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Abstract

Owing to structural, charge, orbital or spin reconstruction at their interfaces,
complex oxide heterostructures have emerged as an avenue for creation of exotic
phenomena that are absent in their bulk constituents. One of the most exciting
among such heterostructures is the interface between two band insulators LaAlO;
and SrTiOs. When these two perovskite type oxides are brought together along
the (100) orientation, a highly conducting two dimensional electron gas (2DEG)
emerges at their interface. Further, this interface has also been shown to host
various exotic phases such as tunable metal-insulator ground state,
superconductivity and magnetism. Thus far these entire novel properties that are
discussed at the LaAlO3/SrTiOs interfaces have been studied extensively based on
the interfaces constructed using ABOj3 type polar LaAlO3; on non-polar (100)-
oriented SrTiO3; only. The main objective of this thesis is to explore the electronic
and magnetic properties of the two dimensional electron gases at such interfaces
along different crystallographic orientations and in various combinations of
polar/non-polar oxide interfaces, providing us further understanding of the nature
of carrier confinement, magnetic interactions and origin of conductivity of the two

dimensional electron gases.

In order to understand the nature of magnetic ordering, the LaAlIO3/SrTiO3 (100)
interfaces were studied under various growth parameters such as LAO layer
thickness and oxygen pressure during the growth. The nature of magnetic
interactions at the interface is investigated through specific magneto transport
measurements such as anisotropic magneto resistance (AMR) and planar Hall
effect (PHE). A specific fourfold oscillation in the AMR and the observation of
large PHE is observed. The carrier confinement effects of electron gas on the
AMR are evaluated and it was found that the fourfold oscillation appears only for
the case of 2DEG samples while it is twofold for the 3D conducting samples.
These confinement effects suggest that the magnetic interactions are predominant

at the interface, and further indicate the in-plane nature of magnetic ordering
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possibly arising from Ti 3dy, orbitals. Further the AMR behaviour is found
sensitive to the external gate electric field which offers tunability of magnetic
interactions via gate electric fields. The gate tunability of the magnetic
interactions infers the significant role of spin-orbit coupling at these interfaces. As
the fourfold oscillation fits well to the phenomenological model for a cubic
symmetry system, this oscillation behaviour is attributed to the anisotropy in the
magnetic scattering arising from the interaction of itinerant electrons with the
localized magnetic moments coupled to the crystal symmetry via spin-orbit
interaction. The tunability of magnetic interactions with external electric fields via
anisotropic magneto resistance shows the potential of the LaAlO3/SrTiO3

interface system for spin-based electronics.

The role of the A and B cations of the ABO; type polar layer on interface
characteristics has been investigated using various combinations of polar/non-
polar oxide (NdAIOs/SrTiOs, PrAlOs/SrTiO; and NdGaOs/SrTiO3) interfaces
which are similar in nature to the LaAlO3/SrTiO;3 interface. Significantly, these
interfaces were found to support formation of 2DEG. It is further understood that
the combined effects of interface strain provided by the lattice mismatch of polar
layers to SrTiOz and electron correlations arising from octahedral distortions in
SrTiOz appear to control the characteristics of the 2DEG. Further, a metal-
insulator transition in conductivity is observed for NdAIO3/SrTiO; interfaces with
NdAIO; film thickness. This suggests that polarization discontinuity induced
electronic reconstruction could also be the possible origin of conductivity for
these interfaces. The NdAIO; film thickness dependent transport study of 2DEG
at NdAIO3/SrTiO; interfaces reveals an emergence of two-dimensional variable
range hopping at low temperatures, suggesting the strong role of interface strain

in governing its electronic properties.

As previously discussed, the occurrence of 2DEG at the LaAlO3/SrTiO; interface
is believed to be driven by polarization discontinuity leading to an electronic
reconstruction. In this scenario, the crystal orientation plays an important role and

no conductivity would be expected, for example for the interface between LaAlO3



and (110)-oriented SrTiOs, which should not have a polarization discontinuity.
Here we demonstrate that a high mobility 2DEG can also arise at this
LaAIOs/SrTiO3 (110) interface. The (110) interface shows transport property and
LaAIO; layer critical thickness for the metal-to-insulator transition similar to
those of (100) interfaces, but with a strong anisotropic characteristic along the two
in-plane crystallographic directions. This anisotropic behaviour is further found to
be sensitive to the oxygen growth condition. Density functional theory calculation
reveals that electronic reconstruction, and thus conductivity, is still possible at this
(110) interface by considering the energetically favourable (110) interface
structure, i.e. buckled TiO,/LaO, in which the polarization discontinuity is still
present. Along with lifting the crystallographic constraint, the observed highly
anisotropic nature of the 2DEG at LaAlO3/SrTiO3; (110) interface is potential for
anisotropic superconductivity and magnetism, and offers a possibility for 1-D
device concepts. The nature of spin-orbit interaction was investigated at the
LaAIOs/SrTiO; (110) interface through magneto conductance analysis in the
weak localization regimes. It was found that a spin relaxation mechanism is
operating at this interface, and the Rashba type spin-orbit interaction. However it
was also observed that a significant anisotropy in spin-orbit coupling is present
for the (110) interfaces with respect to crystallographic directions. Further
significant difference in strength of spin-orbit interaction between the in-plane
and out-of-plane external magnetic fields is observed, suggesting multiple

contributions for spin-orbit interactions.

Patterning of 2DEG at the LaAlO3/SrTiOs; remains as one of the key issues in
transforming this interface to device applications. The potetial of using energetic
ion beam exposure for structuring the interface was investigated. It was found that
this method can be utilized to manipulate the conductivity at the LaAlIO3/SrTiO3
interface by inducing localizations, enabling us to create an insulating ground
state through the localization of mobile electrons via structural changes in SrTiOs.
These structural changes in SrTiOz were revealed by the appearance of first-order
polar TO,, and TO, vibration modes associated with Ti-O bonds in the Raman

spectra. A resist-free single step direct patterning of conducting oxide interface

X



LaAIO3/SrTiO3 utilizing ion beam exposure is demonstrated, which is of

importance for oxide electronics.
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Chapter 1

Introduction

1.1. Introduction to complex oxides

Most of the current electronic and optical devices are based on semiconductor
technology which has current density as the only knob for tunability. To keep
pace with the growing demand for smarter and faster electronics, miniaturization
of this technology is needed as to be able to incorporate more and more logics in a
single device. However, this trend at some point will hit a brick wall of atomic
size and quantum limit. It is widely suggested that this limitation may be
overcome by introducing multifunctionalities and thus providing multi knobs
(such as magnetism and ferroelectricity) in the device. This thus calls for the
challenge to look for new materials with multifunctionality.

