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Abstract

Emergent States and Magnetism in Perovskite Titanate
Heterostructures

Clayton Adam Chase Jackson

Complex oxides show a wide array of phenomena, including magnetic states, ferro-

electricity, and superconductivity. Furthermore, the advent of atomic scale engineering

of the oxides using molecular beam epitaxy (MBE) has facilitated the discovery of

novel phenomena in thin films and heterostructures not seen in bulk. Complex oxide

perovskite titanate heterostructures composed of both Mott and band insulators can be

fabricated readily and exhibit unique properties, including interfacial two-dimensional

electron gases (2DEGs), superconductivity, and magnetic ordering.

The objective of this Dissertation is to study the relationships between emergent

phenomena and heterostructure design using advanced MBE growth techniques and

characterization tools, with the intent of developing controllable states of matter. The

impact of strain and octahedral connectivity in epitaxially mismatched heterostructures

on magnetism and electrical transport is addressed, as well as proximity effects and

the influence of magnetically ordered layers on neighboring low-dimensional itinerant

systems.

The Dissertation begins with a motivational overview of materials and associated

phenomena, describing the unique emergent properties associated with thin films. This

xi



is followed by a description of the organization of the remainder of the text. The meth-

ods implemented, including MBE and electrical transport characterization, are then dis-

cussed. Structure-magnetism and structure-transport correlations are demonstrated, as

well as tunable emergent ferromagnetism in GdTiO3/SrTiO3 heterostructures and quan-

tum critical behavior in SmTiO3/SrTiO3 heterostructures. Recent progress on devices

based on GdTiO3/SrTiO3 are discussed. The dissertation closes with a brief summary

and discussion of future works.
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Chapter 1. Introduction

1.1 Introduction

Complex oxide titanates show a wide array of interesting phenomena, including

magnetic states, ferroelectricity, multiferrocity and superconductivity. While these ox-

ides show unique bulk properties, these studies are often limited by their inherent com-

plexity (for instance, chemical doping, a common control parameter in bulk studies,

convolutes the resulting physics by introducing both disorder and charge) and lack of

control of dimensionality [6, 7]. To allow for atomic layer precision, a growth syn-

thesis technique [8, 5] has been developed for complex oxide thin films and thin film

heterostructures. Atomic scale engineering with molecular beam epitaxy (MBE) has fa-

cilitated the discovery of entirely new features in thin films and heterostructures, as well

as provide a new avenue of device engineering based on oxide electronics. Complex

oxide heterostructures composed of Mott and band insulators exhibit unique features

not seen in the bulk and play host to a variety of emergent phenomena including two-

dimensional electron gases (2DEGs) and highly conductive interfaces, superconductiv-

ity, and magnetic ordering [9, 10, 11, 12] as well as coexistence of ferromagnetism and

superconductivity [11].

The application of MBE to oxides has enabled the realization of unique phenom-

ena including quantum confinement, electrostatic doping, and unique spin, charge and

orbital ordering. Much work has focused on emergent properties in complex oxide het-
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erostructures [13, 14, 15, 16], and the field shows great promise for future discovery.

However, many questions remain unanswered, as this field is still in its infancy. It is

well understood that orbital order (concomitantly, the structural Ti-O array) plays a piv-

otal role in the bulk magnetic properties of the titanates [17], but the impact of strain and

octahedral connectivity in epitaxially mismatched heterostructures on magnetism is not

fully understood. Compelling evidence for emergent magnetic states has been observed

in Mott/band heterostructures [11], but the influence of proximity effects and exchange

coupling has yet to be completely resolved. Furthermore, the influence of magnetically

ordered layers on neighboring low-dimensional itinerant systems could promote novel

states, such as quantum criticality and superconductivity [18, 19, 20, 21].

This dissertation is concerned with understanding the nature of these emergent phe-

nomena in Mott/band insulator heterostructures, their relation to one another, and de-

veloping methods to control these unique properties by design. More specifically, we

seek to understand the role of thin film design, magnetism and proximity effects in het-

erostructures. In the remainder of this chapter, we will discuss the specific systems of

interest, and recent progress in this field.

Our focus is on the class of materials that adopt a crystal structure characterized

by the chemical formula ABO3 called perovskites. This is a large family of ceramic

materials whose structure is based on perovskite CaTiO3, named for the mineralogist

Aleksevich von Perovski [22].
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+

Octahedral tilts

Epitaxial strain

Electrostatic doping

Spin, charge and 
orbital order

Field effects

Dimensionality

Figure 1.1: Illustration of different features exhibited by thin film heterostructures that
can be utilized and tuned to produce and control emergent phenomena.

The structure, illustrated in Figure 1.2, is idealized as cubic, but will readily adopt

tetragonal or orthorhombic distortions, accommodated by tilting of the oxygen octahe-

dra. The propensity for this structure to allow for a wide variety of A and B cations

with subtle variations in geometric distortion gives rise to a wide array of phenomena,

including magnetic insulating states [1, 17], ferroelectricity [23, 24] and superconduc-

tivity [25].
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Figure 1.2: Illustration of the perovskite crystal structure, where the central atom is
the B-site, surrounded by an octahedra formed by face-centered oxygen atoms. The
corners of the cube are the A-site.

Among the perovskites, this work is most interested in heterostructures composed of

rare-earth titanates. These are Mott materials that adopt the aforementioned perovskite

structure, distorted into an orthorhombic GdFeO3 structure (space group Pbnm). Un-

like traditional materials, which can be described in the effective mass approximation,

Mott materials require accounting for the Coulombic interaction of electrons to ex-

plain their unique properties. A physical framework proposed by Mott and Hubbard

[26, 27, 28] that has been successful in explaining some phenomena exhibited by Mott

materials is an augmented tight-binding approximation. In addition to the normal tight-

binding Hamiltonian, an additional term arises from an energy penalty associated with

conduction (the Hubbard U), a result of Coulombic repulsion between electrons. This

can be described by considering a band composed of s-orbitals, each harboring a sin-
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Superconducting

BaTiO3

SmTiO3
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Ferromagnetic
Ferroelectric
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Figure 1.3: Overview of phenomena associated with materials that adopt a perovskite
crystal structure.

gle electron. Each orbital can accommodate two electrons with opposite spin, a direct

consequence of Pauli exclusion. However, double occupancy arising from hopping

conduction is suppressed by a strong Coulombic interaction between electrons that are

forced into relatively close proximity. Thus, double occupancy results in the splitting

into upper and lower Hubbard bands and an insulating state.

Phenomena related to electron correlation include superconductivity and magnetic

ordering [9, 10, 29, 11] as well as spin and orbital ordering leading to mass enhance-
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ment and colossal magnetoresistance [30, 31, 32]. Experimental insights into the physics

of heterostructures containing Mott materials contribute to a deeper understanding of

these phenomena and their potential applications. Much current research is focused

on understanding any discrepancies between an ideal Mott material and real material

systems, understanding how the material arrives at an insulating state and why this

phenomenon is exhibited in some materials but not others [33, 34, 35, 36, 12, 1].

The rare-earth titanates are known to adopt different magnetic insulating states re-

sulting from distortions and tilts of the moment associated with the Ti-O octahedra

in the orthorhombic GdFeO3 structure. These distortions will result in different fa-

vored super-exchange interactions within the Ti-O complex and any moment associ-

ated with the rare-earth [17]. Two types of orbital ordering have been reported, ferro-

orbital and antiferro-orbital. Both are compatible with Pbnm symmetry [37, 38, 39,

40, 41, 42]. Ferro-orbital ordering is associated with antiferromagnetism, typical of

smaller GdFeO3-type distortions (A = La.....Sm in the chemical formula ATiO3), while

larger distortion lends itself to antiferro-orbital ordering and is associated with ferro-

magnetism (A = Gd......Y).

The two Mott insulating rare-earth titanates of interest to this work are GdTiO3

and SmTiO3. Both have a d1 electron configuration. SmTiO3 has a slightly less dis-

torted orthorhombic crystal structure than GdTiO3 [43]. GdTiO3 is ferrimagnetic while
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Figure 1.4: Phase diagram illustrating the relationship between A-site cation and mag-
netic order for some of the rare-earth titanates (Gd to La) [1].

SmTiO3 is antiferromagnetic [1]. The magnetism is a result of different orbital order-

ing; antiferro-orbital in GdTiO3 and ferro-orbital in SmTiO3 [39, 44, 37].

In this work, these materials are interfaced with the band insulator SrTiO3. This in-

terface readily forms a high density 2DEG, a result of polar discontinuity [15]. Charge

transfer results in a highly conductive interface with a carrier concentration of approx-

imately 3 × 1014 cm−2, 1/2 an electron per 2D interfacial unit cell. This has been ob-

served in many material systems, including LaAlO3/SrTiO3 [9, 29, 11], LaTiO3/SrTiO3

[10], GdTiO3/SrTiO3 and SmTiO3/SrTiO3 [45, 2]. For heterostructures consisting of
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the rare-earth titanates, band offsets favor charge in the SrTiO3, tightly bound to the

interface [46].

1.2 Organization

Our objective is to study the relationships between emergent phenomena and het-

erostructures using advanced growth and characterization techniques, with the intent of

developing controllable states of matter by design. The systems of choice are Mott/band

insulator heterostructures composed of SmTiO3, GdTiO3 and SrTiO3. We have shown

that structures of this kind show a variety of interesting features, many of which are not

fully understood. In this chapter, a motivational overview of the present status of re-

search and open questions was given. To answer these questions concerning emergent

phenomena in Mott/Band insulator thin film heterostructures, we must be able to effi-

ciently design, produce and characterize them. Thus, this dissertation is broken down

into the following objectives:

• Establish methods for growth and analysis

• Control of magnetic and transport properties through structural design

• Illucidate proximity effects in Mott/band insulator heterostructures

• Observation of novel emergent phenomena in oxide heterostructures

9



Chapter 1. Introduction

• Device design and engineering for electronic applications

• Discussion of future works

To assist the reader, Chapter 2 focuses on experimental methods used to grow

and characterize structures discussed throughout the text. Next, Chapter 3 describes

structure-magnetism and structure-transport correlations. Chapter 4 demonstrates the

advent of a metallic ferromagnetic state in SrTiO3 embedded in GdTiO3, which can

be controlled by heterostructure design. In Chapter 5, similar structures are discussed,

in which the GdTiO3 is replaced by antiferromagnetic SmTiO3, resulting in the ad-

vent of a quantum critical state of matter, in which the control parameter is quantum

well width. Chapter 6 discusses utilizing the conductive Mott-band insulator interface

for device applications. Finally, Chapter 7 provides a summary and explores possible

future works.

10



Chapter 2

Methods

11



Chapter 2. Methods

2.1 Introduction

In order to address the open questions established in Chapter 1, namely, the rela-

tionships between structure, transport and magnetism in thin film heterostructures, we

must be able to accurately produce and characterize them. We wish to understand the

role of octahedral connectivity and proximity effects at atomically abrupt interfaces

that lead to emergent phenomena, requiring atomic layer precision in crystal growth.

These effects are subtle, thus requiring very high purity samples. Furthermore, we re-

quire characterization techniques that can provide insight into a number of different

phenomena, including both electronic and magnetic structure.

In this chapter, we survey the primary growth and characterization tools employed

to meet these requirements. For growth, we rely exclusively on a hybrid MBE tech-

nique, in which a metal-organic precursor element acts to supply oxygen and titanium.

The primary characterization tool used is transport; It will be shown that transport can

provide information concerning lattice structure (disorder), magnetism and evidence

for emergent states.
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Figure 2.1: A schematic illustrating the primary features of a molecular beam epitaxy
reactor.

2.2 Molecular beam epitaxy

Fundamentals of molecular beam epitaxy

MBE is a thin film growth technique in which source material is vaporized, typically

in a heated effusion cell, producing a molecular beam that travels through ultra high

vacuum (UHV) and impinges upon a heated substrate. Other methods to supply a

molecular beam include electron-beam and gas sources. If the conditions are correct,

the film grows as a crystal. Low growth rates, on the order ∼ 1 - 3 µm/hr for III-V

semiconductors [47, 48], ∼ 180 nm/hr in the case of SrTiO3 [49] and as low as ∼

20 nm/hr for the rare earth titanates allow for atomic layer precision. The ultra high
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vacuum results in extremely low unintentional doping. Furthermore, MBE offers the

advantage of in situ characterization methods such as reflection high energy electron

diffraction (RHEED), allowing for precise control of complex structures.

