.(a) Res vs Temp
demonstrating the gate voltage tuning from superconductivity to insulator at low temperatures, (b)
transition temperature and (c) carrier concentration and mobility as a function of back gate voltage.
Figure adapted from Chenet al.16

One signi�cant difference between work on KTO and prior works on STO is the importance

of strain from lattice mismatch. Signi�cant attention was paid to the effect of strain in epitaxial

thin �lms, both as a method for tuning �lm properties,52 but also as a consideration for tuning the

qualities of the two dimensional gas in epitaxial heterostructures. In particular, efforts to improve

the carrier mobilities53 at the STO interface sought alternative capping layers with lower crys-

talline mismatch, leading to work on (La0:3Sr0:7)(Al0:65Ta0:35)O3 (LSAT) / STO. The improvement

from 3% strain in LAO / STO to 1% strain in LSAT / STO accounted for improvements in per-

formance evident in Kondo scattering studies,54 and detailed magnetoresistance studies.55–57 Such

efforts have been largely unexplored in KTO systems, partially due to the mixture of amorphous

and epitaxial heterostructures. There may still be room for studies like this though, as reported

mobilities for KTO systems remain signi�cantly lower than those reported in STO, as discussed in

this section.
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One of the most important experimentally tunable parameters is back gate voltage, and the

transport properties of KTO are pliable in that regard. Chenet al.16 demonstrated this for a

LAO/KTO system in 2021. Their study showed that back gate voltage could be used to tune

the carrier concentration, mobility, and superconducting properties of a 2DEG generated at the

interface of a crystalline LAO/KTO (111) interface, results which are reproduced in Fig. 2.6. The

maximum upper critical �eld,Hc2, and maximum superconducting transition temperature, Tc, re-

ported were� 2.2 T and� 2 K respectively, corresponding to a backgate tuned carrier concentration

of � 8 x 1013 (e / cm2). Additionally, they showed that a full superconductor-to-insulator transition

could be realized with gate voltage swept from +150 V to -200 V. This study followed closely on

the heels of the large comparative study of Liuet al.18 who looked at the transport properties of

both LAO / KTO and EuO / KTO, boasting a maximum Tc of 1.47 K in LAO / KTO for a carrier

concentration of 8.9 x 1013 cm� 2. The EuO system proved to be the more fruitful than LAO for

the results in that study, but it was not the �rst time that it had been used to create heterostructures

with KTO.

The �rst report of a conducting gas formed at the interface of EuO and KTO was by Zhang

et al.17 in 2018. Their study reported a moderate mobility of 111.6 (cm2 / V s) but identi�ed sig-

natures of magnetic order in hysteretic parallel �eld magnetoresistance up to 30 K, a result which

is shown in Fig. 2.7. This hysteretic behavior they attributed to an induced magnetism in the

conducting gas from the ferromagnetic ordering of the EuO �lm, which is an in-plane easy axis

ferromagnet with a measured magnetic moment of 6.8 (� B / Eu), and a measured Curie tempera-

ture17 of 71K. This is in sharp contrast with other heterostructures made on KTO which generally

do not have intrinsically magnetic constituents, and interestingly, EuO is the only heterostruc-

ture fabrication process known to generate both oxygen vacancies and inter-diffusion of Eu into

K sites.18 Surprisingly, this does not seem to deter superconducting transitions in the resulting
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Figure 2.7:Hysteretic parallel �eld magnetoresistance of EuO on KTO.Left: Scanning trans-
mission electron microscopy image of the interface between EuO and KTO, adapted from Liuet
al.18 Right: hysteretic magnetoresistance, adapted from Zhanget al.17(a) Parallel �eld magnetore-
sistance showing emerging hysteretic peaks, shifted for clarity. (b) Low �eld focus of the 25K
data for �eld aligned with the current. (c) MR measured at 2 K with the in-plane �elds that are
perpendicular to the current.

2DEG, which show transition temperatures as high58 as 2 K for a normal carrier concentrations of

7.4 x 1013 to 2.4 x 1014 (e / cm2). The study58 also reports the existence of a Grif�th's Phase, a

quantum phase transition of disparate superconducting puddles with divergent dynamical critical

exponent, which is also a �nding with precedence in STO systems.59 Other studies have shown

strong spin-orbit effects coexisting with superconductivity,60 exotic forms of magnetoresistance,61

and striped superconductivity18 believed to be a result of a magnetic stripe phase.41 It seems that

the magnetism is inextricably tied to the nature of the superconductivity in EuO heterostructures,

and as a result this system boasts the highest observed critical temperature18 of 2.2 K for the (111)

direction.