One class of such materials is the metal-oxides, which exhibit properties with a
wide spectrum of tunability, such as from optically opaque to transparent,
electrically insulator to metallic and superconducting, dielectric to ferroelectric
and diamagnetic to ferromagnetic. Most importantly in oxide materials these
properties can co-exist, and some of these properties can be cross-coupled that
can lead to multi-functional devices. In fact most materials found in nature are
oxides, which are crystals made of oxygen and at least one other element bound
together with regular spacing. A few most common examples are silica (silicon
and oxygen), rust (iron and oxygen), and porcelain (aluminum, silicon, oxygen,
and water). A sub class of oxide materials further called complex oxides exhibits
some truly exceptional properties for example high temperature superconductivity
[1], which is the ability to transport the electricity with no power loss even up to
elevated temperatures, although much lower than the freezing temperature of

water.



What make complex oxides so unique is the large variety of ways the oxygen and
other atoms can be packed together and the tendency for the electrons to interact
with each other results in the strong electron correlation nature in these oxides.
Unlike free electron systems here the electrons are no more individual and they
are correlated with coulomb interactions, meaning that the electrons may act
collectively instead of on their own. These properties are not present in metals

like gold or the semiconductors used to run modern day computers.

Various methods have been developed to further manipulate the properties in
complex oxides via tuning the electronic correlations. Some examples of novel
properties that have been introduced through manipulating electronic correlations
are the superconductivity in Cu-based oxides [1], colossal magneto resistance
(CMR) in Mn-based oxides [2]. The latter can be introduced by manipulating the
valence of the Mn transition metal. Furthermore, complex oxides can respond
actively to external stimuli for example to elemental doping [1], magnetic field
[2], electric field [3] and strain [4] showing the potential for creating new
functionalities for development of oxide based devices. In recent years, the focus
shifted more to the hetero structures and interfaces constructed from various
combinations of oxide materials that showed fascinating emergent phenomena [5,
6] such as low dimensional superconductivity [7], magneto-electric coupling [8]
and quantum Hall effect [9] making oxide heterostructures and interfaces a new

avenue for creating novel states.

1.2. Novel phenomena at oxide interfaces

With the advancement in the technology of thin film growth, the control for
creating interfaces between dissimilar materials has reached an unprecedented
level of perfection at atomic level. This coupled with the sensitivity of charge,
spin, and orbital degree of freedom to the breaking of their symmetry and atomic
structure at the interface, makes combination of various complex oxide materials
a new playground for creating physical phenomena which are not present in its

constituent materials. In these artificial heterostructures, electronic, orbital, and



atomic reconstructions driven by charge transfer, exchange interactions, and strain
effects can lead to exotic electronic states that are bound to the interface [10, 11,
12]. The engineering and/or spontaneous emergence of unique material properties
at the interfaces and their co-existance with various other material properties
made these oxide interfaces a possible candidate for multifunctional oxide

electronics.

Over the years, numerous combinations of oxide heterostructures and interfaces
have been investigated under different parameters. Recent examples are the
emergence of ferromagnetism at the interface between antiferromagnetic (AF)
insulators LaFeO3; and LaCrOgs [13]; in this case the d orbital coupling across the
interface is shown to be the origin for the emergence of the magnetism. Further
examples are magnetism at the interface of CaMnOj3; (AF insulator) and CaRuOs
(paramagnetic metal) [14] and magnetism at LaMnOg3 (AF) /SrTiO3 (diamagnetic)
interface [15]; a charge transfer mechanism across the interface is shown to be the
responsible mechanism for the above observed phenomena. The orbital
reconstructions at the interface between (Y,Ca)Ba,Cu3O; and Lage;Cap33MnOs
[16], colossal ionic conductivity at interfaces of epitaxial ZrO,:Y,03/SrTiO3 [17],
superconducting temperature enhancement at the interface between La,CuQ, and
La; 55Sr04sCuQy4 [18], and dielectric constant enhancement at ultrathin PbTiO3
[19] are some more examples of different intriguing properties observed at
complex oxide interfaces which further augment the spectrum of multifunctional

oxides.

Amongst all, the recent discovery of two-dimensional electron gases (2DEG) with
high mobility reported at SrTiO3[20, 21] and ZnO [22] based systems further set
examples for truly emergent phenomena that can be realized in oxide materials.
The first of such types of 2DEG is demonstrated at the atomically abrupt
interface between two band perovskite insulators LaAIO3; and SrTiO3; by Ohtomo
et al. [21] and then at the interface of Mg doped ZnO/ZnO heterostrucutre [22].

In particular, the observation of the 2DEG with high mobility at the interface

between two insulators LaAlO3 and SrTiOs is extremely fascinating because it
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demonstrated a novel path way to generate new properties at the interfaces that do
not exist in either of the bulk materials. In subsequent years this LaAlO3/SrTiO3
interface system is further shown to accommodate several unusual phenomena
such as superconductivity and magnetism that made this system a novel play

ground to explore the interface physics.

1.3. Scope and outline of the thesis

The main aim of this thesis work is to investigate and explore the LaAIO3/SrTiO3
(defined as LAO/STO in later part of discussions) and proto-type heterointerfaces
in new directions; investigating new combinations of oxide interfaces and to tune
the electronic properties in novel approaches. Ever since the discovery of 2DEG
at the LAO/STO interface in 2004, a lot of significant and exciting results have
been demonstrated experimentally. However, the understanding of underlying
physics and origin of most of the properties such as origin of conductivity and
magnetism is lacking which remained as puzzles even till now owing to the
complexness of interface physics. To fully utilize these materials, exploration of
the properties in novel device concepts, a clear knowledge about the origin and

underlying physics of various properties is essential.

Considering the broad scope of research on LAO/STO interface, here we
particularly focus on the topics related to the origin of conductivity through varius
combinations of oxide interfaces, the nature of magnetic interactions and spin-
orbit interaction through electro and magneto transport, and to develop an easy
way to pattern the 2DEG at the LAO/STO interface for device concepts. The
approach adapted to these research directions and the outline of the thesis work is

discussed below.

Since its discovery in 2004, the origin of the 2DEG is still under lively debate due
to the complexness of the interface physics, although it is widely believed that the
conductivity relates to a concept of polarization discontinuity at the interface
where defects also shown to influence the conductivity. To address the issue and

better provide further insights for the understanding of the mechanism, the
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interface system is explored using different configurations, including using
various crystallographic orientations and different oxide layers which are similar
in nature to LAO/STO. This problem is addressed in two specific approaches, in
crystallographic point of view by investigating the LAO/STO interface along
different orientations specifically (100) and (110), and investigation of various
combinations of polar/non-polar oxide ABO3/STO (A= La, Nd, Pr, B= Al, Ga)

interfaces.