In the case of solid source MBE, the flux and energy distribution of the impinging

species on the substrate are dictated by the effusion cell temperature Ti. If the atoms

reevaporate from the substrate surface, they cary with them an energy proportional to

their evaporating temperature∝ Te. If they stay and reach thermal equilibrium with the

substrate, they will have an energy proportional to the substrate temperature ∝ Ts. The

thermal accommodation coefficient is then α = (Ti-Te)/(Ti-Ts). The sticking coefficient

s is defined as the ratio of adhering atoms to the total number of arriving atoms at the

substrate and is given by s = Nadh/Ntot. The pressure from a solid source is related to

the materials enthalpy of evaporation ∆H and the cell temperature T by [50, 51]

p ∝ e
∆H
kBT . (2.1)

The ideal flux from a given source (typically an effusion cell) can be expressed as

φ = p

√
NA

2πMkBT
(m−2s−1), (2.2)

where NA is Avogadro’s number, M the molecular weight of the impinging species,

p the equilibrium pressure from the source and kB Boltzmann’s constant. This is the

Hertz-Knudson equation [50].
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The need for UHV

It is imperative to consider the minimum background pressure permissible to en-

sure that the molecular beam reaches the substrate. The two main considerations are

the mean free path of the molecular species from the source, and the incorporation of

impurities from residual background pressure.

The highest value of the background pressure allowable in the chamber is one such

that the mean free path of the beam exceeds the distance from the cell to the substrate,

and is given by the allowable partial pressure of residual gas

pg = kbT
1/Lb −

√
2πnbd

2
b

π/4(db + dg)2
, (2.3)

where nb and db are the concentration and diameter of the constituents of the molecular

beam and dg the concentration of any residual gas in the chamber. This value gives a

minimum base pressure of ∼ 10−5 Torr, easily obtainable with current MBE technol-

ogy, where background pressures are typically on the order of ∼ 10−10 Torr [50].

Another major consideration is the issue of unintentional defect incorporation (dopants,

traps, deep acceptors, etc.) as a consequence of low growth rates. An unintentional

dopant monolayer deposition time of 105 times greater than that of a monolayer of

material is necessary for negligible unintentional impurities. For a rare-earth titanate,

such as SmTiO3, a typical growth rate is 20 nm/hr. Assuming a sticking coefficient
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of s = 1 for Sm, this gives a Sm flux of ∼ 1017 m−2s−1. This is approximately 35

s per monolayer of SmO. Then the time for a monolayer of unintentional dopants to

accrue cannot be less than 35 s × 105 = 97.5 hrs. This corresponds with a minimum

background pressure of ∼ 10−13 Torr (assuming carbon incorporation and a substrate

temperature of 900 ◦C). Clearly, this requirement is not obtainable, but due to the low

sticking coefficient of impurities at these substrate temperatures, high quality films of

perovskite oxides have been and produced [52].

Hybrid MBE

A unique feature of the growth utilized throughout this work is the use of a metal-

organic precursor element titanium tetraisopropoxide (TTIP) to supply Ti and oxygen.

This circumvents the issue of very low fluxes from a Ti effusion source and the issue of

trying to match fluxes to find a growth point. Using TTIP, dramatically higher growth

rates are observed, going from ∼ 1 u.c./hr with a Ti effusion cell to ∼180 nm/hr [49].

Most importantly, the use of a metal-organic precursor allows for an adsorption limited

growth regime, in which growth can be conducted with an overpressure of TTIP, where

the stoichiometry will self-regulate within a range of flux ratios. This is due to the fact

that TTIP is volatile and has a sticking coefficient of < 1. For a Ti effusion cell and

growth of titanates, all constituents (including binary oxide adsorbate species) except

oxygen have high sticking coefficients, leading to the grower seeking a growth point

16



Chapter 2. Methods

instead of a growth window. Combining this with a very low growth rate makes it

very easy to incorporate impurities (as discussed previously) as well as deviate from

stoichiometry as a result of flux drift. Using a metal-organic circumvents these issues

and has consistently yielded very high quality thin films. Indeed, using this method,

world records have been set in low temperature mobility of La doped SrTiO3 of 50,000

cm2V−1s−1 [53].

2.3 Characterization methods

Common thin film characterization methods include in situ reflection high energy

electron diffraction (RHEED), high resolution x-ray diffraction (XRD) and scanning

transmission electron microscopy (STEM). The basics of these techniques will not be

described in detail. The reader is encouraged to look elsewhere for details on the funda-

mentals of these characterization methods [54, 50]. Of central importance to this work

is the use of magneto-transport as a tool to investigate different thin film properties.

Basic transport methods can elucidate a great deal about a material, including mobility

and scattering mechanisms [55], Fermi/non-Fermi liquid behavior [56] and quantum

criticality [45], and magnetism [2]. In this section we give background to the basic

technique and its practical application.
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2.3.1 Hall and sheet resistance measurements

The primary phenomena that is utilized for transport measurements is the Hall ef-

fect, a result of the Lorentz force. An electron traversing a region with a perpendicular

magnetic field relative to its direction of motion experiences a force normal to its direc-

tion and the field, described by

FLorentz = q(E + (v× B)) (2.4)

where q is the electron charge, E and B the electric and magnetic fields and v the

electron velocity.

1 1

2 3

42

6

34

5

a) b)

Figure 2.2: a) Hall bar and b) Van der Pauw contact geometries for transport measure-
ments. The yellow regions are contacts, typically Ti/Au for the rare earth titanates, or
Al/Ni/Au for SrTiO3
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If a current is passed through a sample experiencing a magnetic field normal to the

plane of the current, the current is driven toward one edge of the sample. This leads to

an accumulation of negative charges on one side of the sample and positive charges on

the other, giving a potential difference. The voltage associated with this potential is the

Hall voltage VH .

The Hall voltage is related to the magnetic field B, current I and charge density ns

by

ns =
IB

qVH
=

1

qRH

(2.5)

where RH is the Hall coefficient, given by the slope of the Hall resistance vs. magnetic

field,RH = VH/IB, enabling a rather straightforward determination of the sheet carrier

density. This can be further related to the mobility µ and sheet resistance Rs by

ns =
1

qµRs

(2.6)

The mobility gives a quantitative measure of structural quality, as it is directly pro-

portional to scattering mechanisms related to materials quality [55].

In practice, these quantities are determined in either Van der Pauw or Hall bar ge-

ometry (Figure 2.2). In Hall geometry (Figure 2.2a) a current is passed along the length

of the bar and voltages are measured at points 1, 2, and 3. The Hall voltage is then
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VH = V2−V3 and the Sheet resistance is Rs = (V1−V2)
I

W
L

where W and L are the width

of the Hall bar and separation between contact pads, respectively.

In Van der Pauw, a geometry featured in Figure 2.2b is used, in which contacts are

deposited in the corners of a square sample. Using this geometry, the sheet resistance

can be calculated iteratively using the following expression

exp
−V43/I12

RS

+ exp
−V14/I23

RS

= 1, (2.7)

where Vij and Iij is the voltage and current between contacts i and j. The Hall voltage

is given by V24 with current running from I13 [57].

2.3.2 Transport in magnetically ordered states

While transport cannot directly measure the magnetic state of a material, it can be

used as an indirect method to probe a magnetically ordered state in an itinerant system.

This can be done by probing the angular dependence of the transport with respect to a

magnetic field. The quantity of interest is the magnetoresistance, given by

∆R =
R(0)−R(B)

R(0)
, (2.8)

where R is expressed as a function of B. The angular dependence of the magnetoresis-

tance is intimately related to the magnetic ordering in the material. There are different

origins for changes in the angular dependence, and by measuring this and comparing
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with models, we can gain insight into the magnetic structure of a material. Two possible

origins of angular dependence are anisotropic magnetoresistance, experienced by a fer-

romagnetic metal, and spin Hall magnetoresistance, exhibited by paramagnetic metals

in close proximity to a ferromagnetic insulator.

Anisotropic magnetoresistance (AMR) is a phenomena exhibited by ferromagnetic

metals. The origin of AMR, first explained by Kondo [58], is found in spin-orbit cou-

pling. Conduction electrons are scattered by the orbital angular momentum of electrons

more tightly bound to the nucleus. Changing the orientation of magnetic field with re-

spect to the sample acts to deform the more tightly bound electron cloud, thus changing

the effective scattering cross section any mobile carrier experiences and the measured

resistance. This is qualitatively illustrated in Figure 2.3.

Spin Hall magnetoresistance (SMR) occurs within paramagnetic metals that show

strong spin-orbit coupling [59, 60, 61]. The spin Hall effect is the conversion of an

electric current (Je, see Figure 2.4) into a transverse spin current (Js) resulting from

spin-orbit scattering. Carriers scattered as a result of spin-orbit coupling are spin polar-

ized, leading to an asymmetry in the scattered beam, and thus a spin current (analogous

to the charge current in the Hall effect resulting from the Lorentz force, see Figure 2.4

a). The inverse spin Hall effect causes a portion of this spin current to be reflected at

an interface (Figure 2.4 b), leading to an augmented electrical current J′e (Figure 2.4

c). In the event that this interface is an insulating ferromagnet (such as GdTiO3), then

21



Chapter 2. Methods
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e
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e

Figure 2.3: Qualitative illustration of high resistance (bottom) and low resistance (top)
states.

the amount of reflected spin current will depend on the magnetization orientation in the

ferromagnet M, as part can be absorbed as a spin transfer torque (Figure 2.4 d and e).

Thus, similar to AMR, the angular dependence can elucidate the presence of spin Hall

magnetoresistance.

If we define an angle α between the current and the magnetic field and an angle β

between the magnetic field and the plane of the film (see Figure 2.5), then the expres-

sions for the magnetization components in a cartesian system are

mx = cos(α) cos(β) and my = sin(α) cos(β) (2.9)
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and the expressions for longitudinal (ρxx) and transverse (ρxy) magnetoresistance for

SMR are given by

ρxx = ρ0 −∆ρSm
2
y and ρxy = ∆ρSmxmy (2.10)

where ρ0 is a constant offset and ∆ρS is the resistivity change from the SMR. For AMR,

the longitudinal (ρxx) and transverse (ρxy) magnetoresistance expressions are given by

ρxx = ρ⊥ −∆ρAm
2
x and ρxy = ∆ρAmxmy (2.11)

where ∆ρA = ρ‖ − ρ⊥ (ρ⊥ and ρ‖ are the resistivity with magnetic field perpendic-

ular and parallel to the current, respectively) [59]. It is clear from the above formula

that these two phenomena can be easily distinguished through a qualitative analysis of

the longitudinal magnetoresistance. We simply need to look at the behavior of ρxx and

determine weather it is a function of mx or my.

These transport features, which can elucidate magnetic properties of a material, can

be correlated with other magnetic measurements, such as SQUID (superconducting

quantum interference device) magnetometry, which gives thin film magnetization as

a function of temperature and magnetic field. This and the aforementioned angular

dependent magnetoresistance will be discussed in greater detail in Chapter 4.
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2.3.3 Strongly correlated behavior in transport

Fermi liquid theory

In Fermi liquid theory, correlated electrons that interact via Columbic interactions

are treated as quasiparticles. The theory asserts that if the interactions are adiabatically

turned on in a many-body system, eigenstates evolve smoothly from non-interacting

states to interacting states of the correlated system. This results in a one-to-one cor-

respondence between non-interacting and interacting eigenstates, preserving certain

quantum numbers such as charge and spin, while others must be renormalized, such

as mass and magnetization. In transport, correlation effects and the presence of a Fermi

liquid (or the lack there of) can be ascertained by the temperature dependence of the

resistivity [62, 63].

From the Drude conductivity, the resistivity is given by

ρ =
m∗

ne2τ
, (2.12)

wherem∗ is the effective mass, n the carrier density and τ the scattering time. The scat-

tering time will determine the temperature dependence of the resistivity. To understand

the temperature dependence of τ , we begin a thought experiment with temperature T

= 0. Scattering occurs between a charge above and a charge below the Fermi energy.

Pauli exclusion dictates that the resultant energy be above the Fermi energy, while con-
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servation of energy does not allow the total energy to exceed that of the higher energy

electron E1, i.e. ∆E = E1−EF . Under these constraints, Fermi’s Golden Rule results

in a decay rate 1/τ ∝ ∆E2. At T > 0, an additional contribution to the scattering rate

originates from thermal excitation kBT . This term is also proportional to the number

of available states, and thus by the same argument above, the decay rate is inversely

proportional to the temperature, 1/τ ∝ T 2. From the Drude conductivity relation, we

have ρ ∝ T 2 [63]. More specifically,

ρ(T ) = ρ0 + AT 2 (2.13)

where ρ(T ) is the temperature dependent resistivity, ρ0 the residual resistivity from

impurity scattering, and A a coefficient proportional to the effective mass [64]. Thus, a

transport measurement that follows a T 2 dependence is a strong indication of correla-

tion effects.

Quantum critical behavior

Many correlated material systems, such as high-Tc superconductors [18], show de-

viations from Fermi liquid behavior in a systematic fashion. This deviation is seen in

close proximity to a quantum phase transition, where quantum fluctuations alter the

nature of the electronic quasiparticles, resulting in non-Fermi liquid behavior [63, 65].

The deviation from Fermi liquid behavior often follows a specific temperature depen-
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dence and is a function of dimensionality and any incipient magnetic order present in

the system [19]. Thus, by detecting systematic deviations from Fermi liquid behavior

in transport, the presence and proximity to a quantum critical point can by inferred. In

Chapter 5, we demonstrate quantum critical behavior in oxide heterostructures.