Another prominent option for a KTO heterostructure partner is LaVO3 (LVO), which was �rst

shown to be a candidate material for STO heterostructures by Hottaet al.62 in 2007. LVO �rst at-
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tracted attention due to the multiple valence states for vanadium, which is stable for formal charges

between 2+ and 5+ . The �exibility promised a large phase space to generate a conducting gas in

STO,62 but was soon adapted for its large, tunable spin orbit interactions.63 The same reasoning

led to the adaptation for KTO systems by Wadehraet al.19 in 2020. Their study found many

manifestations of the large spin orbit coupling, including planar Hall effect, and anisotropic mag-

netoresistance for gases of� 1014 (e / cm2). Further studies demonstrated photo-sensitivity and

gate voltage tuning of the 2DEG,64 and suggestions of a realized chiral anomaly have also been

seen in parallel �eld magnetoresistance,65 though the data an analysis were not de�nitive. Super-

conductivity was also recently demonstrated66 in epitaxially grown �lms of LVO on (111) KTO,

but with a modest Tc of only 510 mK. The system remains an active area of research, with some

advantages over the growing list of competing overlayers.

Many other materials have been used as a capping layer for heterostructures to varying suc-

cess. LaCrO3 and TiOx heterostructures were grown by MBE by Al-Tawhidet al.67,68 to look

at the interplay between weak localization, superconductivity, and potential Kondo physics. The

TiOx forms a conducting gas by gettering oxygen from the surface, much in the same way as Al

getters oxygen in results reported in this thesis. Other works have explored this same mechanism,

in particular Mallik et al.69 who showed gate tunable superconductivity up to 600 mK in (111)

AlOx / KTO, complete with a minimum critical carrier concentration of 1 x 1013 (e / cm2) for host-

ing superconductivity.69 They also report high frequency ac measurements to probe the super�uid

stiffness, and calculate a gapped superconductivity with Tc of 2.2 K, well above the experimental

observation. A similar technique was used by Vicente-Archeat al.70 to generate thin conducting

layers on KTO for spin-charge conversion studies. There are also reports of using
 - Al2O3 as a

top layer,71 but conductivity measurements were only conducted down to 5 K as the study focused

on photo-activated conductivity and made ambitious claims about Kondo effects in the upturn
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of resistance at low temperatures.71 Similar controversial claims have been made about potential

topological signatures from heterostructures using LaTiO3 and EuTiO3 as capping layers,72 and

theoretical predictions have identi�ed LaGaO3 / KTO and NdGaO3 / KTO (001) as potentially in-

teresting conducting platforms with no critical over-layer thickness,73 though at the time of writing

these systems have not been realized.

The realm of potentially conducting heterostructures seems to grow unrestricted, limited only

by practicality of the conducting mechanism and the promise of the properties brought out by the

surface engineering. The only requirements for conductivity seem to be adherence to one of the two

main generating mechanisms for the 2DEG: charge transfer and oxygen vacancy generation, which

will be discussed in detail later. Importantly, all heterostructure fabrication methods in the literature

required a high temperature, high vacuum anneal prior to, or as a part of material deposition. The

resulting gas routinely has a areal charge density of 1013 to 1014 (e / cm2), larger than similar gases

seen in STO by about an order of magnitude but with modest carrier mobility by comparison. The

gas is thus an attractive platform for harnessing a number of physical phenomenon, with an eye

toward practical application in devices. This is especially true of superconducting devices, due to

KTO's comparatively high superconducting transition temperatures and large upper critical �elds,

which are the topics of the next section.

2.3 Superconductivity in KTO

As was made plain by the previous section, the correlation between conductivity and super-

conductivity in KTO based 2DEGs has less to do with the material completing the heterostructure

and more to do with the crystal termination. Unlike STO, the highest observed transition temper-

atures in KTO exist in the (111) direction18 with only one system14 showing superconductivity in

the (001). This is in sharp contrast to STO, where only a few instances of superconductivity in
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the (111) were observed,74,75 due to differences in band structure between STO and KTO. What

follows here is a discussion of some of the properties of the superconductivity that resides at the

surface of KTO.