One of the exciting ongoing research areas in LAO/STO based interfaces is the
exploration of the unconventional magnetic ordering and spin-orbit interaction at
the interface. Several experimental techniques reveal the presence of magnetism
at the interface; however there is little knowledge about the nature of the magnetic
interactions. The dilute nature of the magnetism somewhat limit the probing
capability of the magnetic property using conventional magnetization techniques.
In this thesis work the nature of magnetic interactions are investigated with more
specific electro and magneto transport and electric field measurements. Further
the influence of various interface configurations and parameters such as
dimensionality and spin-orbit interaction effects on such magnetic interactions are

examined.

The structuring and patterning of the 2DEG at the LAO/STO interface system has
remained as one of the challenges towards interface device fabrication due to the
difficulty in accessing the buried interface. Thus far all the approaches employed
to pattern the 2DEG involved with multiple step processes during the film growth.
The etching techniques using focused ion beam involving heavy ions are also
undesired for the patterning of these interfaces due to the creation of defect
induced conductivity in STO. Highlighting the fundamental issue to create a
pattern of these conducting regimes involves with achieving insulating states
locally, in this work the properties of LAO/STO interface are investigated using
the low Z-proton beam irradiation technique and the results shows that this

method can be utilized to manipulate the conductivity at the LAO/STO. A resist-



free single step direct patterning of conducting oxide interface of LAO/STO

utilizing ion beam exposure has been explored.

During this thesis work, in the course of investigation of above mentioned key
issues, | was able to resolve, discover and explain some new and important
aspects of the LAO/STO interface such as the strong localization behavior, the
anisotropic nature, and the structural property of the STO on the conductivity of

2DEG. These results are discussed herein this thesis work.

These different topics are divided into chapters and are listed below. The
literature review related to LAO/STO based interface system is presented in
chapter 2 and the experimental techniques used for thin film fabrication and
characterization are discussed in chapter 3. Chapter 4 to chapter 8 discusses the
experimental results of this thesis work. The summary of the thesis work and

scope of future work are discussed in chapter 9.

Chapter 2

In this chapter a detailed literature review for the LAO/STO interface system is
presented. The literature review discusses various aspects of the LAO/STO
interface system that includes the origin for the high mobility conduction,
emergent novel phenomena at LAO/STO the interface and demonstrated device
concepts for the technological applications. Here | also discuss perovskite type
oxide materials, and basic properties of commonly known perovskite oxides such
as SrTiOs, LaAlO3z and BaTiOg are presented.

Chapter 3

This chapter gives a brief description to various experimental techniques that are
employed for characterization of the samples. | will discuss the thin film growth
methodology that includes the pre, post-deposition steps and basic thin film
characterization results. Further a brief background theory for various types of

experimental methods is also presented.



Chapter 4

This chapter describes the growth and properties of LAO/STO (100) interface
investigated under various conditions such as thickness of LAO layer and growth
oxygen pressure. The magnetic origin at the interface is probed by more specific
magnetic measurements such as anisotropic magneto resistance (AMR) and
planar Hall effect (PHE). These are further performed with respect to
dimensionality of conducting channel, electric field and growth oxygen pressure.
Interestingly, the evolution of fourfold oscillation is observed in AMR for two
dimensional systems. From the experimental observations, it is shown that the
magnetic interactions are very strong near the interface and electron orbital

occupancies are very much preferred near the interface.

Chapter 5

Thus for studies on polar/nonpolar oxide interfaces have been carried out
extensively which involve a polar LaAlO3 layer. In this study, the role of the A
and B cationic sites of the ABO;3 type polar layer investigated by preparing
various combinations of polar/nonpolar (NdAIOs/SrTiO3;, PrAlOs/SrTiO; and
NdGaOs/SrTiO3z) oxide interfaces which are similar in nature to LAO/STO
interface. The experimental results illustrated that the properties of the formed
2DEG such as carrier density and mobility can be controlled by electronic
correlations and strain at the interface offered by these polar layers. The highly
mismatch NdAIO3/SrTiOj interface is further explored under various parameters
such as NdAIO3/ layer thickness and deposition pressure. The results show a
strong localizion for the 2DEG with thickeness of NdAIO3 layers and the magneto
transport reveals an evolution of variable range hopping transport in this strongly

localized regime.

Chapter 6

This chapter reports the growth and properties of the LAO/STO interface grown

on (110) oriented STO substrate. The experiments demonstrate the formation of

7



high mobility 2DEG at the interface. The LAO/STO (110) interface exhibits a
metal-insulator transition with a LAO critical thickness of 4 unit cells. Structural
analysis and theoretical calculations were performed in order to understand the
origin of this unexpected conductivity at the (110) interface. Density functional
theory calculation reveals that electronic reconstruction, and thus conductivity, is
still possible at this (110) interface by considering the energetically favourable
(110) interface structure. The results are compared and contrasted with the (100)
interface, where the (110) interfaces display a strong crystallographic anisotropy
in conductivity. The anisotropic character of the 2DEG is investigated with
respect to the growth pressure, and electric field effect. The (110) interfaces were
further showed the trans-conductance charecteristics similar to field effect

transistor.

Chapter 7

This chapter reports proton beam irradiation studies on the properties of 2DEG at
the LAO/STO (100) interface. In this study, the samples of LAO/STO were
selectively irradiated with various proton beam fluences. The transport properties
reveal that as the ion beam fluence increases the conducting state can be
transformed into an insulating state above a critical ion fluence irradiation. This
metal to insulator transition is induced by the localization of mobile electrons
because of structural changes in STO lattice, revealed by Raman spectroscopy
measurements. In the irradiated regime the centro-symmetry of the STO is broken
which is evidenced by the observation of TO, and TO, vibration modes in Raman
spectroscopy which corresponds to Ti-O bonds. The ability to create insulating
ground state locally in the conducting oxides demonstrates a novel way to
structure the buried conducting interface without any extra etching or intermediate

lithography steps.



Chapter 8

This chapter discusses the nature of spin orbit interaction at the LAO/STO (110)
interfaces. The intrinsic anisotropy present in the (110) interface system is further
expected to influence the spin-orbit interaction strength at the interface. The
stenght of the spin-orbit interaction is investigated through magneto transport
studies in the weak localization regime with gate elelctric field. Measuremets
were carried out on LAO/STO (110) interfaces and it is found that the spin-orbit
strength is significantly different, and shows anisotropy with respect to the
crystallographic directions. The in-plane and out-of-plane magnetic field
dependence magneto resistance measurement results reveal that there is an

additional contribution to the Rashba spin-orbit interaction.

Chapter 9

This final chapter summarizes the important results and outcome of the thesis
work. Finally, the outlook towards the challenge for the future work in this field

of oxide interfaces will be discussed.
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Chapter 2

The LaAIO4/SrTiO; interface

In this section I will discuss perovskite-type ABO3 oxides, a special type of oxide
crystal structure mainly investigated during this research work. This chapter
includes the introduction to the crystal structure of perovskites and physical
properties of some of the well known perovskite oxides investigated in this
thesis. Finally, 1 will give a detailed literature study of complex oxide interfaces,
especially the fascinating LAO/STO oxide interface system which is my main

interface system for research.