2.4 Chapter summary

In this chapter, we introduced the basic methods used to produce and characterize

the novel structures of interest throughout this work. Our focus was on establishing

the importance of MBE and the unique advantages in using a hybrid metal-organic

approach. We then discussed the various ways in which transport can elucidate the

properties of these unique structures.
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Figure 2.4: Figure illustrating the physical mechanism behind spin Hall magnetore-
sistance. The blue region is the paramagnetic metal with spin orbit coupling and the
green region is a ferromagnetic insulator. Parts a), b) and c) illustrate spin Hall and
inverse spin Hall effects, while d) an e) illustrate how the current will then depend on
the magnetization orientation of the ferromagnet.

27



Chapter 2. Methods

Figure 2.5: Schematic of the measurement geometry, where j indicates the current,
α is the angle between B and j, and β is the angle between B and the film plane.
The illustrated structure is a SrTiO3 quantum well sandwiched between two GdTiO3

layers. Reproduced from Ref [2] with permission from the American Physical Society,
Copyright 2013.
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Chapter 3. Structural Distortions, Magnetism and Transport

3.1 Introduction

To understand the underlying physics of heterostructures composed of Mott mate-

rials and band insulators (the relative roles of disorder, correlation effects, and interac-

tions of the carriers with the structure) it is informative to explore if the magnetization

(in the case of GdTiO3) and electrical transport (for SrTiO3 quantum wells) can be sys-

tematically tuned by adjusting the external parameters of the system. Strain in epitaxi-

ally mismatched heterostructures and the need for connectivity of the oxygen octahedra

at an interface offer a unique way of tuning octahedral distortions without the need for

changing the chemical composition [66, 67]. This provides a way of controlling orbital-

lattice coupling, and an avenue for insight into the properties of materials not possible in

their bulk state. In this chapter, we discuss structure-transport and structure-magnetism

correlations in heterostructures composed of GdTiO3/SrTiO3 and SmTiO3/SrTiO3.

Introduced in Chapter 1, GdTiO3 and SmTiO3 are Mott insulators, with a d1 elec-

tron configuration. They both have the same parent orthorhombic crystal structure, but

with slightly different octahedral distortions (SmTiO3 being the smaller of the two)

[43]. GdTiO3 is ferrimagnetic while SmTiO3 is antiferromagnetic [1], a result of their

different orbital ordering [39, 44, 37]. In the first section, we discuss the relationship

Parts of this chapter are reprinted with permission from Jack Y. Zhang, Clayton A. Jackson, Santosh
Raghavan, Jinwoo Hwang, and Susanne Stemmer, PRB 88 121104(R) (2013), copyright 2013 and from
Jack Y. Zhang, Clayton A. Jackson, Ru Chen, Santosh Raghavan, Pouya Moetakef, Leon Balents and
Susanne Stemmer, PRB 89 075140 (2014), copyright 2014 by the American Physical Society.
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between magnetism and structural distortion in GdTiO3. In the second section, we

discuss the role of distortions in conducting SrTiO3 quantum wells.

3.2 Magnetism in thin GdTiO3

As discussed briefly in Chapter 1, magnetic ordering is related to distortions and

tilts of the Ti-O octahedra in the orthorhombic GdFeO3 structure. There are two types

of orbital ordering, ferro-orbital and antiferro-orbital. Both are compatible with Pbnm

symmetry [37, 38, 39, 40, 41, 42] of the GdFeO3 structure. Ferro-orbital ordering

is concomitant with smaller distortions and favors antiferromagnetic ordering (AFM),

while antiferro-orbital ordering favors ferromagnetic order (FM) and larger distortions.

In Glazer notation, the GdFeO3 structure is characterized by a−a−b+ type tilting

[68]. The x and y degrees of freedom allow the A-site cations to shift to a more en-

ergetically favorable state. The degree of displacement is a function of the geometry

[69]. The amount of GdFeO3-type distortion changes systematically with the transi-

tion from AFM to FM ordering, and the ordering temperature [70, 71, 43, 1], but the

relative roles of orbital-lattice coupling and structural distortions remain an open topic

[39, 43, 72, 73]. It has been shown that film thickness correlates with the degree of

octahedral tilt for thin films [74].

31



Chapter 3. Structural Distortions, Magnetism and Transport

For GdTiO3, the ferromagnetic Ti complex couples antiferromagnetically to the

moment from the Gd, yielding a net ferrimagnetic state [43, 1, 75]. The AFM Gd-O-Ti

interactions are believed to be weaker than the ferromagnetic Ti-O-Ti interactions [43].

GdTiO3 is just on the FM side of the FM-AFM phase boundary; therefore, if the FM

character is sensitive to octahedral rotations and distortions, significant effects on its

magnetism with structural modifications may be expected.

3.2.1 Sample structure and measurement

All structures were grown on (001) (La00.3Sr0.7)(Al0.65Ta0.35)O3 (LSAT) by hybrid

MBE [76, 8]. A 20 nm GdTiO3 film was grown directly on LSAT, while GdTiO3 layers

of 3.5 nm, 2.4 nm, and 2.0 nm thickness (10, 7, and 6 GdO layers, respectively) were

grown in a superlattice structure with 5 nm SrTiO3 spacers. Superlattices contained

either 5 or 10 GdTiO3 layers, and thus approximately the same amount of GdTiO3, by

volume, as the 20 nm sample. All superlattice structures had 10 nm SrTiO3 substrate

buffers and caps, respectively.

The magnetization was measured in a SQUID magnetometer with the magnetic field

in the plane of the film. The magnetic measurements were correlated with structural

distortions, characterized with transmission electron microscopy, discussed in more

detail elsewhere [74, 3, 4].
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3.2.2 Effects of structural distortion on magnetism

Figure 3.1a shows the magnetization of each sample as a function of temperature

under a constant field of 100 Oe. The magnetization hysteresis at 2 K is shown in

Figure 3.1b. The measured magnetization includes the diamagnetic and paramagnetic

responses from the SrTiO3 layers, the LSAT and a Ta backing layer. Because of the

superlattice structure, isolation of the GdTiO3 response could not be done. Thus, con-

clusions about saturation magnetization or other parameters that depend on the volume

should not be drawn from this data set. However, the Curie temperature (Tc) and coer-

civity are properties of only the FM GdTiO3.

Analysis of Figure 3.1 reveals that the reduction in film thickness (which corre-

lates with octahedral distortion [3, 74, 4] correlates with a decrease in Tc. The Tc of

the 20 nm film (∼ 30 K) agrees well with the bulk [43, 1, 75]. All GdTiO3 layers

with thicknesses greater than 2.0 nm are FM, but their Tc decreases monotonically with

decreasing thickness. The FM ground state only vanishes in the 2.0 nm film. This be-

havior is expected by analogy with the bulk rare earth titanates, which show a decrease

in Tc with increasing bandwidth (concomitant with reduced distortions), similar to what

is observed in band ferromagnetism [7].

The results suggest a picture of a direct interaction between orbital ordering and the

lattice. Recent reports of structural anomalies at the magnetic ordering temperature,

which also support a direct lattice-orbital coupling [43], agree with this result. Oth-
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ers have found that in the AFM rare earth titanates, the orbital ordering changes at the

ordering temperature, also suggesting a direct interaction [39]. The FM rare-earth ti-

tanates thus appear to closely match models of insulating magnetic systems [77, 78, 79].

In these systems, antiferro-orbital ordering in conjunction with exchange results in fer-

romagnetism at a temperature below the orbital ordering temperature. The 4f7 configu-

ration of the Gd ions ensures no orbital angular momentum contributions from the Gd,

suggesting the interatomic exchange field, even at lower Ti-O-Ti bond angles, favors

the FM ground state.

3.3 Transport in thin SrTiO3 quantum wells

In this section, we compare transport with structure for SmTiO3/SrTiO3/SmTiO3

and GdTiO3/SrTiO3/GdTiO3 heterostructures. In both cases, the SrTiO3 quantum wells

contain a two-dimensional electron gas on the order of ∼ 7 × 1014 cm−2 [80, 81].

SrTiO3 quantum wells embedded in GdTiO3 show a metal-insulator transition when

their thickness is reduced such that they contain only two SrO layers [80]. At these

dimensions, the electron system is localized and the resistivity increases by several

orders of magnitude. Metal-insulator transitions at reduced thicknesses have also been

seen in thin quantum wells and films of many other perovskite materials, such as SrVO3

[82], LaNiO3 [83, 84, 85], and NdNiO3 [86]. For many d-electron systems, the breaking
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of symmetry of spin and orbital degrees of freedom play a pivotal role in creating an

insulating state [30]. Transition metal-oxygen octahedral tilts that reduce the symmetry

relative to the parent cubic perovskite structure are modified in quantum wells due to

film strain [87, 88] and interfacial coherency [89, 66, 67, 90].

3.3.1 Sample structure and measurement

All films were grown by hybrid MBE [8, 76] on (001) LSAT substrates. Electri-

cal transport measurements were carried out on SrTiO3 quantum wells embedded in

GdTiO3 and SmTiO3, respectively (see chapter on Methods). The GdTiO3 and SmTiO3

layers were 4 and 10 nm thick, respectively (See Figure 3.2). The thicknesses of the

SrTiO3 quantum wells are specified in terms of the number of SrO layers, as verified by

transmission electron microscopy (TEM) by Jack Zhang. Electrical contacts, consisting

of a 40 nm Ti and 400 nm Au top layer, were deposited by electron beam evaporation in

van der Pauw geometry. A Physical Property Measurement System (Quantum Design

PPMS Dynacool) was used for resistivity and Hall measurements.

3.3.2 Electrical transport analysis

Figure 3.2 shows the sheet resistances as a function of SrTiO3 quantum well thick-

ness and temperature. Metallic behavior is observed for all quantum wells in SmTiO3,

down to a single SrO layer. In contrast, quantum wells embedded in GdTiO3 are metal-
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lic for thicknesses greater than two SrO layers, but become insulating for 1 and 2 SrO

layers.

The results provide insight into the correlation physics of the perovskite titanates.

An increase in the effective 3D density, as well as changes in octahedral tilts and re-

duced Ti-O-Ti bond angles [74, 3, 4] correlate with the transition to the insulating state

and occur only in the quantum wells embedded in GdTiO3. A crossover from large

to small polaron transport occurs in the lightly-doped, insulating rare earth titanates

between SmTiO3 and GdTiO3 [1]. The electrons in the insulating quantum wells of

SrTiO3 in GdTiO3 form a high-density small polaron gas [91]. In contrast to the lo-

calization in the SrTiO3 embedded in GdTiO3, quantum wells embedded in SmTiO3

are metallic for all SrTiO3 layer thicknesses. Symmetry-lowering structural distortions,

measured by quantifying the Sr-column displacements, are present in the insulating

quantum wells, but are either absent or very weak in all metallic quantum wells, inde-

pendent of whether they are embedded in SmTiO3 or in GdTiO3 [4].

3.4 Chapter summary

In this chapter, transport and magnetism of heterostructures composed of SrTiO3,

SmTiO3 and GdTiO3 layers were studied. In the case of thin GdTiO3 embedded in

SrTiO3, ferromagnetism is suppressed as the GdTiO3 layers become thinner, and is
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gone entirely at 2 nm. The results indicate that the FM ground state is controlled by the

narrow bandwidth, exchange and orbital ordering. For SrTiO3 embedded in SmTiO3

and GdTiO3, a decrease in film thickness, which relates to the degree of distortion in the

film [4], corresponds with a metal-insulator transition if the material in which it is em-

bedded has sufficient distortion, made evident in comparing SmTiO3/SrTiO3/SmTiO3

and GdTiO3/SrTiO3/GdTiO3 heterostructures.
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Figure 3.1: (a) Field-cooled magnetization as a function of temperature for samples
with GdTiO3 films of various thicknesses under a magnetic field of 100 Oe. The Curie
temperature Tc is indicated by the arrows. (b) Magnetization as a function of magnetic
field. Reprinted with permission from Jack Y. Zhang, Clayton A. Jackson, Santosh
Raghavan, Jinwoo Hwang, and Susanne Stemmer, PRB 88 121104(R) (2013), copy-
right 2013 by the American Physical Society (Ref. [3]).
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Figure 3.2: Temperature dependent sheet resistance for SmTiO3/SrTiO3/SmTiO3 (bot-
tom) and GdTiO3/SrTiO3/GdTiO3 (top) heterostructures. Reprinted with permis-
sion from Jack Y. Zhang, Clayton A. Jackson, Ru Chen, Santosh Raghavan, Pouya
Moetakef, Leon Balents and Susanne Stemmer, PRB 89 075140 (2014), copyright 2014
by the American Physical Society (Ref. [4]).
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4.1 Introduction

Interfacial proximity effects between Mott/band insulators have attracted attention

for their potential utilization in spintronics, quantum computing, and the observation

of Majorana fermions [92, 93, 94]. Oxide heterostructures are attractive for inducing

phenomena through interfacial proximity, because the relevant phenomena, such as su-

perconductivity, high density 2DEGs, spin-orbit coupling [95, 96, 97, 98] (a result of

a breaking of inversion symmetry in the 2DEG) and magnetism can all be found in

a single materials class, the perovskites. This allows for high-quality epitaxial het-

erostructures.