Many studies have characterized the superconductivity at the surface of KTO, with a focus

on the high superconducting transition temperature in the (111) direction. These systems boast

transition temperatures above 1 K for several heterostructure materials in both the (110) and (111)

crystal directions,18,58,60,66,69with the highest transitions measured for EuO capping in both direc-

tions.18,60The dimensionality of the superconductivity is unanimously considered to be two dimen-

sional,16,18,60,66,76owing in large part to the lack of superconductivity in the bulk, but veri�ed with

�ts to the shape of the Tc vs. Hc2 curve,60,66 or to the shape of the Berezinskii-Kosterlitz-Thouless

transition in I-V measurements.77 Estimates of the thickness of the superconducting layer40,60 of

� 8 nm are thinner than seen in LAO / STO 2DEGs,78,79but consistent with interfacial mechanisms

for generation.77 Estimates of coherence length are larger, with values as high as� 30 nm, which is

much larger than the thickness,77 indicating that the superconductivity in KTO is two dimensional.

It has been widely reported that the superconductivity in KTO is strongly gate voltage de-

pendent, allowing for study of superconducting-to-metal,58,66,69superconducting-to-insulator,16 or

Grif�th's phase transitions.58 While the nature of the tuning does not appear to depend on one

factor in all cases,16 there are independent �ndings of lower critical carrier densities69 with linear

scaling with increasing density66, as presented in Fig. 2.8. There are even some hints of band

dependence hidden in Lifshitz transitions,60 though it was not of�cially identi�ed as such. Both a

Lifshitz transition, and an upper critical carrier density are presented in the results of this thesis,

and at the time of writing have no precedent.

The superconductivity in KTO has also been shown to be anisotropic, hosting a striped super-

conducting phase identi�ed from magnetoresistance data in both EuO18 which is shown in Fig.
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Figure 2.8:Gate voltage tunability of the superconducting transition. (a) Temperature depen-
dent resistance through the superconducting transition, measured as a function of gate voltage.
(b) Phase diagram of the superconducting transition as a function of carrier concentration. (c)
Comparison of transition temperature and carrier concentration for AlOx / KTO and EuO / KTOs.
Figure adapted from Malliket al.69

2.9. There have also been reports of critical �eld anisoptropy in LaSrMnO3 heterostructures built

on (111).40 The origin for this effect has been explained as a striped magnetic phase41 in the case

of EuO, which would result in a superconducting phase similar to a pair-density wave. Arnaultet

al.40 sought to explain their anisotropy in terms of the band mixing at the (111) surface, where the

maximal Rashba mixing has been shown80 to enhance Tc by a factor of
p

2. These results once

again mirror similar �ndings in STO, which showed anisotropic transport in the (111) samples due

to more modest, but similar effects.81,82

The work presented in this manuscript expands on the anisotropic effects in KTO, as will be

discussed in detail later. This work will also demonstrate the �rst coexistence of superconductivity

and magnetism in KTO. This coexistence was once thought to be impossible but has abundant

precedent in high temperature superconductors83 and in LAO / STO.84 Indeed, the success of EuO
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Figure 2.9: Evidence for a striped superconducting phase in EuO / KTO.(a) Temperature
dependent resistance through the superconducting transition, measured along perpendicular crystal
directions. (b) illustration of the striped phase (c) Magnetoresistance of striped phase measured at
100 mK. Figure adapted from Liuet al.18

as a capping layer, and the emergence of the striped phase discussed above,18,41 is due to symbiosis

of the two disparate states. The signatures of coexistence discussed in the results of this manuscript

are markedly different than those seen in EuO / KTO, but similarly result in anisotropies in the

nature of the superconductivity.

2.4 Spin Orbit Effects

One of the most attractive qualities of KTO is the strength of the spin-orbit interactions due to

the Ta 5d electron bands and their prominence in interfacial conduction.32 These interactions show

up in magnetoresistance, and have been shown to be readily tunable via backgate voltage.13,60,85

As a consequence, KTO has been identi�ed as a promising platform for spintronic applications, a

topic that is discussed in detail by Guptaet al. in their 2022 review article.86 The same spin effects

that cause the spin textures, Rashba splitting,32 and anisotropic transport properties18,40 discussed

above can also be used for easily fabricated next-generation spintronic devices.