2.1. ABOg; perovskite oxides

Perovskite oxide is a class of oxide crystal structure having a chemical formula of

ABO; with A and B as the cations and comprised of oxygen.

(a) (b)

Figure 2.1: (a) Sketch of cubic ABOj3 perovskite structure, (white:
oxygen, blue: A-site and purple: B-site atoms respectively). (b)
Schematic of the BOg octahedron structure where B-atom is
surrounded by 6 oxygen atoms.
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Perovskite is actually the name of calcium titanium oxide (CaTiOz) mineral
named after Russian mineralogist L. A. Perovski [1]. In figure 2.1, an ideal cubic
unit cell structure of perovskite is shown. The B-site cation generally occupies the
body center position and is caged in oxygen octahedral represented as BOg as
shown in the figure, whereas A-site cation occupies a corner position of a cube
and shared with oxygen. In terms of symmetry, this cubic-symmetry structure has
the 'B' cation in a 6-fold coordination, surrounded by an octahedron of oxygen
anions, and the 'A’ cation in a 12-fold coordination. In this structure A-site cation
is generally larger in size than the B-site cation. The atomic sizes of A, B-site
cations and their bond angles with oxygen are found to be very crucial and shown
to create a wide range of properties.

The nature of A-, B-site cations and combination of both predominantly defines
the property of the perovskite type oxides. Owing to the sensitivity of structural
transitions associated with crystal structure and subtle manipulation of
interactions among charge, orbital, spin degree of freedom, the perovskite
materials exhibit a wide class of physical properties. For example, consider the
the cases of strontium titanate (SrTiO3) and barium titanate (BaTiO3). SrTiOgs is a
quantum paraelectric and insulating material. When the A-site Sr is replaced by
Ba atom, then BaTiO3 behaves as ferroelectric material. These emphasize the role
of A-site cation to the different properties of these materials. Whereas in another
case, when the B-site cation in STO that is Ti is replaced by other transition
metal elements such as Manganese (Mn) and rare-earth Ruthenium (Ru), the
materials SrRuO; (para magnetic) and SrMnO; (anti ferromagnetic) show a
magnetic property which arises from the unpaired electron spin. These examples
demonstrate new and multi properties may emerge in perovskite oxide by
modifying the interplay between the charge, spin and orbital degrees of freedom
of the elements.

In this thesis various classes of perovskite-type oxides specially, SrTiOz and
LaAlO3 have been extensively used and investigated. In the following, the basic
properties and literature of these different classes of material systems will be

introduced.
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211 SrTiO;

SrTiO3 (STO) is a band insulator with a band gap of around 3.2 eV, having a
cubic perovskite crystal structure (a=b=c) at room temperature with a lattice
constant of a= 3.905 A. It undergoes various low symmetry structural phase
transitions at lower temperatures: a cubic to tetragonal phase transition at around
110 K, a tetragonal to orthorhombic phase transition at around 60 K and further
orthorhombic to rhombohedral phase transition at around 30 K [2-4]. A schematic

of spontaneous lattice distortion of STO various phase transitions is shown in

figure 2.2a.
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Figure 2.2: (a) Spontaneous lattice distortion of STO with
temperature associated with various structural phase transitions.
From Lytle et al. [2]. (b) Temperature dependece of dielectric
constant of STO. From Muller et al. [5].

One of the most important properties of the STO is its unusual dielectric response.
STO has a dielectric constant value of around 300 at room temperature and
increases to a few thousands at low temperatures [5] (shown in figure 2.2b).
Further the dielectric response is also shown to be tunable by the electric fields
[6]. The large dielectric property of STO made it an ideal material as a gate
dielectric in oxide based field effect devices. All these unusual dielectric
responses are associated with structural phase transitions at low temperatures.
However, eventhough STO undergoes a low symmetry structural phase transitions

when it is cooled, it does not show ferroelectric property because of quantum
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fluctuations [5] in the material which suppresses the ferroelectric ordering, and
thus it is called a quantum paraelectric. This paraelectric state is very sensitive to
lattice perturbations, thus subtle changes in lattice structure would create a
ferroelectric behavior in STO, the ferroelectricity in STO is shown to be induced
by doping [7,8] and strain effects [9,10].

The STO single crystal is a very attractive substrate material for growing oxide
thin films due to its lattice match with most of oxides and its high dielectric
constant and diamagnetic nature. It has been used as a key substrate for epitaxial
growth of high temperature superconducting [11] and magnetic oxide thin films
[12]. In recent years, the electronic doping in STO emerged as an exciting area of
research in oxides due to the creation of high mobility conduction at the surface
and heterostructures involving with STO [13, 14, 15-18]. The charge doping STO
is achieved by electrostatic doping, electronic reconstructions and defect creation
such as oxygen vacancies. Further advances also include the observation of an
unusual optical response of STO where a wide range of photo luminance can be
induced by creating defects and oxygen vacancies in the crystal [19].

2.1.2 LaAlO;

LaAlO3; (LAO) is also a band insulator with a wide band gap of 5.6 eV. LAO
exists in a rhombohedral phase at room temperature in bulk form and transforms
into a cubic phase at temperatures above 875 K [20, 21]. Further, LAO is a
dielectric material with dielectric constant of about ~20 at room temperature and
it has a low dielectric loss which is suitable for low loss microwave applications
[22]. Similar to STO, LAO single crystal has a good lattice match with various
perovskite materials usefull for epitaxial growth of oxides thin films such as TiO;
[23]. The single crystal of LAO can be grown in a pseudo-cubic form with a
lattice constant of 3.791 A. In contrast to STO, LAO show a robust electrically
insulating behavior even for defect and vacancy creation in the structure,

however, these defects and oxygen vacancies show optical response [24].
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2.1.3 BaTiO;

BaTiO3; (BTO) is a special class of perovskite-type crystals with a ferroelectric
character. It exhibits a tetragonal structure at room temperature. The tetragonal
structure is represented by a=b# ¢, where one of the crystallographic axis is
elongated or stretched. The structural phase diagram of BTO as a function of
temperature is shown in figure 2.3a. BTO undergoes several low symmetric
structural phase transitions upon lowering the temperature. Near the low
symmetric phase transitions, lattice parameters show a hysteric behaviour in
cooling and heating temperature cycles. The ferroelectric property of BTO is
associated with a cubic to tetragonal structural phase transition which happens
around 120 °C.
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Figure 2.3: (a) Variation of lattice parameters of BTO as a function
of temperatura associated with structural phase transitions. From
Kingery et al. [25]. (b) Typical polarization versus electric field
response of BTO thin film, showing the hysterisis a charecteristic
of ferroelectric behavior. From Wang et al. [26].