Heterostructures composed of SrTiO3, SmTiO3 and GdTiO3 are excellent candi-

date materials in which to look for and exploit proximity effects, due to the rare earth

titanates magnetic properties, and the presence of the interfacial high density 2DEG

with 3 × 1014 cm−2 mobile carriers in the SrTiO3 [81, 45] (discussed in more detail

in Chapter 1). Thin (< 2 nm) quantum wells of SrTiO3 embedded in GdTiO3 show

magnetoresistance hysteresis at low temperatures (See Figure 4.1 and [5]).

The ferromagnetic properties of the quantum well are clearly distinct from those

of the GdTiO3. As can be seen in Figure 4.2 (Reference [5]), the coercive field of the

GdTiO3 at 2 K is about 0.02 T . The coercivity of the quantum well, which we associate

Parts of this chapter are reprinted with permission from Clayton A. Jackson and Susanne Stemmer,
Physical Review B 88, 180403(R) (2013), copyright 2013 by the American Physical Society.
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Figure 4.1: Longitudinal magnetoresistance for a 4 nm GdTiO3/ 0.8 nm SrTiO3/ 4 nm
GdTiO3 sample. The magnetic field is in the plane of the film and orthogonal to the
current. Reprinted with permission from Clayton A. Jackson and Susanne Stemmer,
Physical Review B 88, 180403(R) (2013), copyright 2013 by the American Physical
Society (Ref [2]).

with the minimum in the magnetoresistance hysteresis, appears at a much larger field,

around 0.1 T. The onset of hysteresis in the quantum wells occurs between 5 and 10

K, whereas the Curie temperature of the 4 nm GdTiO3 is ∼ 20 K. We also note that

ferromagnetism and metallic conduction do not coexist in the rare earth titanates [99].

Octahedral distortions, a requirement for ferromagnetism in the insulating rare earth

titanates [100], do not appear until the quantum wells are thinner than those investigated

here, and insulating [74].

It was conjectured that the hysteresis could be a result of proximity to the ferrimag-

netic GdTiO3, but study of the magnetic state of the SrTiO3 was not conclusive. It is

possible that the magnetism in the SrTiO3 is due to exchange coupling across the in-
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Tc

Hc

Figure 4.2: Magnetization as a function of temperature at 10 mT for a 4 nm GdTiO3/
1 nm SrTiO3/ 4 nm GdTiO3 heterostructure. The dotted line is a guide to the eye. The
inset shows the magnetization M as a function of magnetic field at 2 K. Reprinted figure
with permission from Pouya Moetakef, James R. Williams, Daniel G. Ouellette, Adam
P. Kajdos, David Goldhaber-Gordon, S. James Allen, and Susanne Stemmer, Physical
Review X 2, 021014 (2012), copyright 2013 by the American Physical Society (Ref
[5]) [doi].

terface. Theoretical calculations show that thin quantum wells tend towards ferromag-

netism [89, 12]. In this case, the SrTiO3 quantum well may exhibit anisotropic magne-

toresistance (AMR), typical of ferromagnets. An alternative explanation is that the re-

sistance hysteresis is a function of the magnetization orientation in GdTiO3, without the

SrTiO3 quantum well itself being ferromagnetic. The latter is a consequence of direct

and inverse spin Hall effects, called spin Hall magnetoresistance (SMR) [59, 60, 61].

Spin-orbit coupling is central to both SMR and AMR (see Methods Chapter). It is

known that spin related effects are evident in SrTiO3 2DEGs [98, 101]. Thus, it is
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possible for either AMR (for a ferromagnetic quantum well) or SMR (for a paramag-

netic quantum well) to occur. The two phenomena are distinguishable by the angular

dependence of the magnetoresistance on the orientation of the magnetic field [59].

4.2 Sample structure and measurement

GdTiO3/SrTiO3/GdTiO3 and SmTiO3/SrTiO3/SmTiO3 quantum well structures were

grown by hybrid molecular beam epitaxy on (001) LSAT crystals. The GdTiO3 based

quantum wells consisted of 4 nm top and bottom GdTiO3 layers, and 0.8 nm SrTiO3

(about three SrO layers [74]). The sample structure is featured in Figure 2.5. In con-

trast to GdTiO3, which is ferrimagnetic with a Curie temperature of ∼ 30 K in bulk

[1] and ∼ 20 K in the samples with 4 nm GdTiO3 [5], SmTiO3 is antiferromagnetic

with a Néel temperature of ∼ 50 K [43]. Electrical and structural characterization, as

well as growth details are described in Chapter 2 and elsewhere [5, 74, 102, 76]. The

carrier mobility was an order of magnitude higher than in conducting, doped GdTiO3

or SmTiO3, indicating that electrical transport occurs only in the SrTiO3 quantum well.

Further evidence comes from magnetotransport, SrTiO3-like Seebeck values [103], and

band offsets that favor charge transfer into the SrTiO3 [81, 46].

40 nm Ti/400 nm Au electrical contacts were deposited by electron beam evap-

oration in van der Pauw geometry with a shadow mask, with the Au contact being
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the topmost layer. Hall and Magnetoresistance data were collected using a Physical

Property Measurement System (Quantum Design PPMS Dynacool). The system’s re-

sistivity option was used for Hall and sheet resistance and the electrical transport option

for magnetoresistance. The latter utilizes an internal lock-in technique. For this mea-

surement, a frequency of 70.1 Hz and an averaging time of 20 s per measurement were

used. An external junction box allows assigning any function to any contact pad using

external cables, and was used to confirm that the same behavior was measured within

each possible contact geometry for a specific measurement geometry. The magnetore-

sistance was measured between ± 1 T, pausing every 0.016 T to collect data using the

internal lock-in. The sweep rate between data collection points was 0.015 T/s. Multiple

sweep rates were used in the measurement and no noticeable difference was detected.

Longer averaging times showed no appreciable change in the measured resistance. The

angular dependence of the magnetoresistance was characterized by varying the angles

α and β between the current, j, and the magnetic field, B. As shown in Figure 2.5, α

lies in the film plane (α = 0◦ for B and j parallel), while β is the angle between the film

plane and B (β = 0◦ if B lies in the film plane). A horizontal rotator was used to vary β.

The angle α was set to 0◦ or 90◦ by rotating the external leads and to 45◦ by adjusting

the placement of the sample on the mounting puck.

Contrary to what is expected for weak localization of a two-dimensional system, the

longitudinal magnetoresistance (Rxx) of all samples was negative at low temperatures,
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independent of whether the field was in or out of plane. Negative magnetoresistance

can, however, also be due to ferromagnetism or antiferromagnetism of the 2DEG [104,

105]. As can be seen in comparing the magnetoresistance of GdTiO3/SrTiO3/GdTiO3

and SmTiO3/SrTiO3/SmTiO3 (Figures 4.3 and 4.5, respectively) only the GdTiO3 con-

taining samples exhibited magnetoresistance hysteresis, superimposed on the negative

Rxx background. As can be seen in Figure 4.1, the onset temperature for the hystere-

sis is between 5 and 10 K. From the direct comparison of the magnetoresistance for

the SmTiO3 and GdTiO3 based structures, we can conclude that the presence of the

ferrimagnetic GdTiO3 is a necessary requirement for ferromagnetism in these samples.

4.3 Angular dependence of the magnetoresistance

Figure 4.3 shows the relative changes of longitudinal magnetoresistance ∆Rxx and

transverse magnetoresistance ∆Rxy (where ∆Rij = Rij(B)−Rij(0)), respectively, for

the GdTiO3/SrTiO3/GdTiO3 quantum well structure for three different values of α, at

β = 0◦. Hysteretic behavior is observed for all α, except for α = 0◦ in the planar Hall

geometry. Both the transverse and the longitudinal hysteresis show a reversal from

peak to dip with α. The relative changes are larger in Rxy, where the peak for α = 45◦

corresponds to a ∼ 20% change. The absolute changes were comparable, less than 1 Ω

for both Rxy and Rxx.
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As discussed in Chapter 2, we can distinguish between SMR and AMR by mea-

suring the longitudinal and transverse magnetoresistance, (Rxx) and Rxy, where Rij ∝

ρij)), and comparing the data with the following expressions [59, 89, 106].

SMR: ρxx = ρ0 −∆ρSm
2
y and ρxy = ∆ρSmxmy (4.1)

AMR: ρxx = ρ⊥ −∆ρAm
2
x and ρxy = ∆ρAmxmy (4.2)

where ρxx and ρxy are the longitudinal and transverse resistivities, ρ0 is a constant offset,

∆ρS the resistivity change from the SMR, ∆ρS = ρ‖ − ρ⊥, where ρ⊥ and ρ‖ are the

resistivity with magnetic field perpendicular and parallel to the current, respectively.

The magnetization orientations are

mx = cos(α) cos(β) and my = sin(α) cos(β) (4.3)

Comparing these expressions with the data featured in Figures 4.3 and 4.4, it is clear

that Rxx for β = 0◦ does not behave according to the SMR effect, because Rxx should

be maximized for α = 0◦ and minimized for α = 90◦, as ∆ρS > 0 always applies [89].

The experimental behavior instead shows that, at large fields, when the magnetization

should be parallel to B, Rxx decreases for α = 0◦ and increases for α = 90◦ (see Figure

4.3a). Rxx at β = 0◦ follows AMR behavior with ∆ρA < 0, for which the resistance
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should be maximized for α = 90◦ and minimized for α = 0◦. Rxy at β = 0◦ is also

consistent with AMR and ∆ρA < 0. In this case, Rxy should be maximized (positive)

for α = 135◦, minimized (negative) for α = 45◦, and zero for α = 0◦, exactly as is

observed, as can be seen in Figure 4.3b.

The two effects can be further distinguished by rotating the magnetization out of

plane while measuring the change in resistance at a fixed α. Figure 4.4 shows the β-

angle dependence of Rxx for α = 0◦ and α = 90◦, respectively, at three different values

of B. For AMR, ∆ρA < 0, and α = 0◦ we expect a cosine dependence on β, with Rxx

increasing, as β is increased, which is observed when B exceeds the demagnetization

field, evident in Figure 4.4a. In contrast, for SMR, Rxx should be independent of β for

α = 0◦.

The behavior at α = 90◦ is more complicated, because it shows a β-angle depen-

dence. For AMR and α = 90◦, Rxx should be independent of β. It is, however, also

inconsistent with SMR, for which changing β away from 0◦ should cause Rxx to in-

crease. It is likely the anisotropy in Rxx at α = 90◦ reflects the two-dimensionality of

the system, which may also contribute to the offset seen for α = 0◦, i.e., the minimum

of Rxx is shifted slightly from β = 0◦.

Data from the SmTiO3/SrTiO3/SmTiO3 quantum well structure is featured in Figure

4.5. This structure also shows a decrease in Rxx as β is changed from 0◦ to 90◦ for α =

90◦, confirming that the anisotropy is independent of ferromagnetism.
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4.4 Ferromagnetism in SrTiO3 quantum wells

The occurrence of AMR is consistent with an emergent conducting ferromagnetic

state in the SrTiO3 quantum well embedded in the GdTiO3 based structures. The results

also demonstrate the importance of spin-orbit coupling in these SrTiO3 quantum wells,

which is necessary for AMR. The ferromagnetism is related to the magnetic state of the

GdTiO3 and is likely a result of exchange coupling, as it does not appear in quantum

wells bound by SmTiO3. The origin of the negative AMR (∆ρA < 0) requires further

investigations into the microscopic mechanisms responsible. The negative AMR is also

observed in compressively strained, two-dimensional, magnetic III-V semiconductors

[107]. We note that the SrTiO3 quantum wells are under compressive strain from the

LSAT substrate. No anomalous Hall effect could be detected (see Figure 4.6), likely

because the AMR is relatively weak.

4.5 Chapter summary

In this chapter we investigated the angular dependence of the magnetoresistance

of thin (< 1 nm), metallic SrTiO3 quantum wells epitaxially embedded in insulating,

ferrimagnetic GdTiO3 and insulating, antiferromagnetic SmTiO3. We showed that the

longitudinal and transverse magnetoresistance in the structures with GdTiO3 are con-

sistent with anisotropic magnetoresistance, and thus indicative of induced ferromag-
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netism in the SrTiO3, rather than a non-equilibrium proximity effect. Comparison with

the structures with antiferromagnetic SmTiO3 showed that the properties of thin SrTiO3

quantum wells can be tuned to obtain magnetic states that do not exist in the bulk ma-

terial.