Many studies looked at the spin-charge effects in STO for its relatively large Rashba coef�cient

and high mobility gas. In 2016 both Lesneet al.87 and Chauleauet al.88 demonstrated ef�cient spin
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charge conversion using the inverse Edelstein effect89 with a NiFe overlayer on LAO / STO. Spin

currents themselves were the subject of study by Jinet al.90,91 in 2017 and 2021, when LAO / STO

Hall bars were used to detect nonlocal spin currents via the spin Hall effect, under the application of

an applied magnetic �eld parallel to the surface. Similar schemes were used previously by Reyren

et al.92 to measure spin precession lengths in STO by way of the Hanle and inverted Hanle effects.

Each of these measurements used the native spin-charge conversion of STO to detect charge signals

resulting from spin effects at the interface. Those same effects were predicted to be larger in KTO,

given the improvement in spin orbit coupling and comparable electron mobilities.

Indeed, preliminary experimental results in KTO have shown great promise. In 2017 Zhanget

al.15 demonstrated that the spin relaxation time could be modulated by nearly 70x by backgating

LAO / KTO. In 2018, another group of Zhanget al.17 claimed to have evidence of a spin polarized

gas at the EuO / KTO interface, a conclusion supported by analysis of an anomalous Hall effect

emerging below the Curie temperature of EuO, and coexisting with an onset of in-plane hysteretic

magnetoresistance. In 2019 the same group demonstrated93 a realization of the inverse Edelstein

effect94 using ferromagnetic resonance in EuO / KTO samples, which is a direct demonstration of

spin-charge conversion.

These results were only the beginning though, as Vicete-Archet al.70 demonstrated in 2021 in

a thorough study of spin charge conversion at the KTO interface. Their study used several different

fabrication methods to make samples to explore the direct Edelstein effect and the inverse Edelstein

effect, schematically described in Fig. 2.10, which allowed for a calculation of the spin-charge and

charge spin conversion lengths, and by extension the magnitude of the Rashba coef�cient. These

measurements were extracted from �ts of the magnitude of the current induced by ferromagnetic

resonance, and by the ratio of the magnitudes of the bilinear and quadratic magnetoresistance, as

shown in Fig. 2.11. They found the negative Rashba coef�cient to be -70 meV	A from this method
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Figure 2.10:Schematic diagrams for experiments measuring the direct and inverse Edelstein
effects. Left: Experimental design for detecting the inverse Edelstein effect. Combine a dc mag-
netic �eld H and a radio-frequency driving �eldhrf to induce ferromagnetic resonance in the fer-
romagnet with magnetizationM . The result is a spin currentJS injected by spin-pumping from the
ferromagnet into the adjacent Rashba 2DEG. A transverse charge currentJC is generated through
the IEE.Right: Experimental design for detecting the direct Edelstein effect. Pass a charge current
into the Rashba 2DEG to produce a transverse spin gradient. When an in-plane magnetic �eld is
applied perpendicular to the current it generates a unidirectional magnetoresistance which is de-
tected by measuring the longitudinal resistance as a function of angle� with respect to the current
JC . Figure adapted from Vicente-Archeet al.70

and compared it to the value extracted from �ts to bilinear magnetoresistance measurements which

gave a higher value of -280 meV	A, signi�cantly higher than that seen in STO, as expected. These

values were used to calculate the spin-conversion ef�ciency, given in terms of conversion length

as -5 to -25 nm, which was one of the highest reported values at the time. These results strongly

support the potential for KTO to be employed in spintronic devices in the future, and tease the

possibility of further topological behavior to be found at the interface.