In the tetragonal phase, the charge center of Ba atoms moves off-center with
respect to Ti sites that create a net charge dipole in a unitcell which is permanent,
the coupling of these dipoles further create a spontaneous polarization leading to a
ferroelectric property. In bulk case, the room temperature spontaneous

polarization of BaTiOj3 is about 15 uC/cm? with ferroelectric Curie temperature of
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120 °C. A typical ferroelectric behaviour of BTO with electric field is shown in
the figure 2.3b [26]. The ferroelectric property in perovskite-type oxides has d a
wide range of applications in the ferroelectric based memory, sensors, actuators,
and transducers.

All the above oxides are electrically insulators. However there are few oxides
which are electrical conductors, the two main examples are SrRuO3; and Nb doped
SrTiOs. These conducting perovskite-type oxides are usually used as electronds in
all oxide based devices. The other perovskite type oxides investigated in this
thesis work are namely, NaAlOs, PrAlO3;, NdGaOg3, LSAT, Nb doped SrTiO3 and
Ba doped SrTiOs3. The basic properties of various perovskite oxides are listed in
Table.1.
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Crystal Lattice Electrical Magnetic Dielectric
structure parameters property  property property
) a=b=c
SrTiOs cubic insulator ~ diamagnetic  paraelectric
a=3.905 A
. a=b#+ c
BaTiOs tetragonal insulator  diamagnetic ferroelectric
a=3.99 A
c=4.04 A
o a=b=c
Nb:SrTiOs  cupic conductor  diamagnetic
a=3.905 A
a #b# c
a=5.56 A '
orthorombic paramagnetic
STRUOs b=553A conductor  ferromagnetic
c=7.84 A (<160K)
a=5.366 A
LaAlO; rhombohedral insulator ~ diamagnetic  dielectric
c=13.366 A
: a=b=c : : : : :
LSAT cubic insulator  diamagnetic dielectric
a=3.87 A
orthorombic  a=5.43 A
NdGaOs insulator ~ paramagnetic  dielectric
b=5.50 A
c=7.71A

Table.1: Crystal structure (at room temperature), lattice parameters,
electric, magnetic and dielectric properties of various perovskite

oxides. From the data base of Crystec GmbH [27].
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2.1.4 Site termination control of ABO3; oxides

One of the important properties developed relating to the perovskite structure at
the atomic level is the possibility to obtain and tailor the perovskite ABO3z with
the specific termination of A-site or B-site on its surface. Along the [001]
direction, the ABO3 perovskite unit cell (uc) can be considered as AO and BO;

sub-unit-cells or sublayers as shown in figure 2.4a.
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Figure 2.4: (a) Schematic of the ABO; perovskite as sub unitcell
AO and BO, layers along (001) orientation. Sub unitcell
representation for (b) a non-polar SrTiO; and (c) for a polar
LaAlO3; [28]. The electrostatic net charge (0, +1, -1) on each sub
unitcell layer in both cases is also shown.

These specific terminations of AO and BO, can be achieved by suitable chemical
etching and thermal treatments of the crystal surfaces, details of treatment
methods will be discussed in the subsequent sample preparation section. This
single terminated surface has been utilized for layer by layer growth of the thin
films with an atomic precision and to prepare abrupt interfaces and hetero
structures. Depending on the valence of the cations and the net charge states of
these sublayers, a perovskite crystal can be classified as non-polar or polar. For
example in the case of the SrTiO3 (100), it can be represented as SrO and TiO;
sub layers. Here Sr valence is +2 and Ti is +4 and oxygen is -2. Therefore in
charge state formalism SrTiOs can be represented as SrTi**(0?); with neutral
sublayer stacking of (Sr0)° — (TiO,)° — (SrO)° — (TiO,)° , thus it is called as non-
polar. A schematic representation of SrTiOj3 as planar charge sheets along (100) is
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shown in figure 2.4b. On the other hand for the case of LaAlO3, with La valence
is +3 and Al is -3 and oxygen is -2. LaAlOscan be represented as La">Al*3(0?); in
charge formalism with a non-neutral sublayer stacking of (LaO)™ — (AIO,)™ —
(LaO)™ — (AlO,)™ resulting in a polar perovskite along (100) direction (shown in
figure 2.4c). Utilizing the specific termination of the perovskite and abruptness of
the hetero-structures, various combinations of complex oxide interfaces had been
investigated. The best example is the interface between two insulating oxides, the
LaAIOs/SrTiO3; (LAO/STO) interface, which exhibits a 2DEG with high mobility
when the interface prepared by depositing LaAlO3z on TiO, terminated SrTiOs. In
the following, a detailed literature review for the LAO/STO interface is presented,
including the basic properties of the LAO/STO interface, mechanisms proposed
for the origin of the conductivity, emergent phenomena at the LAO/STO
interfaces, and few device concepts demonstrating that the interface system is a

potential candidate for oxide electronics.

2.2. 2DEG at the LaAlO3/SrTiO; oxide interfaces

In 2004, Ohtomo and Hwang have demonstrated a high mobility 2DEG for the
first time at the atomically abrupt interface prepared by depositing LaAlO3; on
TiO, terminated SrTiOs;. After the fascinating discovery of 2DEG at the
LAO/STO interface, intensive studies have been conducted to explore different
interface material systems, mechanisms and possible devices. The initial studies
on the LAO/STO interface are summarized in figure 2.5. Figure 2.5a shows the
mobility of the 2DEG at the interface with different sample growth conditions
[14]. The mobility values at low temperature are as high as few thousands at low

temperature.
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Figure 2.5: (a) The mobility variation with temperature for the
2DEG formed at the LAO/STO interface, here X-coordinate is
temperatura in Kelvin. From Ohtomo et al. [14]. (b) electron
energy loss spectroscopy (EELS) analysis from Transmission
electron microscopy (TEM) showing the mixed valence of Ti (3+,
4+) at the interface. From Nakagawa et al. [28]. (c) Schematic
representation of the two types of LAO/STO interfaces, AlO,-
LaO-TiO,-SrO interface and LaO-AlO,-SrO-TiO, interface
respectively. (d) The experimental observacion of conductivity at
the interface LaO-TiO, and insulating behavior at the AlO,-SrO
interface. From Huijben et al. [30] and [14].

300

Regarding the location of electrons at the interface, transmission microscopy [28]

(figure 2.5b) and spectroscopic techniques [29] revealed that electrons occupy Ti

sites near the interface through the observation of Ti*® states along with Ti** [28].

The accecibilty of Ti multivalence (+4 or +3) to accumulate the charge in SrTiO;

allows accommodating 2DEG at the interfaces which further generated the
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interest of oxide research community to explore such type of interfaces from

various aspects.