These results provide an incentive for future theoretical and experimental studies

that examine the influence of different parameters such as exchange, orbital character

and carrier density on the magnetism, its dependence on the thickness of the quantum

well, and its microscopic nature [100]. The structures show an emergent phenomenon,

namely, evidence of a metallic ferromagnetic state, that is a result of multiple compo-

nents of the system (dimensionality, the high density 2DEG, and the magnetic ordering

of GdTiO3) and show potential for combining correlated phenomena and engineering

novel states of matter. In the following chapter, we will examine in more detail the

effect of antiferromagnetic SmTiO3 in these quantum well structures.
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Figure 4.3: (a) Relative changes in the longitudinal magnetoresistance as a function
of in-plane angle α at β = 0◦. (b) Relative changes in the transverse magnetoresistance
as a function of in-plane angle α at β = 0◦. Reprinted with permission from Clayton A.
Jackson and Susanne Stemmer, Physical Review B 88, 180403(R) (2013), copyright
2013 by the American Physical Society (Ref [2]).
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Figure 4.4: β dependence of Rxx at magnetic fields of .1, .5 and 1 T for (a) α = 0◦

and (b) α = 90◦. Reprinted with permission from Clayton A. Jackson and Susanne
Stemmer, Physical Review B 88, 180403(R) (2013), copyright 2013 by the American
Physical Society (Ref [2]).
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Figure 4.5: Relative changes in Rxx for a SmTiO3/SrTiO3/SMTiO3 heterostructure.
The SmTiO3 layer thicknesses are 10 nm and the SrTiO3 layer thickness is 0.4 nm. The
field was swept from +9 to -9 and back to +9 T. No hysteresis is observed. Reprinted
with permission from Clayton A. Jackson and Susanne Stemmer, Physical Review B
88, 180403(R) (2013), copyright 2013 by the American Physical Society (Ref [2]).

Figure 4.6: Hall resistance Rxy with β = 90◦ for both GdTiO3 and SmTiO3 based
structures described in the text. Reprinted with permission from Clayton A. Jackson
and Susanne Stemmer, Physical Review B 88, 180403(R) (2013), copyright 2013 by
the American Physical Society (Ref [2]).
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5.1 Introduction

Significant interest has developed in two-dimensional systems near a quantum crit-

ical point (QCP) because they are believed to promote the emergence of new ordered

states, such as high-temperature superconductivity [20, 21]. Spin fluctuations in antifer-

romagnetic two-dimensional itinerant systems have been discussed as a possible avenue

for high-Tc superconductors [108]. The nature of electronic quasipaticles is altered by

interactions with quantum critical fluctuations associated with a quantum phase transi-

tion, causing phenomena such as non-Fermi liquid behavior [63, 109, 110]. A generic

depiction of a phase diagram for a quantum critical system is featured in Figure 5.1,

where the x-axis is the control parameter and the y-axis is the temperature. Because

of the atomic-layer precision control of their growth, oxide thin film heterostructures

offer new ways to test the theoretical understanding of quantum criticality that are not

possible with bulk materials. Heterostructures offer the possibility of tuning system

dimensionality by changing layer thicknesses and utilizing electrostatic confinement,

as well as taking advantage of proximity effects [66], the likes of which were discussed

in Chapter 4. Electrostatic doping also acts to reduce effects from disorder scattering,

which can confound the underlying physics [111, 112, 113].

Parts of this chapter are reprinted by permission from Macmillan Publishers Ltd: Nature Commu-
nications, 5:4258, Clayton A. Jackson, Jack Y. Zhang, Christopher R. Freeze and Susanne Stemmer,
copyright (2014).
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Figure 5.1: Generic phase diagram for systems exhibiting quantum criticality.

In this chapter, we demonstrate non-Fermi liquid behavior in thin SrTiO3 quantum

wells embedded in insulating SmTiO3 (an antiferromagnetic Mott insulator with a Néel

temperature of ∼ 50 K [114]), as a function of temperature, quantum well thickness,

and SmTiO3 layer thickness in superlattices. As discussed in Chapters 3 and 4, at suf-

ficiently small quantum well thicknesses, the SmTiO3 insulator that interfaces with the

quantum well influences the symmetry of the quantum well and the magnetism of the

system, which are intimately linked [5, 2, 4, 115]. We show that the width (which
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influences octahedral distortions and effective three-dimensional carrier densities) of

the electron system is a tuning parameter for non-Fermi liquid behavior. Compelling

evidence for the presence of a quantum critical point and, in the case of the thinnest

quantum wells, transition to an itinerant antiferromagnetic phase are presented. In-

creasing the thickness by a single atomic layer or allowing for interlayer interaction in

superlattices both recover Fermi liquid behavior over a wide temperature range. The

exponents of the temperature dependence, the symmetry of the order parameter, and the

spatial dimensions of the critical fluctuations are discussed and the results are compared

with those of quantum wells embedded in ferrimagnetic GdTiO3.

Sample structures

SmTiO3/SrTiO3/SmTiO3 structures were grown by hybrid molecular beam epitaxy

[81] on (001) LSAT substrates. The quantum well thickness was confirmed by Jack

Zhang using scanning transmission electron microscopy. Contacts were deposited by

electron beam evaporation using shadow masks for electrical measurements in either

Van der Pauw (on as-grown 1 × 1 cm2 samples) or Hall bar geometry and consisted of

40 nm Ti/400 nm Au, with the Au being the top layer.

Two types of SmTiO3/SrTiO3/SmTiO3 structures were investigated. The first con-

tained single SrTiO3 quantum wells embedded in 20-nm-thick insulating SmTiO3 (10

nm on each side). Throughout this chapter, the thickness of the SrTiO3 quantum wells
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Figure 5.2: Cross-section high-angle annular dark-field scanning transmission elec-
tron microscopy image (STEM) of a single SrO layer embedded in SmTiO3, corrected
for sample drift. The scale bar is 2 nm. Image taken by Jack Zhang. Reprinted by
permission from Macmillan Publishers Ltd: Nature Communications, 5:4258, Clayton
A. Jackson, Jack Y. Zhang, Christopher R. Freeze and Susanne Stemmer, copyright
(2014).

is specified by their number of SrO layers, ranging from 1- and 5-SrO layer(s). The

second sample set were superlattices consisting of a single SrO layer in each repeat

unit, given by [x SmTiO3/1-SrO]y, where x is the number of pseudocubic SmTiO3 unit

cells (u.c.) (the pseudocubic lattice parameter of SmTiO3 is ∼ 0.39 nm [43]) and y

is the number of repeats. Each superlattice was capped with a SmTiO3 layer with the

same thickness as the SmTiO3 in the repeat layer. The SmTiO3 thickness (x) was varied

between 1.5 and 16 u.c in the superlattice samples.
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Figure 5.3: Resistivity as a function of temperature for a 10 nm thick SmTiO3 film
grown on LSAT. Inset shows same data set vs. 1/T from which an activation energy of
0.11 eV is calculated. Bulk polycrystalline SmTiO3 has an activation energy of 0.15
eV. Reprinted by permission from Macmillan Publishers Ltd: Nature Communications,
5:4258, Clayton A. Jackson, Jack Y. Zhang, Christopher R. Freeze and Susanne Stem-
mer, copyright (2014).

The total sheet resistance of the single quantum well structures has a negligible

contribution from the SmTiO3 layers, made evident by Figure 5.3, where the resistivity

of a 10 nm thick SmTiO3 film is shown (∼ 0.08 Ω cm at 300 K and ∼ 410 Ω cm at 100

K. The measurement apparatus could not obtain a reliable value below 100 K because

they were too insulating). All quantum wells, even a single SrO layer, contained ∼

7 × 1014 cm−2 mobile carriers (see Figure 5.4). Figure 5.2 shows a representative

atomic resolution scanning transmission electron microscopy (STEM) image of a single

SrO layer. The thinnest (< 3-SrO layers) quantum wells show symmetry-lowering,

orthorhombic-like structural distortions [4].
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5.2 Constructing a phase diagram for single quantum

well structures

Resistance data were collected using a Physical Property Measurement System

(Quantum Design PPMS Dynacool). Samples measured in Hall bar geometry were

also measured in Van der Pauw geometry before processing them into Hall bar struc-

tures, and the two measurements agreed quantitatively (see Methods chapter). The data

shown in Figures 5.5 and 5.10 is from two different 1-SrO quantum well structures,

which showed similar transport properties and critical temperature exponents n. All fits

of the temperature-dependent resistance were performed using a Levenberg-Marquardt

non-linear least squares method with IGOR Pro data analysis software. The Tables

5.1 and 5.2 show fitting results obtained for the temperature dependence of the sheet

resistance Rs for the SmTiO3/SrTiO3/SmTiO3 single-quantum wells (Table 1) and su-

perlattices (Table 2). The standard deviation for each fit parameter is shown, as well as

the R2 values for the linear fits shown in Figures 5.5 and 5.7, which use the n values

stated in the Tables.

The sheet resistanceRs as a function of Tn for the single-quantum well samples with

different quantum well thicknesses is shown in Figure 5.5, where T is the temperature.

Fitting was made to equations of formRs = R0 +AT n, from which the exponent nwas

determined. R0, A and n are fit parameters (see Methods chapter). R0 is the residual
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No. of

layers T range (K) R0 (Ω/square) A (Ω/square K−n) n R2 for Tn fit Data points

1 26-300 1776±17 0.404±0.054 1.586±0.023 0.999186 (n=5/3) 91

2 17-116 392.7±1.3 0.0136±0.0028 2.003±0.043 0.999593 (n=2) 33

2 116-300 353.7±0.8 0.107±0.001 1.607±0.002 0.999952 (n=5/3) 61

3 17-153 366.3±1.2 0.00831±0.00141 2.045±0.034 0.999561 (n=2) 45

3 153-300 335.9±1.2 0.0549±0.0012 1.692±0.004 0.999994 (n=5/3) 49

4 17-168 333.6±1.4 0.0102±0.0017 2.004±0.032 0.999608 (n=2) 50

4 168-300 279.6±0.4 0.110±0.001 1.571±0.001 0.999950 (n=5/3) 44

5 7-191 207.8±1.9 0.0102±0.0027 2.000±0.051 0.999418 (n=2) 41

5 191-300 151.0±0.5 0.0801±0.0006 1.633±0.001 0.999996 (n=5/3) 18

Table 5.1: Fit results for single-quantum well structures with different thicknesses in
different temperature ranges. Reprinted by permission from Macmillan Publishers Ltd:
Nature Communications, 5:4258, Clayton A. Jackson, Jack Y. Zhang, Christopher R.
Freeze and Susanne Stemmer, copyright (2014).

No. of

unit cells T range (K) R0 (Ω/square) A (Ω/square K−n) n R2 for Tn fit Data points

1.5 11-159 3.468±0.005 1.09e-4±7e-6 1.993±0.012 0.99994 (n=2) 49

5 23-141 8.16±0.02 2.14e-4±3.0e-5 1.999±0.028 0.99981 (n=2) 39

8 26-135 13.09±0.05 3.34e-4±7.4e-5 2.008±0.045 0.99958 (n=2) 36

12 26-135 31.5±0.2 7.42e-4±2.26e-4 2.013±0.061 0.99921 (n=2) 36

16 59-300 179±4 0.252±0.058 1.222±0.039 0.99900 (n=1.2) 80

16 41-168 190±4 0.138±0.036 1.321±0.044 0.99829 (n=4/3) 86

Table 5.2: Fit results for superlattice structures with different SmTiO3 spacer layer
thickness in different temperature ranges. Reprinted by permission from Macmillan
Publishers Ltd: Nature Communications, 5:4258, Clayton A. Jackson, Jack Y. Zhang,
Christopher R. Freeze and Susanne Stemmer, copyright (2014).
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sheet resistance and A is the temperature coefficient. The lines in Figure 5.5 are for

fixed n values of 2 and 5/3, respectively. The standard deviation for the fits with n as

a parameter and the coefficients of determination (R2 values) for the fits with fixed n

are a testament to the quality of fit (see Tables 5.1 and 5.2). Figure 5.5a shows that

all quantum wells except the 1-SrO layer follow a T 2 (Fermi liquid) behavior below

a transition temperature (given in the labels). Above the transition temperature, the

exponent in the temperature dependence changes to n = 5/3 (Figure 5.5b). Rs of the

1-SrO layer follows a T 5/3 dependence with no transition, as shown in Figure 5.5b. All

Rs show an upturn at low temperatures that will be discussed in more detail later in this

chapter. Data were only fitted above the Rs minimum. Non-Fermi liquid behavior is

indicative of an electron system that is near a QCP [110].

A phase diagram is featured in Figure 5.6 where the circles show the transition

temperatures between Fermi liquid and non-Fermi liquid regimes. The x-axis (tuning

parameter) is the number of SrO layers in the quantum wells. The 1-SrO quantum well

shows non-Fermi liquid behavior over a broad temperature range, consistent with quan-

tum fluctuations that persevere to high temperatures. As can also be seen from Figure

5.5 and Table 5.1 the transition temperature monotonically decreases with decreasing

quantum well thickness from ∼ 190 K (5-SrO layers) to ∼ 120 K (2-SrO layers) to no

transition above the temperature of the resistance upturn for the 1-SrO layer quantum

well. Thus, analogous to the pressure, magnetic fields, or doping used in bulk, the
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width of the quantum well is the tuning parameter for non-Fermi liquid behavior. This

phase diagram has characteristics similar to other systems that exhibit quantum critical

behavior, in which a larger region of the phase diagram is controlled by the QCP with

decreasing temperature.