2.5 Probes of Berry Curvature with Quantum Non-Linear Hall Effect

While many established transport phenomenon can be explained in terms of manifestations of

Berry curvature, sometimes it takes a more complicated probe for more conventional to betray their
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Figure 2.11:Measured data from Edelstein effect investigations. Left:Ferromagnetic reso-
nance induced current as a function of an applied, in-plane dc magnetic �eld.Center: Angular
dependence of bilinear magnetoresistance for various �eld strengths.Right: Angular dependence
of quadratic magnetoresistance for various �eld strengths. Figure adapted from Vicete-Archet
al.70

hidden topological nature. Such a probe was suggested by Sodemann and Fu95 in 2015, when they

predicted the existence of a signal in the second harmonic (2! ) Hall response for materials hosting

a Berry curvature dipole. The resulting anomalous Hall signal was dubbed the quantum non-linear

Hall Effect (QNLHE), as the response is due solely to the orientation of the Berry curvature dipole,

its coupling to an oscillating probing �eld (current)I ac, and the scaling of the voltage of the second

harmonic transverse signal:V 2!
T / (I ac)2. This prediction has spawned a deluge of measurements

claiming to have discovered higher order topologies because of a 2! signal, ignoring coincident

effects and the history of cumulant measurements. This section will discuss some of the important

results involving Berry curvature dipole measurements, and some limitations of the technique,

while leaving a detailed discussion of the theory for the next chapter.

The genesis of the era of QNLHE may have been in 2015, but the �rst experimental test of

the prediction came in 2019 when Maet al. published an observation96 of the QNLHE in WTe2,
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Figure 2.12:Observation of the quantum non-linear Hall effect in WTe2 Left: Measurement
schematic for inducing a Berry curvature dipole� which generates the quantum non-linear Hall
response.Center: Gate voltage dependence of theV 2!

T / (I ac)2 signal.Right: Magnitude of the
V 2!

T signal as a function of carrier density, compared to the longitudinal resistance (pink). Figure
adapted from Maet al.96

a result which is reproduced in Fig. 2.12. This �rst paper on realizing the QNLHE built heavily

on earlier works97 characterizing the Berry curvature dipole using circular polarized mid-infrared

photogalvanic techniques, which used circularly polarized light to selectively excite a current re-

sponse from either side of the Berry curvature dipole. Both of these studies came on the back of

work describing potential experimental schemes for breaking the required symmetries in transition

metal dichalcongenides to be able to see the effect. In particular, the 2018 paper by Zhanget al.98

showed that the nonlinear anomalous Hall effect could be realized in monolayers of WTe2 and

MoTe2 through the application of an out of plane electric �eld. This is a particularly attractive sug-

gestion for experimentalists because of the advancement of technology around graphene in recent

years,99 where charge tuning100 and perpendicular electric �eld are easily applied through graphite

top and bottom contacts built into heterostructures.101–103

The necessity of this technique is rooted in the requirements of the theory of Sodemann and Fu:

there is a maximum allowable symmetry to realize a Berry curvature dipole. In three dimensions

this means that only point group with a polar axis95 can host an uncompensated Berry dipole and
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show the second harmonic effect, while in two dimensions the maximal symmetry is a single

mirror line.95 Very few materials can meet these criteria intrinsically, but additional symmetries

can be broken for experimental systems, which is the case with the out of plane electric �eld in the

experiments on WTe2. This electric �eld breaks the inversion symmetry of the crystal, resulting

in a gap opening at the Dirac point which is polarized in Berry curvature.96 When the ac probing

�eld is passed along the resulting Berry curvature dipole, which is perpendicular to the remaining

mirror plane, the system produces a transverse current that manifests in both the zero frequency

(0! ) and 2! Hall response.

A perpendicular �eld is not the only way to break this additional symmetry though. Another

study on WTe2, Kanget al.104 showed the existence of the QNLHE in few-layer samples as a func-

tion of in-plane angle with respect to the mirror plane. There the mechanism for breaking the added

symmetry is discussed in terms of a current induced perpendicular magnetic �eld in the paper,104

but has also been speculated to be due to symmetry breaking at the surface of the sample.105 In

either case, the effect was seen to match the expected relation to the symmetry of the crystal and

was shown to be independent of potential confounding mechanisms such as ratchet scattering95 by

comparing the temperature scaling, and by extension, the scattering time dependence.95,104

This technique of using �elds to break added symmetries has been extended to in-plane �elds

too. Yeet al.105 showed that thicker pieces of WTe2 can realize Berry curvature dipoles by breaking

the extra mirror symmetries by applying a �oating dc electric �eld along one of the two crystal

symmetry axes. The resulting Berry curvature dipole is perpendicular to the applied �eld and to

the remaining mirror line, which means the NLQHE is maximum for a �eld passed along the pair

of Hall probes. The strength and sign of the Berry curvature dipole is tuned with the strength of

the dc �eld up to some saturation limit, andEdc � Eac to preserve the(I ac)2 dependence. This

is the scheme that was adopted to results presented in this manuscript, where a �oating dc voltage
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is applied along Hall probes to modulate the sign and strength of the NLQHE response. A more

detailed discussion of the experimental technique can be found in Chapter 4.