In order to understand the interface properties, various combinations of interfaces
have been investigated. Specifically, two different types of interfaces are
investigated in the LAO/STO system: the AlO,-LaO/TiO,-SrO interface and the
LaO-AlO,/SrO-TiO, interface (Figure 2.5c). The atomically flat interfaces were
constructed by controlling the termination of the STO surface. The remarkable
observation from the above experiment is that AlO,-LaO/TiO,-SrO interface
produces a 2DEG and it is absent in the other structure as shown in Fig. 2.5d [14,
30]. The above results establish that TiO, termination is a key to produce a perfect
metallic interface, while the interface with SrO termination is shown to produce
an insulating interface [31]. The above observation establishes remarkable
interface effects achieved by interface termination control. These observations of
Ti mixed valence and TiO, termination effects can help in understanding the

origin of the conductivity at these interfaces.

2.3. Origin of the 2DEG

In spite of extensive research on the LAO/STO interfaces, the origin of high
mobility 2DEG is still one of the highly debated topic in the oxide community.
Researchers approached the problem of origin of the conductivity with different
possible mechanisms. Based on the observations of Ti mixed valence and TiO;
termination effects at the LAO/STO interface, Nakagawa et al. [28] considered
the electrostatic states of LAO and STO across the interface and proposed what is
widely called the polarization catastrophe model. Besides the polarization
catastrophe, other mechanisms are also shown to influence the interface
conductivity. The most prominent mechanisms are oxygen vacancies creation [32-
34] at the interface during the growth, possible cation intermixing [35] and strain
[36] at the interface. In the following a detailed literature review of various

mechanisms suggested for the origin is presented.
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2.3.1 The polarization catastrophe picture

The model deals with the internal polarizations of the LAO and the STO. The

schematic for the polarization catastrophe model is shown in figure 2.6.
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Figure 2.6: The Polarization catastrophe picture for the case of a n-
type AlO,-LaO/TiO,-SrO interface before reconstruction (top left)
and after reconstruction (top right). A case of p-type LaO-
AlO,/SrO-TiO, interface before reconstruction (bottom left) and
after reconstruction (bottom right). From Nakagawa et al. [28].

The LAO along the (100) direction is regarded as a polar material stacked by
positively charged sublayers (LaO)** and negatively charged sublayers (AlO,)™.
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Here, LaO and AIlO, layers with an alternating net charge in each sub layer
actually acts as a charge dipole. In contrast, STO is a non-polar material stacked
by the neutral sublayers (SrO)° and (TiO,)° with no intrinsic charge dipole. When
the interface structure is AlO,-LaO/TiO,-SrO, according to the polarization
catastrophe model as illustrated in figure 2.6, due to the polarization discontinuity
at the interface, the (001) planes of LAO with alternating net charges (p) lead to
an intrinsic electric field (E) in each unit cell of LAO and result in a potential (V)
build up as the LAO thickness increases, leading to a potential catastrophe in the
system. However due to the accessibility of multivalence of Ti states in STO, this
potential build up can be avoided by transferring 0.5 electrons per unit cell (uc) to
the STO leading to the phenomenon so called electronic reconstruction. In this
scenario, after the reconstruction the intrinsic potentials converge within the
layers of LAO as shown in the figure. At the AIO,-LaO/TiO,-SrO interface,
injected electrons results in an n-type conducting interface which is consistent
with the experimental observation. On the other hand, for the LaO-AlO,/SrO-
TiO, interface structure, the polarization catastrophe model suggests the
formation of a p-type interface by creating 0.5 holes per uc at the interface.
However the experimental observation shows an insulating interface, in this case
a SrOg 75 layer is suggested to form as a result of possible atomic reconstruction.
Furthermore, experimentally, a robust 4 uc critical thickness of LAO is needed to
produce robust 2DEG at the LAO/STO interface by S. Thiel et al. [37], this robust
metal to insulator transition is further theoretically confirmed by the density
functional theory (DFT) calculations [38] through band alignments between LAO
and STO. Here it is shown that the electronic states can be generated in STO for
the thickness of LAO larger than 4 uc where the built in potential due to the
polarization discontinuities exceeds the STO bandgap of 3.2 eV. The conductivity
at the interface for LAO larger than 4 uc samples is also claimed to be stable after
post oxygen annealing conditions which minimize the oxygen vacancy effects to
an extent [37, 39]. These observations drive in favor of electronic reconstructions

mechanism at the interfaces.
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Although the polarization discontinuity mechanism supports large number of
experimental observations as summarized by Schlom et al. [40], yet there are
several short comings of the model; in the simple picture of electronic
reconstructions there will be an hole gas expected at the surface of the LAO in the
LAO/STO samples and thus far no real experimental evidence is found for the
hole gas on the surface. There have been efforts made to estimate the built in
fields in LAO layers [41, 42]. Capacitance measurements [41] were performed
across the LAO/STO interface which revealed the presence of intrinsic electric
field across LAO of about 80 meVA ™. The band alignments and internal electric
fields investigated with core level spectroscopy found that the electric fields are
very small [42]. Although the above measurements show the presence of built in
fields in LAO layers yet these numbers are significantly small compared to ideal
polarization catastrophe picture.

In the following | discuss some other suggested possible origins of the interface

conductivity; the oxygen vacancy formation in STO and cationic intermixing.

2.3.2 Oxygen vacancy creation and cationic intermixing

In any oxide material preparation the growth parameters especially the oxygen
pressure during the growth is very crucial and can influence the properties to great
effect. Various research groups investigated the interface properties of LAO/STO
interface system under different oxygen growth conditions.

The literature review of the oxygen growth pressure dependence of properties of
the LAO/STO interface samples prepared in a wide range of oxygen partial
pressures (Poy) is summarized below [32-34,39]. Depending on the Pgoy, the
samples basically fall under two classes, the ones grown at low Pg, (< 10™ mbar)
and the ones grown at high Po, (> 10 mbar). The sheet resistance, R, of the
samples grown at Po, < 10”° mbar (low pressure samples) are ~10 /] at 300 K
and ~1 mQ/[] at 2 K with an almost temperature-independent carrier density, ns,
of ~10*° -10*" cm™ and an increase of Hall mobility, 4 to ~10*cm?®v's* at 2 K.

The large ns of the samples grown in this pressure range indicate 3D like
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conductivity that is most likely dominated by oxygen vacancies. The Rs of
samples grown at Po, > 10™ mbar (high pressure samples) are 9-13 kQ/C] at 300
K and gradually decrease to ~200 Q/(] at 2 K; n; is in the order of ~10' cm™ at
300 K to 2.0-2.5x10" cm? at 2 K, and the x increases significantly to ~10° cm®V"
IsTat2 K.