Superlattices

Figure 5.7 shows results from the superlattices. Previous work in the GdTiO3 sys-

tem implies that reducing the thickness of SmTiO3 should result in a suppression of

octahedral rotations [74]. Since the octahedral tilts of the SmTiO3 influence the degree

of tilt in the quantum well [4, 3], it stands to reason that the structure and transport

are correspondingly modified. As can be seen from Figure 5.7, the sheet resistance

scales monotonically with the thickness of the SmTiO3 layers. As discussed in Chapter

3, magnetism is gradually suppressed in thinner layers, as was previously shown for

thin (< 3.5 nm) ferrimagnetic GdTiO3 layers [3]. It is apparent from Figure 5.7 that

all superlattices display Fermi liquid behavior over a broad temperature range with the

exception of the one with 16 u.c. SmTiO3 (∼ 6.2 nm thickness). Rs of the superlattice

with 16 u.c. SmTiO3 layers follows a T 4/3 dependence (high-quality fits to n of ∼ 1.2

were also obtained, excluding the points near the resistance minimum). The superlat-

tice data indicate that disorder is not the origin of the non-Fermi liquid behavior, since

the same amount of disorder (that is, interface roughness or point defects) should be
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No. of

SrO layers R0 (Ω/square) A (Ω/square K−n) n R2 for Tn fit

3 1049.7±8.19 0.020507±0.00634 2.0529±0.0584 0.999586 (n=2)

4 379.67±2.09 0.021129±0.00329 1.8987±0.0293 0.999702 (n=2)

5 415.34±2.56 0.011095±0.00236 2.0155±0.0401 0.99964 (n=2)

7 171.33±1.46 0.011358±0.00182 1.9881±0.0305 0.999744 (n=2)

Table 5.3: Fitting parameters for GdTiO3/SrTiO3/GdTiO3. All fits were of the form
R0 + AT n. Reprinted by permission from Macmillan Publishers Ltd: Nature Com-
munications, 5:4258, Clayton A. Jackson, Jack Y. Zhang, Christopher R. Freeze and
Susanne Stemmer, copyright (2014).

present in all samples, regardless of the spacing between the quantum wells. Further-

more, n = 2 for all quantum wells in GdTiO3 [80], as can be seen in Table 5.3, which

are grown under comparable conditions and show similar interface roughness [4].

The value of n is a function of the symmetry of the order parameter and the di-

mensionality of the fluctuations [21]. A value of 5/3 observed for the quantum wells

embedded in thick SmTiO3 is expected for an order wavevector Q = (0,0,0) [19]. Thin

quantum wells and SmTiO3 both have orthorhombic symmetry, with a u.c. that is dou-

bled along the parent cubic axes [4]. Thus, the order vector is not Q = (1/2,1/2,1/2) as

for a simple cubic antiferromagnet, but Q = (0,0,0), when referred to the orthorhombic

cell. The superlattice consisting of 1-SrO layers embedded in 16 u.c. SmTiO3 lay-

ers shows an n of 4/3, which is the value expected for a 2D system with Q = (0,0)

[19]. It appears that narrowing of the SmTiO3 layers reduces the dimensionality of the

fluctuations, which determines n, irrespective of the quasiparticle dimensionality. This
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disconnect between quasiparticle collective behavior has been observed in bulk materi-

als [116]. Further investigations are needed to confirm the interpretation of the change

in the exponent in the superlattices, since the transport properties are clearly modified.

For thinner SmTiO3 layers in the superlattices, we speculate that reduced octahedral

tilts and/or wave function overlap of the quantum wells drive the system further from

the QCP, recovering Fermi liquid behavior.

Reducing the quantum well thickness increases the 3D carrier density, which brings

the quantum well into a regime where on-site Coulomb interactions become relevant

[80, 115]. The change in 3D carrier density can be as large as an order of magnitude

with a thickness change of just a single SrO layer (see Figure 5.9). Reducing the thick-

ness also impacts the octahedral tilts in the quantum well [4, 3]. The change in 3D

carrier density is thus accompanied by a change in the symmetry of the quantum well.

In particular, STEM studies (courtesy of Jack Zhang) have shown that structural dis-

tortions can be detected in the quantum wells with 2-SrO layers [4]. The symmetry

change can have a significant impact on the charge per u.c. and Coulombic interactions

in the quantum well [115].

In GdTiO3/SrTiO3/GdTiO3, we also observe a similar sensitivity to quantum well

thickness. An abrupt metal-insulator transition and a change in resistance by several

orders of magnitude is induced by changing the thickness by just 1-SrO layer (from 3-

to 2-SrO layers) [80, 4, 3, 91]. Quantum wells in GdTiO3 with thicknesses just above
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the metal-insulator transition are ferromagnetic (see Chapter 4). Mass enhancement is

seen in transport, but they do not deviate from Fermi liquid behavior [80, 2] as can be

seen from Figure 5.8 and Table 5.3. The SmTiO3/SrTiO3/SmTiO3 quantum wells show

no mass enhancement as can be seen from the A coefficient in Figure 5.9.

In addition, the SmTiO3 based structures are all conducting regardless of thick-

ness, show significantly smaller distortions in the quantum well [4], and compelling

evidence for quantum criticality. In general, there is a strong coupling between orbital

order, which correlates with the type of magnetic order [43, 37, 71, 72], and the degree

of structural distortions. It is possible that the degree of lattice distortion (and thus

the orbital order) determines the nature of the magnetic order in the phase diagram.

The degree of lattice distortion is a function of the adjacent rare earth titanate (greater

in the case of GdTiO3 relative to SmTiO3), quantum well thickness and superlattice

spacer layer thickness. In comparing results in Chapters 4 and 5, It is evident that only

proximity to an itinerant antiferromagnetic phase results in non-Fermi liquid behavior.

5.3 Magnetoresistance

Figure 5.10 shows the magnetoresistance of a 1-SrO single-quantum well sample.

The magnetic field B is in the plane of the film and the current is orthogonal to B.

Below ∼ 20 K, the magnetoresistance changes sign from weakly positive to negative.
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At low fields and temperatures (∼ 4 K), the magnetoresistance changes again. At 2

K, the magnetoresistance is positive up to a critical field, Bc (∼ 2.5 T), then becomes

negative for B > Bc. As shown in Figure 5.11 the positive magnetoresistance at low

fields becomes very weak as the thickness of the quantum well is increased by just

1-SrO layer and vanishes for thicker quantum wells.

Positive magnetoresistance can occur in antiferromagnets from the moments align-

ing antiparallel to B [117], and in spin density wave (SDW) systems from suppression

of the SDW by the magnetic field, leading to enhanced spin scattering. Positive magne-

toresistance has been observed in many SDW systems [118, 119, 120]. This suggests

that the QCP is located in the viscinity between the 1- and 2-SrO layer quantum wells,

as indicated in Figure 5.6. In Chapter 7, a method of further study is suggested to

ascertain the presence and type of magnetic order in the 1-SrO layers.

As illustrated in Figures 5.10 and 5.11 at low temperatures, all samples show an

increase in resistance, which was also seen in quantum wells in GdTiO3 [2]. The tem-

perature of the upturn is indicated by the dotted line in Figure 5.6. For all quantum

wells, a significant portion of the high-density electron system is located within the

first few TiO2 layers near the interface with the insulating magnet [121, 101]. The up-

turn in resistance could be attributed to scattering from those moments as they align

with lower temperature. The upturn in the resistance is less pronounced for thicker

quantum wells, possibly due to a larger spread of the electron gas further away from
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the interface. This is a separate effect that does not affect the main conclusions of this

chapter. Weak localization can also produce a negative magnetoresistance in 2D sys-

tems [122] and has been observed in SrTiO3 [98, 123, 124, 125], but it only appears as

a correction to the resistances close to strong localization (Rs ∼ 25 K Ω/square).

5.4 Chapter summary

In summary, we have shown compelling evidence in electrical transport that two-

dimensional, high-density electron systems in oxide heterostructures can exhibit quan-

tum critical behavior. This behavior can be tuned by altering the quantum well width

and spacing between quantum wells, which influences both the effective three-dimensional

carrier density, symmetry and interaction between neighboring quantum wells. These

heterostructures create opportunity for exploration of non-Fermi liquid behavior. Anal-

ogous to bulk quantum critical materials, other tuning parameters may give access to

nearby QCPs, such as strain or growth on different substrate orientations.
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Figure 5.4: Hall sheet carrier densities per interface for superlattices and single quan-
tum wells. The thickness of the SmTiO3 layer in the superlattice structure is specified
in unit cells (u.c.) while the width of the quantum wells is specified by the number of
SrO layers. The carrier densities are calculated assuming a single carrier type where
n2D = 1/(eRH). At room temperature, carriers at different distances from the interface
have approximately the same mobility limited by phonon scattering. Thus, it is reason-
able to assume the single carrier model yields an accurate estimate of the real carrier
density. At lower temperatures, carriers in different subbands with differing proximity
to the interface will have various mobilities, leading to apparent changes in the ef-
fective 2D density. Reprinted by permission from Macmillan Publishers Ltd: Nature
Communications, 5:4258, Clayton A. Jackson, Jack Y. Zhang, Christopher R. Freeze
and Susanne Stemmer, copyright (2014).
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Figure 5.5: a) Rs on a T 2 scale below the transition temperature to non-Fermi liquid
behavior. Linear fits are of the form R0 + AT 2. b) Rs above the transition temper-
ature plotted on a T 5/3 scale. Linear fits are of the form R0 + AT 5/3. Reprinted by
permission from Macmillan Publishers Ltd: Nature Communications, 5:4258, Clayton
A. Jackson, Jack Y. Zhang, Christopher R. Freeze and Susanne Stemmer, copyright
(2014).

70



Chapter 5. Quantum Criticality in Complex Oxide Heterostructures

Figure 5.6: Phase diagram showing Fermi/non-Fermi liquid behavior vs quantum well
width. Reprinted by permission from Macmillan Publishers Ltd: Nature Communica-
tions, 5:4258, Clayton A. Jackson, Jack Y. Zhang, Christopher R. Freeze and Susanne
Stemmer, copyright (2014).
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Figure 5.7: a)Rs as a function of T 2 for superlattice structures composed of single SrO
layers separated by different SmTiO3 layer thicknesses, specified in unit cells. Linear
fits are of the form R0 + AT 2. The number of repeats are 14 for 1.5, 5 and 8 u.c. and
8 for 12 u.c.. b) Rs vs T 4/3 for the 16 u.c. structure. The linear fit is of the form
R0 + AT 4/3. The number of repeats is 6. The sheet resistance is given per SrO layer
for all structures. Reprinted by permission from Macmillan Publishers Ltd: Nature
Communications, 5:4258, Clayton A. Jackson, Jack Y. Zhang, Christopher R. Freeze
and Susanne Stemmer, copyright (2014).
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Figure 5.8: Rs as a function of T 2 for a sample series of GdTiO3/SrTiO3/GdTiO3

quantum wells with different SrTiO3 layer thickness, given in number of SrO layers.
The lines are a fit of the form R0 + AT 2. Reprinted by permission from Macmillan
Publishers Ltd: Nature Communications, 5:4258, Clayton A. Jackson, Jack Y. Zhang,
Christopher R. Freeze and Susanne Stemmer, copyright (2014).
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Figure 5.9: Temperature coefficientA in the Fermi liquid regime vs. 3D carrier density
in the single quantum well structures. The 3D density is calculated by dividing the room
temperature 2D Hall density by the width of the quantum well. A continuous decrease
is expected if there is no mass enhancement. Reprinted by permission from Macmillan
Publishers Ltd: Nature Communications, 5:4258, Clayton A. Jackson, Jack Y. Zhang,
Christopher R. Freeze and Susanne Stemmer, copyright (2014).
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Figure 5.10: Temperature dependence of the magnetoresistance for a single SrO layer
embedded in SmTiO3. The magnetic field was swept from +9 to -9 and back to +9
T. Reprinted by permission from Macmillan Publishers Ltd: Nature Communications,
5:4258, Clayton A. Jackson, Jack Y. Zhang, Christopher R. Freeze and Susanne Stem-
mer, copyright (2014).
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Figure 5.11: Relative magnetoresistance for 1, 2 and 3 SrO thick quantum wells. For
all measurements, B was swept from +9 to -9 and back to +9 T. The magnetic field
was in the plane of the film and orthogonal to the current. reprinted by permission
from Macmillan Publishers Ltd: Nature Communications, 5:4258, Clayton A. Jack-
son, Jack Y. Zhang, Christopher R. Freeze and Susanne Stemmer, copyright (2014).
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6.1 Introduction

In this chapter, we focus on application driven experiments in the SrTiO3/GdTiO3

system. In particular, emphasis is placed on utilizing the high density 2DEG at the

interface for transistor device applications, relevant in fields such as power condition-

ing, microwave communications and radar electronics [126]. This Chapter begins with

work in capacitance-voltage analysis, in which a one-dimensional, resistive transmis-

sion line model is used to determine C-V characteristics from the frequency dependent

admittance. The results yield an estimate for the field dependent dielectric constant of

the SrTiO3 layer, the degree of modulation of the 2DEG by the maximum applied volt-

age, and an upper limit of the unintentional dopant density in the SrTiO3. The chapter

closes with a brief review of collaborative work in developing a high-performance field

effect transistor in the SrTiO3/GdTiO3 system.