Recently, the use of the QNLHE has blossomed to a number of systems that arenot WTe2,

and any attendee at the 2023 March Meeting will tell you that the 2! technique has graduated to

the level of popular proof of topological behavior. This claim may be premature, but the number

of materials that have been shown to demonstrate the effect is signi�cant, and should include any

suitably low-symmetry conductor. In this spirit, the technique has been applied to the ”magic”

system of twisted bilayer graphene,106 which showed a massive second order Hall response (� 500

� V) tunable by �lling factor, that the authors attributed to skew scattering effects. MoTe2, the sister

compound of WTe2, has also been shown to host a non-linear Hall effect107 in a paper suspiciously

reminiscent of Kanget al.104 published three years earlier. This result should come as no surprise

as the material was exposed along with WTe2 in the same perpendicular electric �eld paper98 that

informed Maet al.96

Similar mechanisms have been seen in topological semimetals such as SrIrO3, whose room

temperature second order Hall response could be tuned directly with applied in-plane magnetic

�eld and was thus attributed to spin-charge conversion processes.108 Other room temperature obser-

vations have come from Dirac semimetals such as BaMnSb2 which showed109 somewhat confusing

results to temperatures up to 400 K. It remains to be seen if these temperature ranges are compatible

with the explanation that the effect arises from Berry curvature. Back at cryogenic temperatures,

the list of materials continues to grow, including the van der Waals ferromagnet Fe3GeTe2,110 an

organic conductor (BEDT-TTF)2I3,111 and the trigonal superconductor PbTaSe2.112 Important for

the results discussed here, the effect has also been shown in LAO / STO, with the claim that both

spin and orbital effects contribute to the Berry curvature dipole in the system supported by a com-

pellingly detailed volume of magnetoresistance measurements.85
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Figure 2.13: QNLHE where is should not be, observation of spontaneous Hall effect in
Ce3Bi4Pd3. (a) Temperature dependence of zero �eld spontaneous Hall effect. (b) Spontaneous
DC Hall conductivity� xy vs. longitudinal conductivity� xx . Data for the DC response of the sam-
ple (black) and for the 1! response (red), both in zero magnetic �eld. (c) Symmetric contribution
to the transverse magnetoresistance as a function of temperature. Figure adapted from Dzaberet
al.113

This �eld is not without pitfalls though, and more work will need to be done to disentangle con-

founding effects from bona�de signatures of Berry curvature. In this vein, Dzaberet al.113 reported

signals of the QNLHE not in 2! response but in the 1! Hall signal for a candidate Weyl-Kondo

semi-metal Ce3Bi4Pd3. Their result showed a giant spontaneous Hall effect at low temperatures,

an effect which combines a zero �eld transverse signal that arises in the absence of magnetic or-

der, so is distinct from the anomalous Hall effect, and a symmetric contribution to the Hall signal

upon the application of a �eld. This result is corroborated with by 0! and 2! measurements show-

ing the appropriate scaling, with the explanation that the Weyl cones quickly break the system

out of the ”probing �eld” limit of the derivation in Sodemann and Fu,95 resulting in a 1! signal.

Other sources of anomalous signals can also arise though, as demonstrated by Schadeet al.114 who

showed an emergent 2! simply due to circular conducting paths in graphene, or Hoet al.115 who

showed that simply corrugating graphene can produce a 2! response through strain modi�cation

of the Dirac cone.
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The take-away message should be to proceed with caution. The quantum non-linear Hall effect

is certainly a potent tool to help characterize the topological transport response of materials, but it

is not proof in itself. This can be seen in the the works from the late 1980s on mesoscopic physics

systems of normal metals, where higher cumulant measurements116 showed distinct non-linearities

up to the 10th harmonic. Even Sodemann and Fu warned about potential added corrections to the

second order response intrinsic to band structure, or from inversion asymmetric scattering.95 These

considerations will become all the more important as the technique becomes more common, and as

higher order effects are predicted117 to keep up with the ever-increasing complexity of topological

material classi�cation.
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CHAPTER 3

THEORETICAL BACKGROUND AND PHYSICAL UNDERSTANDING

This chapter seeks to provide a theoretical framework for understanding the transport behav-

iors demonstrated in the experimental results discussed in Chapter 5. As such, particular focus will

be paid to theories which have experimentally relevant predictions, or that allow experimentalists a

rigorous framework for interpreting results. The goal is to inform the understanding of the 2DEG

at the KTO interface and to provide a framework for a physical interpretation of the experimentally

observed quantities.