The origin of oxygen vacancy in these samples is confirmed by the post thermal
oxygen annealing experiments. The annealed samples show significant reduction
in the carrier densities compared to those for the as-grown samples, which
indicates the presence of oxygen vacancy created carriers at the interface [32, 39].
However, the remaining carrier density after post annealing still suggests that
other mechanisms may be at work and responsible for the carriers at the interface.
The role of oxygen vacancies and the confinement effects of carriers with respect
to the growth pressure are investigated by a conducting-atomic force microscopy
(C-AFM) measurement [43], the confinement of carriers in low oxygen pressure
samples is about a few pum and in the high pressure grown samples and post
annealed samples about a few nano meters from the interface. However, although
the samples LAO/STO deposited at higher pressures up to 10 mbar show
conductivity, it is not possible to get conductivity in STO by annealing in Po;
greater than 10™ mbar [32]. Therefore, the electron gas in LAO/STO prepared in
Po2 above 10 mbar does not originate from oxygen vacancy creation but likely
from electronic reconstruction. However resent results show the creation of
conductivity at bare STO surface by vacuum cleaving [18] and chemical
reduction [44] of STO surface by the growth of amorphous over layers results in
oxygen vacancy creation in STO and thus conductivity. The above observation
shows that the oxygen vacancy creation during the surface preparation and growth
of oxide films definitely play a considerable role in governing the conductivity at
the interface.

The other most prominent mechanism proposed for the origin of conductivity is
the possible cationic intermixing at the atomic level at the interface. In this
scenario, the inter diffusion of La into the STO could introduce conductivity due

to the electron doping in STO. This model can be simply considered as a
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formation of LasSr1xTiO3 by atomic intermixing at the LAO/STO interfaces. In
this La,SriTiOs structure the mixed valence at A-site can (La™® and Sr *?)
manipulates the Ti valence (from Ti** to Ti*?) that create conductivity in this case
[45]. High resolution TEM reports suggest cation mixing at the interface to an
extent up to few unit cells [35]. However this mechanism cannot explain the
critical thickness found for metal-insulator transition and termination effects as
discussed above.

As discussed above each mechanism appears to influence the interface
conductivity in a specific way, One cannot conclude completely a single
mechanism or at least cannot rule out the possibility of multiple mechanisms
operating in these interfaces [40]. Further experiments at the atomic level are
necessary to come to a solid conclusion to reveal the origin of the conductivity.
Nevertheless, this problem of the origin of conductivity challenges the scientific
community to find and explore the interface in some new and novel approaches in
order to understand the interface physics better from what has been learned so far.
Although this still remains as a task to be resolved until today, in recent years the
LAO/STO interface system has further shown several unusual properties which
are far beyond the expectations from the known interface physics. In the
following a brief literature review is presented for emergent phenomena at the
LAO/STO interface that co-exist with the 2DEG.

2.4. Superconductivity and magnetism

The surprising discoveries at the LAO/STO interface were not limited to the
observation of the high mobility 2DEG at the interface. Exploiting the electron
correlation nature and its sensitivity to the external parameters such as growth
parameters, strain and electric fields; novel properties have been reported at the
LAO/STO interfaces. The most fascinating among all are two dimensional
superconductivity and magnetism, and further the co-existence of both at the
interface. Along with the high mobility 2DEG at the LAO/STO interface, Reyren
et al. [46] reported two-dimentional (2D) superconductivity at 200 mK

temperature (figure 2.7a). The superconducting phase shows the typical critical
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magnetic field and current behavior. The 2D nature of the the superconducting
layer is confirmed by coherence length analysis and the upper limit for the
dimensionality is found to 10 nm. As shown in figure 2.7b, it was also
demonstrated that this superconducting ground state can be tuned to an insulating
state by electric fields [47]. Such modulation of ground states is achieved by the
electrostatic tuning of the carrier density at the interface by applying external
electric fields through the STO back gate. Superconductivity at the interface
triggered a lot of interest in the community to investigate further the nature of

superconducting behavior.
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Figure 2.7: (a) Superconducting transition of the LAO/STO interface
under different magnetic fields. From Reyren et al. [46]. (b) Electric
field tuning of the superconducting ground state to normal state at
the LAO/STO interface. From Caviglia et al. [47].

The other fascinating discovery further at this interface is the magnetic property at
this non-magnetic oxide interface. A ferromagnetic state at the n-type LAO/STO
interface was predicted for the electrons occupying Ti 3dyy orbitals. The magnetic
property was investigated through various experimental techniques and is
summarized in below figure 2.8. By preparing the LAO/STO samples in a rather
broad range of Po, and with thicker LAO films, Brinkman et al. [48] investigated
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the transport properties of the LAO/STO interfaces. As shown in figure 2.8a,

samples prepared under higher P, exhibit a signature of Kondo behavior.
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Figure 2.8: (a) Magnetic kondo behaviour at the LAO/STO
interface. From Brinkman et al. [48]. (b) Magnetic moment
measured with SQUID-VSM for the LAO/STO samples deposited
at various pressures. From Ariando et al. [49]. (c) Direct imaging
of magnetic dipoles using scanning SQUID microscope. From Bert
et al. [50]. (d) Torque magnetometry measurement on the
LAO/STO interface samples. From Lu Li et al. [51].

At low temperatures the resistance exhibits a magnetic hysteresis like behavior.
These observations indicate magnetic ordering in the system. The magnetic origin

is attributed to the occupied Ti*® states which have an un-paired electron.This

30



significant observation of magnetic character at non magnetic oxides stimulated a
lot of interest to investigate the magnetic origin in this system. Exploiting higher
Po2 growth conditions, Ariando et al. [49] reported the observation of electronic
phase separation at the interface with the co-existence of various magnetic phases
such as diamagnetism and ferromagnetism along with the 2DEG. The origin of
these various magnetic phases is suggested to arising from the specific occupancy
of various Ti 3d states. Magnetic moment measurements were performed by
vibrating sample magnetometer (VSM), the magnetization (M) of the samples
prepared under different pressure is shown in figure 2.8b. In accordance with the
above reports simultaneous observation of magnetic ordering at the interface is
reported by using different measurement techniques such as flux mapping of the
magnetic dipoles at the interface [50] (figure 2.8c) and torque magnetometer [51]
(figure 2.8d). Significantly, these reports also show the co-existence of
superconductivity and magnetism at low temperatures.