6.2 Capacitance-Voltage Analysis

Characterizing the spatial extent of the charge carriers at the Mott/band Interface

[127, 128, 81, 12] is of great importance to understand the nature of the 2DEG in

this system. Additional carriers may be present as a result of the reducing growth

Parts of this chapter are reprinted with permission from Appl. Phys. Lett. 100, 232106 (2012), by
Clayton A. Jackson, Pouya Moetakef, S. James Allen and Susanne Stemmer. Copyright (2012), AIP
Publishing LLC.

78



Chapter 6. Devices

conditions (see chapter on methods). In addition, gating control of these high charge

carrier densities is the first step in realizing field-effect devices [129]. In capacitance-

voltage (C-V) profiling, the depletion width, t, of a reverse-biased Schottky barrier is

changed by an applied voltage. This is a well-established method for characterizing the

carrier density distribution of semiconductor heterojunctions [130]. To determine the

depletion width from the admittance, the series resistance [131] must be accounted for.

In this section, we report on applying C-V analysis to SrTiO3/GdTiO3 interfaces.

SrTiO3/GdTiO3 heterostructures were grown on (001) LSAT single crystals by hy-

brid MBE as described in detail elsewhere (See Methods Chapter and [81, 132]). The

SrTiO3 and GdTiO3 layers were 40 nm and 8 nm thick, respectively. Coplanar C-V

structures were fabricated by e-beam evaporation of 50-nm-thick Au Schottky gate con-

tacts and Ohmic Al/Ni/Au contacts of thickness 50/20/150 nm (see Figure 6.1a). Each

of the three contacts measured 130 µm × 150 µm and their separation was 50 µm. I-V

characteristics were measured at 300 K and 221 K using a HP 4155B semiconductor

parameter analyzer (Hewlett Packard, Palo Alto, CA) and cryogenic wafer probe station

(MMR technologies, Mountain View, Ca). The source-drain (Ohmic) and source-gate

(Schottky) current-voltage (I-V) characteristics are shown in Figure 6.1 b and c. The

I-V curves show a decrease in leakage with temperature, and are nearly symmetric with

respect to the applied gate bias. An impedance analyzer (Agilent model 4294A, Palo

Alto, CA) was used to measure the complex impedance and admittance as a function
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of frequency (40 Hz - 100 MHz) at different DC bias voltages applied to the gate. Both

forward and reverse bias measurements were made on multiple devices. The amplitude

of the AC signal was 100 mV for all measurements. To further minimize thermionic

emission across the Schottky barrier, measurements were carried out at ∼ 130 K using

a cryogenic wafer probe station (RMC Cryosystems, Tucson, AZ) . The temperatures

at which impedance and I-V characteristics were measured were set by the lower limits

of the apparatus used.

A one-dimensional transmission line model was used to quantify gate conductance,

capacitive and dielectric loss for a wide range of applied biases and measurement fre-

quencies. Using this model, C-V characteristics could be determined from the fre-

quency dependent admittance. In this model, the complex admittance beneath the gate

is given by:

Ygate =
2l

kt
(σ + iωε0εr) tanh(

kw

2
) (6.1)

where l and w are the dimensions of the gate, σ the conductivity of the gate due to

leakage, ω is the radial frequency, ε0 the permattivity of free space, εr the dielectric

constant and k is given by:

k =

√
(
ρ

t
(σ + iωε0εr)) (6.2)
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where ρ is the sheet resistance. The total device admittance is given by:

Ytotal = (
ρ

3
+

1

Ygate
)−1 (6.3)

where the ρ/3 term is a geometry-dependent series resistance accounting for all resistive

elements between the source and gate, including contact resistance. The prefactor of

1/3 was obtained from fitting of the data. The fitting of the device admittance as a

function of frequency was done using σ/t, ρ and εr/t as fit parameters. Prior to device

fabrication, the as-grown structure’s sheet resistivity vs temperature was measured in

Van der Pauw geometry [81, 132], and ρ (Figure 6.2a) was in close agreement with

these measurements. This implies a negligible contribution to the series resistance from

contact resistance, an indicates the processing steps were not invasive to the transport

properties of the films. The fitted conductivity under reverse bias (Figure 6.2b) shows a

significant increase at -0.2V, and was consistent with the resistance estimated from the

source-gate I-V curve, assuming a fully depleted SrTiO3 layer of 40 nm.

Figure 6.2c shows the C-V characteristics determined from the εr/t fit parameter,

where C = (ε0εr/t)A. The capacitance changes by less than 2 mF/m2 between 0 and

- 0.5 V, indicating that the depletion width does not change with bias, and that the

high density 2DEG cannot be significantly modulated by the applied gate bias under

these conditions. For a 40 nm-thick fully depleted SrTiO3 layer, an upper limit for the

dielectric constant of the SrTiO3 of approximately εr ∼ 125 can be established, which is
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much lower than the dielectric constant of bulk SrTiO3 at 130 K (∼ 1000 [133, 134]).

The dielectric constant of SrTiO3 is sensitive to applied bias [135], strain [23] and

possibly oxygen deficiency. The SrTiO3 films in this study were all coherently strained

to the LSAT substrate [81] and are therefore under compressive strain, which should

increase the out-of-plane dielectric permittivity [23]. For a Schottky barrier height of

1 eV [136], the field, E, across the SrTiO3 layer is 2.5 × 107 V/m. At this field, the

tunability, n of SrTiO3 is estimated to be ∼ 11, where n = εr(0)/εr(E) and εr(0) is

the dielectric constant at zero field [135]. This is more than sufficient to account for

the suppressed dielectric constant. In addition, local electric fields generated by the

high-density 2DEG at the SrTiO3/GdTIO3 interface are an order of magnitude larger

(∼ (qn2DEG)/(εrε0), where q is the electron charge), acting to further suppress the

dielectric constant at the interface. This also results in a nonuniform permattivity.

The fraction of the 2DEG charge carrier density, n2DEG, that can be modulated is

given by:

n2DEG =
ε0εrV

qt
. (6.4)

For an applied bias of V = - 0.5V and with εr = 125, n2DEG is ∼ 8.6 × 1012 cm−2,

∼ 2.5% of the 2DEG sheet carrier density.
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The results can also be used to estimate the unintentional dopant density resulting

from the oxygen difficient growth conditions in the SrTiO3. The depletion width of a

Schottky barrier is given by:

t =

√
2ε0εrφ

qNd

(6.5)

where φ is the barrier height and Nd the dopant density. For a barrier height of 1 eV

[136] and εr = 125, the upper limit for Nd is ∼ 8.6 × 1018 cm−3. The low carrier den-

sity in the bulk of SrTiO3, compared to the 2DEG density of ∼ 3 × 1014 cm−2 explains

why SrTiO3/GdTiO3 heterostructures and superlattices show no thickness dependence

of the sheet carrier density for SrTiO3 thicknesses up to 200 nm [81, 103].

6.3 SrTiO3/GdTiO3 field effect transistors

Oxide materials provide many advantages in field effect transistor performance rel-

ative to more traditional semiconductor materials; The high charge density of ∼ 3 ×

1014 cm−2 is an order of magnitude larger than achievable 2DEG densities in semicon-

ductors [126, 137], ideal for high power applications. In addition, the large dielectric

constants of oxides allow for greater charge modulation, as evident by equation 6.4,

where the charge modulated n2DEG is directly proportional to the dielectric constant εr.
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It is evident from the previous work in C-V analysis that one of the greater chal-

lenges in this materials system is the modulation of high charge carrier densities. Re-

cent work has made significant progress toward this goal [137, 138]. In these studies,

an “inverted” structure is adopted, consisting of LSAT/GdTiO3/SrTiO3. The inverted

structure is advantageous in that it places the gate on the higher dielectric constant

material, SrTiO3. It also allows for a reduced gate-channel distance, increasing the

intrinsic gate-source capacitance and transconductance relative to any parasitic capaci-

tance, enhancing gain. Initial work showed that an O2 plasma exposure prior to the gate

deposition dramatically improved the rectifying behavior of the gate [137]. However,

these studies were limited to a total modulation of ∼ 20%.

Further study has revealed the presence of interfacial layers with lower capaci-

tances, lowering the effective capacitance of the entire layer. Counterintuitively, by

increasing the thickness of the SrTiO3 layer, the effect of the interfacial layer can be

reduced, yielding a higher total effective capacitance and higher charge modulation.

With this approach, collaborators have effectively modulated over 1014 cm−2 electrons,

the highest charge modulation ever reported [138].
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6.4 Chapter summary

In summary, we have shown that C-V analysis of high-density 2DEGs at Mott/band

insulator interfaces requires accounting for the conductance and sheet resistance of the

structures and allows for determining the dielectric constant of the SrTiO3 layer and

estimates of the bulk dopant density. These results provide for an estimate of the degree

to which interfacial charge carriers at the interface can be modulated by an applied gate

voltage. In addition, we have shown that improved processing techniques and structural

design can dramatically improve the transistor performance of SrTiO3/GdTiO3 based

heterostructure devices.
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Figure 6.1: (a) Device structure. (b) Source-Gate I-V characteristics at room temper-
ature and at 221 K. (c) Source-drain I-V characteristics at room temperature. Reprinted
with permission from Appl. Phys. Lett. 100, 232106 (2012), by Clayton A. Jack-
son, Pouya Moetakef, S. James Allen and Susanne Stemmer. Copyright (2012), AIP
Publishing LLC.
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Figure 6.2: (a) Sheet resistance ρ as a function of voltage applied to the schottky gate.
(b) Fit parameter ρ/t vs. voltage. (c) C-V characteristics extracted from the fit param-
eter εr/t. Reprinted with permission from Appl. Phys. Lett. 100, 232106 (2012), by
Clayton A. Jackson, Pouya Moetakef, S. James Allen and Susanne Stemmer. Copy-
right (2012), AIP Publishing LLC.
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Figure 6.3: I-V characteristics of Schottky contacts with and without a 30 minute O2

exposure. Reprinted with permission from Appl. Phys. Lett. 102, 242909 (2013),
by M. Boucherit, O. F. Shoron, T. A. Cain, C. Jackson, S. Stemmer, and S. Rajan,
Copyright (2013), AIP Publishing LLC.
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Figure 6.4: (a) Measured output characteristics for SrTiO3/GdTiO3 heterostructure
field-effects transistor. (b) Transconductance profile of the SrTiO3/GdTiO3 structure
(labeled HEMT). Also shown for comparison is a metal-semiconductor field effect tran-
sistor (MESFET) consisting only of SrTiO3 for comparison. Reprinted with permission
from Appl. Phys. Lett. 104, 182904 (2014) M. Boucherit, O. Shoron, C. A. Jackson, T.
A. Cain, M. L. C. Buffon, C. Polchinski, S. Stemmer, and S. Rajan, Copyright (2014),
AIP Publishing LLC.
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7.1 Summary

The intent of this dissertation has been to study the relationships between emer-

gent phenomena and heterostructures and to develop controllable states using advanced

growth and characterization techniques. The systems studied were Mott/band insula-

tor heterostructures composed of SmTiO3/SrTiO3 and GdTiO3/SrTiO3. The first two

Chapters provided the reader with a motivational introduction and overview of materi-

als properties of interest. Hybrid molecular beam epitaxy was discussed as the primary

method to produce thin film heterostructures and it was shown that electrical transport

characterization methods can be used to characterize the novel structures of interest

throughout this work.

In Chapter 3, heterostructures composed of SrTiO3/SmTiO3 and SrTiO3/GdTiO3

were studied in order to better understand the role that strain and octahedral connec-

tivity has on orbital order and the structural Ti-O array as it pertains to magnetism

and transport. For thin GdTiO3 layers sandwiched between SrTiO3, it was found that

suppression of ferromagnetism is coincident with the thinning of the GdTiO3, and is

gone entirely at a thickness of 2.0 nm. The results indicate that the FM ground state

is controlled by the narrow bandwidth, exchange and orbital ordering. For SrTiO3

embedded in SmTiO3 and GdTiO3, a decrease in film thickness, which relates to the

degree of distortion in the film, corresponds with a metal-insulator transition if the
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material in which it is embedded has sufficient distortion, made evident in comparing

SmTiO3/SrTiO3/SmTiO3 and GdTiO3/SrTiO3/GdTiO3 heterostructures.

Prior to this work, emergent magnetic states have been observed in Mott/band het-

erostructures, but the influence of proximity effects and exchange coupling was not

fully resolved. Chapter 4 was dedicated to the investigation of proximity effects in

heterostructures using the angular dependence of the magnetoresistance of thin (< 1

nm), metallic SrTiO3 quantum wells epitaxially embedded in GdTiO3 and SmTiO3.

It was shown that the longitudinal and transverse magnetoresistance in the structures

with GdTiO3 are consistent with anisotropic magnetoresistance, and thus indicative of

induced ferromagnetism in the SrTiO3. Comparison with the structures with antifer-

romagnetic SmTiO3 showed that the properties of thin SrTiO3 quantum wells can be

tuned to obtain magnetic states that do not exist in the bulk material.