The discussion starts with a review of the mechanisms that generate a conducting gas at the

interface, and the consequences of those mechanisms. This will lead into the discussion of band

structure, with a focus on the interfacial conductivity and coincident effects. Since the 2DEGs at

the interface go superconducting, there will be a somewhat super�cial discussion of the Ginsburg

Landau theory of superconductivity and the resulting physical quantities that can be derived from

experimental measurements. The primary tool for probing these quantities is the application of

a magnetic �eld, so there will be a review of magnetoresistance and its components for both the

longitudinal and transverse (Hall) signals. This then forms a segue to the last part of the chapter,

which gives a more detailed derivation of the quantum non-linear Hall effect, a manifestation of

Berry curvature dipoles interacting with an oscillating probing electric �eld. In all, this chapter

will inform the analysis performed later in Chapter 5, the discussion of experimental results.
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3.1 Conductivity at Complex Oxide Interfaces

As discussed in the previous chapter, the genesis of this �eld of complex oxide based 2DEGs

started with the discovery of a conducting gas at the interface between resistive oxide layers by

Ohtomo and Hwang42 in 2004. Since that work a multitude of effort has been levied into un-

derstanding the exact mechanism by which a conducting gas actually forms between two bulk

insulators. The resulting explanations center around two primary ideas: charge transfer via the po-

lar catastrophe model, and crystal defects donating carriers. Both of the models enjoy support from

experimental �ndings and each play a role in understanding the emergent physics of the resulting

conducting gas.

3.1.1 Charge Transfer: The Polar Catastrophe Model

One of the �rst explanations for the conductivity complex oxide heterostructures is the polar

catastrophe or polar reconstruction model.42 This model is rooted in the inescapable consequences

of broken translational symmetry at the surface of a crystal, coupled with the bulk charge distribu-

tion of perovskite materials. In the case of SrTiO3, a crystal can be described as layered material

made of SrO and TiO2 sub-layers with a perpendicular axis aligned along the (001) direction of

the full cell. The valence state of the Sr and Ti are expected to be +2 and +4 respectively, but at

the interface these formal charges are modi�ed by the transition to sub-layers of the heterostruc-

ture capping material. The details of this are discussed by many papers including by Nakagawa,

Hwang, and Muller118 in their 2006 paper on the possible interfacial constructions of LAO / STO.

Fig. 3.1 demonstrates some of the potential con�gurations for LAO / STO, many of which run into

the “polar catastrophe” problem encountered in the 2DEGs in semiconductors investigated in the

1970s.119 This model predicts that an interface between a polar and a non-polar crystal can only
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Figure 3.1:Simpli�ed schematic of possible interface combinations for the (001) terminated
LaAlO 3 / SrTiO 3 system. Bulk (001) SrTiO3 has neutral planes of SrO and TiO2, but the (001)
planes in LaAlO3 have alternating net charges (� ). (a) If the interface is LaO/TiO2, this produces
an electric �eld (E) associated with an electric potential (V), that diverges with thickness. (b) If
the interface is instead AlO2/SrO, the potential diverges in the other direction. (c) The divergence
at the LaO/TiO2 interface can be avoided if half an electron is added to the last Ti layer, creating
an interface dipole hosting a conducting gas. (d) The divergence for the AlO2/SrO interface can
also be avoided by removing half an electron from the interface. Figure adapted from Nakagawa
et al.118

occur under certain reconstruction conditions or the charge accumulation would be too energeti-

cally costly for interface stability. The solution is the addition of a 1/2 charge to balance the two

divergences118 as shown in Fig. 3.1 (a) and (b). As a consequence, most interfaces would need to

be stabilized by the growth of facets or terraces in order to support a two dimensional conducting

gas.