Another goal of this work was to better understand the effect of magnetically or-

dered layers on neighboring low-dimensional itinerant systems. Chapter 5 discussed the

emergence of novel states with a focus on compelling evidence that two-dimensional,

high-density electron systems in oxide heterostructures can exhibit quantum critical

behavior. It was shown that the observed behavior was a function of quantum well

width and spacing between quantum wells, which influenced both the effective three-

dimensional carrier density, symmetry and interaction between neighboring quantum

wells.
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In Chapter 6, it was shown that C-V analysis of high-density 2DEGs at Mott/band

insulator interfaces requires accounting for the conductance and sheet resistance of the

structures and allows for determining the dielectric constant of the SrTiO3 layer and

estimates of the bulk dopant density. Using C-V analysis, we were able to estimate

the degree to which interfacial charge carriers can be modulated by an applied gate

voltage. It was also shown that improved processing techniques and heterostructure

design can significantly improve the transistor performance of SrTiO3/GdTiO3 based

heterostructure devices.

7.2 Future works

As we have seen in previous chapters, heterostructures consisting of narrow SrTiO3

quantum wells show unique emergent phenomena, including extreme interfacial carrier

densities and strong evidence for itinerant magnetically ordered states. Thus far, the

primary control parameter has been structural change in the system. Two questions that

still remain is the relative role of the different components of the system (carrier density,

structural distortion, orbital order, etc), and the nature of the magnetically ordered states

if present. In this chapter, we discuss potential future works to further elucidate these

questions.
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To decouple the relative role of the different degrees of freedom in these structures,

we need additional methods of tuning emergent behavior in heterostructures. We will

discuss utilizing the success of charge modulation, featured in Chapter 6, as a method

of developing a better understanding of the carrier densities specific part in emergent

phenomena.

While many of the measurements featured in this work show strong evidence and

present compelling arguments for the presence of magnetism, none give a direct, pre-

cise measure of magnetic order. Thus, we will discuss more direct measurement meth-

ods that can be employed to elucidate the itinerant magnetically ordered states in the

thinnest quantum wells.

7.2.1 Tuning emergent behavior in heterostructures

In Chapter 6, we discussed our collaborator’s great success in achieving record high

charge modulation in the SrTiO3/GdTiO3 system [137, 138]. In Chapters 4 and 5, we

discussed the emergence of ferromagnetic ordered states in thin GdTiO3/SrTiO3/GdTiO3

heterostructures, and compelling evidence for the emergence of an itinerant antifer-

romagnetic state in very narrow SmTiO3/SrTiO3/SmTiO3 quantum wells. The emer-

gent magnetically ordered state only appears when the quantum wells become suffi-

ciently thin, which effects both the three-dimensional carrier density in the quantum

well [2, 45] as well as the degree of structural distortion [74]. One very compelling

94



Chapter 7. Summary and Future Works

future work is to combine the results of Chapters 4, 5 and 6 with the intent of probing

the carrier density’s specific role in the quantum well’s behavior. This would allow for

a direct measure of the relative role that carrier density plays in these systems. Fur-

thermore, in the event that the emergent phenomena is contingent upon the presence of

extreme carrier densities, it would allow for a tunable magnetically ordered state. This

could be accomplished both through charge injection into wider quantum wells, and

depletion of the most narrow quantum wells.

7.2.2 Polarized neutron reflectivity

As we have seen, proximity effects at interfaces between magnetic insulators and

conductors with strong spin-orbit coupling have shown the emergence of novel states

that show strong indications of magnetic order in transport [2, 45]. Thin (< 2 nm)

quantum wells of SrTiO3 embedded in GdTiO3 show magnetoresistance hysteresis at

temperatures below ∼ 8 K [81]. In Chapter 4, we discussed angular-dependent mag-

netoresistance studies of narrow SrTiO3 quantum wells, embedded in ferrimagnetic

GdTiO3. The results were consistent with exchange coupling induced ferromagnetism

in the SrTiO3. In Chapter 5, we observed positive magnetoresistance in the thinnest

SrTiO3 quantum wells embedded in SmTiO3, consistent with the emergence of an itin-

erant antiferromagnetic state.
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Although these observations are consistent with emergent magnetism in the con-

ducting SrTiO3 layers of these structures, the study is lacking in a direct measure of

the local magnetic structure of the sample. Measurements such as SQUID (supercon-

ducting quantum interference devices) only provide insight into the net magnetization

of the entire structure, and cannot exclude the magnetism of the RTiO3 (R = Gd, Sm)

or the film substrate. Thus, a method of analysis that can give a magnetic depth profile

of the structure is needed to complete our current understanding of the system.

A magnetic depth profile can be obtained by measurement of polarized neutron re-

flectivity, in which the non-spin-flip neutron reflectivity is measured as a function of

transfer wave-vector Q for neutrons spin polarized parallel (ρ++) or anti-parallel (ρ−−)

to an applied magnetic field. These reflectivities can be calculated and modeled pre-

cisely from the depth dependent scattering potentials (scattering length density, SLD)

of the sample structure

ρ++ = ρN + CM (7.1)

and

ρ−− = ρN − CM (7.2)

where ρN is the (complex) contribution from the nuclear composition and CM a

term directly proportional to the component of the in-plane magnetization (moment per

unit volume) parallel to the applied field. By modeling the spin-dependent reflectivity
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data, we can determine the depth profiles of the nuclear composition and the in-plane

magnetization.

Figure 7.1: Calculated spin asymmetries (the difference between (ρ++) and (ρ−−),
divided by the sum) for a ∼ 2 SrO thick SrTiO3 quantum well embedded in 8 nm of
GdTiO3. Calculation courtesy of Brian Kirby.

Figure 7.1 shows the calculated magnetic signal (spin asymmetries) for several val-

ues of a single∼ 2 SrO thick SrTiO3 quantum well embedded in GdTiO3 with different

possible magnetic moments associated with the SrTiO3. The different signals diverge

noticeably near Q = 1.8 nm−1, demonstrating that it is possible to detect a magnetic

signal directly from the SrTiO3. Figure 7.2 shows preliminary high temperature (100
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K) measurements that gives values of Q across several orders of magnitude. This Q-

spectrum is consistent with a high quality sample structure, demonstrating the viability

of the intended experiment.
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Figure 7.2: Top: Fitted reflectivity (ρ++ and ρ−−) vs Q data at 100 K for a GdTiO3 /
SrTiO3 5 layer repeat superlattice structure. Bottom: Modeled magnetic depth profile
components Re(ρN), Im(ρN), CM and scattering angle. Measurement and modeling
courtesy of Brian Kirby.

The onset of the hysteresis (presumably the Tc for the SrTiO3) occurs around 5 -

10 K (See Figure 4.1). Thus, a series of measurements of the non-spin-flip reflectiv-

ity at sufficient magnetic fields, with measurements taken at temperatures well above
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the Tc of GdTiO3, below the Tc of GdTiO3 and above the onset of magnetoresistance

hysteresis, and below the presumed Tc of The SrTiO3, Should elucidate any magnetic

moment associated with the SrTiO3. Scans performed on two films, one with thin (<

2 nm) quantum wells of SrTiO3 in which hysteresis is observed, and one with thicker

(> 2 nm), could be used to further confirm any moment associated directly with the

magnetism of the SrTiO3.

For SrTiO3 embedded in SmTiO3, a different approach may be necessary, due to the

thickness of the structure, and the magnetic fields and temperatures needed to observe

emergent magnetic order. An alternative to neutron reflectivity is resonant inelastic x-

ray scattering, or RIXS, in which high energy photons are scattered off a solid. This

method benefits from a considerably stronger interaction than neutron scattering, giving

larger signals and requiring less sample volume, more suited for probing the magnetic

nature of single SrO layers. In RIXS, change in energy and momentum of the scattered

photons is directly related to the electronic excitations in the solid [139]. Information

on magnetic excitations can be inferred since photon angular momentum can transfer

to electron spin via spin-flip processes [140]. This method has been used to study spin

and magnetic excitations in highly doped [141] and underdoped [142] cuprates as well

as spin density waves in chromium [143].
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7.2.3 Summary

In this section, we discussed potential future works to build off of and corroborate

with previous experiments. By combining experimental achievement in heterostruc-

ture design, emergent phenomena, and device development, we propose a possible

avenue for decoupling the many degrees of freedom in the quantum well heterostruc-

tures, and providing a possible avenue for the control of emergent magnetic features.

In addition, we suggest a series of neutron reflectivity experiments to further confirm

the presence of magnetic order in the thinnest quantum well heterostructures, thereby

confirming what transport measurements have indicated, lending validity to the obser-

vation of emergent ferromagnetism in GdTiO3/SrTiO3/GdTiO3. For magnetic order in

SmTiO3/SrTiO3/SmTiO3, we propose the use of resonant inelastic x-ray scattering to

look for magnetic order in the thinnest SrTiO3 quantum wells.
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Appendix A

Growth of SmTiO3

Here, we briefly discuss the details of the development of a SmTiO3 growth win-
dow. The basic method is similar to the growth method employed for both SrTiO3 and
GdTiO3 described in more detail in references [52, 144, 145, 56, 76].

As discussed in Chapter 2, a hybrid MBE technique is employed for the growth of
SmTiO3. Because of the instability of Ti3+ in the presence of oxygen, stabilization of
the perovskite phase can be challenging, and a pyrochlore phase [56] is often found.
Thus, the growth must be accommodated at very low oxygen pressures, accomplished
by only relying on the TTIP for oxygen. Furthermore, to avoid the accumulation of
oxygen in the chamber during growth, the flux rates are turned down as low as possible,
the limiting factor only being precision control of the TTIP pressure with a linear leak
valve.

All films were grown on insulating (001) LSAT substrates. The substrates were
backed with 350 nm of Ta to improve thermal coupling to the substrate heater. The
growth temperature was kept at 900◦C, based on the growth of GdTiO3 and SrTiO3.
Prior to growth, the substrates were cleaned in acetone and isopropanol and baked at
200◦C in the MBE load lock chamber.

To find a starting point for the growth of stoichiometric SmTiO3, the deposition
rates of TiO2 and Sm2O3 were first estimated for growth at different cell temperatures
for Sm and pressures for TTIP. This was accomplished by deposition of TTIP and Sm
on LSAT, respectively. The films were allowed to oxidize in air and the thickness was
measured with Dektak. These rates were then calibrated such that the two layers had
the same shutter times, providing a starting point for codeposition growth.

Once a starting growth point was established, the ratio of TTIP to Sm flux was ad-
justed (calculated based on beam equivalent pressures), and a growth window was char-
acterized using RHEED, x-ray diffraction, scanning transmission electron microscopy
and transport properties.
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Appendix A. Growth of SmTiO3

Figure A.1 shows RHEED patterns for TTIP/Sm ratios ranging from 55 to 40.
Within this ratio, RHEED images show smooth streaky patterns, indicative of a two-
dimensional surface. Furthermore, intensity vs time for the specular streak (Figure A.2)
reveal RHEED oscillations, indicative of a layer-by-layer growth mode [50]. From the
RHEED oscillations, a growth rate of ∼ 20 nm/hr is estimated.

Figure A.1: RHEED images for the (100) and (110) crystal orientations and TTIP/Sm
ratios ranging from 55 to 40.

X-ray diffraction patterns for TTIP/Sm ranging from 55 to 40 are featured in Figure
A.3. Diffraction patterns show thickness fringes within this range and an out-of-plane
lattice constant of∼ 0.393 nm, in good agreement with strained, (110) oriented SmTiO3

on (001) LSAT (∼ 0.394 nm). The thickness fringes give a total film thickness in
good agreement with film thicknesses estimated from RHEED oscillations, confirming
a growth rate of ∼ 20 nm/hr. Within the growth window, STEM images (see Figure
5.2) show epitaxial, perovskite phase SmTiO3.

Two-terminal electrical resistance measurements are featured in Figure 5.3. The
results show an insulating film with a room temperature conductivity of 12.6 (Ω cm)−1

and an activation energy of 0.11 eV. Bulk polycrystalline data for SmTiO3 gives a room
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Appendix A. Growth of SmTiO3

Figure A.2: RHEED intensity vs. time for the specular streak in the (100) orientation.
The intensity shows oscillations, indicative of a layer-by-layer growth mode.

temperature conductivity of 0.24 (Ω cm)−1 and an activation energy of 0.15 eV. The
lesser activation energy could be a result of compressive strain leading to a narrowing
of the Mott band gap [56]. Seebeck measurements show a p-type material and give
a room temperature coefficient of ∼ 48 µV/K. Bulk polycrystalline SmTiO3 gives a
Seebeck of ∼ 110 µV/K.
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Appendix A. Growth of SmTiO3

Figure A.3: High resolution x-ray diffraction patterns for 20 nm thick SmTiO3 films
grown on LSAT with TTIP/Sm ratios ranging from 55 to 40. All patterns within this
growth window show thickness fringes and an out-of-plane lattice constant in close
agreement with whats expected for strained (110) oriented SmTiO3. The dashed lines
are a guide to the eye.
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