This interpretation is supported by the observation of a critical thickness of the LAO overlayer

to maintain the conducting gas. Fig. 3.2 reproduces the work of Liuet al.120, who demonstrated

both a generation of a conducting gas through layer growth and a destruction of the gas with ion

milling. For crystalline layers this agrees with the prediction that 3 uc are needed to stabilize the
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Figure 3.2:Critical thickness of the LaAlO3 capping layer. Left: Sheet resistance of amorphous
LAO/STO interfaces as a function of LAO thickness and partial pressure of oxygen during growth.
Right: Critical thickness of crystalline and amorphous LAO overlayers as progressively thinned
with argon plasma. Figures adapted from Liuet al.120

charge transfer, providing support for the polar catastrophe model.118,120However, for amorphous

layers less than the critical thickness of 6 nm milling did not destroy the conductivity, suggested

an alternative mechanism for generating the gas. It is likely that multiple mechanisms contribute

to the generation of a conducting gas for any overlayer, though the leading mechanism can often

be deduced from context clues.

This same principle of charge sub-layers has been applied to KTaO3, but instead of neutral

layers of SrO and TiO2 the crystal is made up of polar layers of KO� 1 and TaO+1
2 . This change

can be used to generate interesting gases at the interface, as was the case of LaVO3 / KTO studied

by Wadehraet al.19 Their interpretation of the charge reconstruction is reproduced in Fig. 3.3,

once again accompanied by a critical overlayer thickness of 3 unit cells. As mentioned, there are

alternative methods for generating conducting gases for systems that do not clearly agree with the

polar catastrophe model. One of those ways is oxygen vacancy formation, which is the method
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Figure 3.3:Critical thickness of the LVO capping layer on KTO. Left: Schematic of atomic
layers and their formal charges.Right: Resistance vs temperature curves as a function of capping
layer thickness, demonstrating the critical thickness of . Figures adapted from Wadehraet al.19

used to generate conducting samples in this work, and which is the subject of the next section.

3.1.2 Oxygen Vacancies and Their Consequences

The other common mechanism for inducing a conducting gas at the interface of complex

oxides is the generation of carrier donor sites either from crystal defects or oxygen vacancies.

The mechanism is similar to the origin of carriers in intrinsic semiconductors, and has the added

bene�t of being con�ned to the interface. Oxygen vacancies are at least partially responsible for

the conductivity in all amorphous heterostructures overlayers, and are a major mechanism for EuO

/ KTO systems. The work in this manuscript is based on oxygen vacancy formation by aluminum

gettering, and it comes with some distinct consequences.

Surface treatments that generate oxygen vacancies are numerous, including argon plasma treat-

ments,47 UV exposure,46 and any thin �lm depositions of strongly reducing elements like Al30,69,121

or Ti.68 Many of these were discussed in the Chapter 2 as applied to STO and KTO, but similar

treatments have been used on any number of complex oxides, which will not be covered here.

The suggestion of using oxygen vacancies for conductivity in STO goes back to Tufteet al. 1967
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(a) (b)

Figure 3.4:Charge generation from oxygen vacancies.Carrier density change from the intro-
duction of one oxygen vacancy on the (a) (001) and (b) (111) surfaces. The result is a net charge
mostly localized on the vacancy cite. Figures were generated by Alex Tyner, (unpublished).

paper122 for conduction in the bulk, and the general mechanism for double electron donation has

not changed since then. Fig. 3.4 shows the charge distribution generated on the surface of KTO

from the introduction of one oxygen vacancy for the (001) and (111) surfaces. These distributions

were calculated using density functional theory by Alex Tyner. Because the presented data are for

the change in charge (� normal � � vacancy ), a large positive charge (red) denotes a negative charge

accumulation due to the vacancy. Thus, as expected, the vacancies result in an electron donation to

a conducting gas, which is most closely localized on the Ta atom nearest the vacancy. Importantly,

the maximum effective charge is very nearly the 0.5 electrons per unit cell after relaxing multiple

con�gurations of possible vacancies, in agreement with the prediction for the charge singularity

discussed before. As a side note, carrier densities calculated from Hall data of two dimensional

gases formed on complex oxides are usually closer to 0.25 electrons per unit cell, potentially due

to compensation from multiple bands, localization of additional carriers, or competing charge gen-

eration mechanisms.118

Once the gas is generated on the surface, the resulting surface band structure respects the sym-
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