In all the above reports the orbital physics at the interface is proposed to play a
key role to the magnetic ordering and to the unconventional co-existence of
superconductivity and magnetism at the interface. At the LAO/STO interface, the
electrons are doped into the STO and these electrons occupy Ti 3d orbitals due to
the accessibility of the multi valence of the Ti (Ti*®, Ti**) states. This
interpretation is supported by various spectroscopic measurements where the
evolution of the Ti*® states in the conducting interfaces is observed [29]. A

schematic for the Ti 3d orbital picture for STO is shown in figure 2.9.
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Figure 2.9: Schematic of the Ti 3d orbital picture for STO at the
LAO/STO interface. The energy levels splits into ey and tyq States
due to crystal field, and further splitting of tyq into in-plane (dxy)
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Due to the crystal field the fivefold degenerate Ti 3d orbitals split into two ey and
tyg levels. In the LAO/STO case, doped electrons in STO at the interface occupy
the lower Ti tyq States. The tyg level is threefold degenerate consisting of dyy, dy,
and d,x orbitals. Both density functional theory (DFT) [52] and spectroscopic
measurements [29, 53], show that, in the top TiO; layers, tyq states further undergo
splitting which is attributed due to the lattice deformation arising from the lattice
mismatch between LAO and STO and z-confinement of electrons at the interface.
It is further shown that the in-plane d,y states have lower energy than out of plane
dxz, dy; which makes dyy, the first available states for electrons at the LAO/STO
interface. Based on these facts, at the interface, the conductivity is attributed to
the itinerant mobile electrons of these Ti*® states, while the origin of magnetism is
believed to originate from the localization of electrons in some of these Ti**states.
The supposed localization of these electrons is believed to be the consequence of
interface effects such as crystal fields, strain, and electronic disorder. Note here
that the dyy orbitals lie within the (001) plane of the interface. Further, owing to
this preferential occupancy, particularly to the Ti 3d,y, orbitals at the interface,
various reports have presumed that the magnetization predominantly is in the
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plane of the interface. There have been extensive investigations in progress to

further understand the orbital physics and possible control over the magnetism.

2.5. Device concepts

To realize high quality devices from this unique interface and thus to transform
this 2DEG into useful technologies, reliable patterning of the interface is
essential. Patterning of this conducting interface is also of fundamental
importance for investigating the above mentioned exotic phases. The patterning of
oxide heterostructures is always a challenging task, thus one need to find new and
reliable ways. Mannhart’s group developed a technique to pattern the buried

interface and create device structures [54].

(b)

Figure 2.10: (a) Writing process of a conducting line (positive
voltage to AFM tip). (b) Erasing process of a conducting line
(negative voltage to AFM tip) using AFM lithography. From Cen
et al. [55].

Pattering of 2DEG can be achieved by growing amorphous LAO film over STO
using lithography (this creates a insulating interface) followed by a conventional
crystalline LAO/STO interface; this selectively creates a conducting area and thus
a patterned 2DEG. J. Levy and co-researchers invented a new way to create a
2DEG at LAO/STO interface by writing and erasing of conducting channels using
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C-AFM [55] as shown in figure 2.9. By applying the voltages to a tip of C-AFM
probe, the LAO/STO interface is locally reversibly switched between insulating
and conducting states. The width of these conducting channels was achieved
down to few nanometers paving a way to realize possible quantum device
application. However, most of the current electronic industry is based on Si based
technology. Therefore to integrate the oxide interface system with current silicon
technology, one needs to demonstrate the susccessfull growth of this interface on
Si. This significant step was realized by Park et al. as they demonstrated the
creation of 2DEG at the LAO/STO interface by growing on Silicon [56]. Further,
quantum Shubnikov- de Hass oscillations [57] and spin-orbit interaction [58] have
been reported at these interfaces which are significant importance for spintronic
device concepts. The exciting observation as summarized above demonstrates the
potential of the LAO/STO interface for future oxide electronics. However there is
still a need to pattern these interfaces in a simple way. In the fallowing we discuss

very exciting spin-orbit interaction property at the interface in detail.

2.6. Spin-orbit interaction

Spin-orbit interaction is an interaction of a particle’s spin with its motion. The
spin-orbit coupling originates from an interaction of the spin with magnetic field
that is experienced by the moving electron. The spin-orbit interaction energy
Hamiltonian is given by Hg,

h
Hep = ——
SO 4¢c2m?

[W(r) x P]-@

Here V(r) is electric potential, P and o are momentum associated with motion
and spin vectors respectively. The role of V(r) is determined by the crystal
potential that arises from atomic cores. We can see from the equation that the
strength of the interaction depends on angular momentum L (L = r X P) and spin
o of the electron. Thus, systems with high L and spin are expected to have strong
spin-orbit interaction (SOI). As a consequence of the SOI, the spin states splits in

the system. When the crystal lattice has a centre of symmetry the spin-orbit
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coupling would not influence the band structure much, however the termination of
a bulk crystal by a surface or creation of a hetero-structure can break the 3D
inversion symmetry at the surfaces or interfaces that can create strong SOI. This
specific SOI is called Rashba type spin-orbit interaction [19]. The Rashba spin-
orbit coupling is a direct consequence of a symmetry breaking field in the
direction perpendicular to the 2D surface. Considering the out of plane direction

to be z which is perpendicular to the interface, the Rashba SOI equation is given

by

Here the strength of the SOI depends on the interface electric field and the in
plane spin components. The interface electric field could arise from the band
discontinuity and confinement of the electrons near the interfaces. The classic
examples are GaAs/GaAlAs [60] and InAs/InGaAs [61] heterostructures with
2DEG at the interface. The importance of SOI brought to the forefront in the
proposed Datta-Das device [62] where the spin precession of the electron in a
conducting channel can be controlled by gate electric field via tunable Rashba
SOI. When the gate voltage is applied to the interface it potentially modifies the
potential gradient at the interface via the changes in band bending of the bands
and electron probability density within the confinement well. Thus the Rashba
SOI gives rise to the effective magnetic field that can be controlled by electric

field and is given by,
BSO = a(P X ez),

where a is Rashba coefficient and tunable with electric field. When the spin
polarized electron is injected in to the conduction channel the electron precess

: . 2mal _ :
about this Bg, with an angle A8 = % as it traverses a distance | and allows

controlling the spin current of the electrons [63].
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The spin-orbit coupling can be examined by magneto transport study of the weak
antilocalization (WAL) effect of the conducting channel. The negative magneto
conductance is a characteristic of the weak antilocalization of the carriers due to
SOI and the strength of this interaction is tunable with gate voltage. Weak
antilocalization is a negative correction to the resistivity (actually reduces the
positive correction to the resistance which arises due to weak localization of the
system) of a system that originates from the SOI. The spin-orbit field basically
adds additional phase to carriers as they move around paths which reduces the
localization effect. Weak antilocalization has been reported in semiconductor
heterostructures [64] which exhibit a large SOI. Further, the tunability of the

Rashba SOI can be examined by the magneto transport analysis with gate voltage.

Maekawa-Fukuyama derived a formula [65] to extract SOI from the conductance
correction (Aoc) in the diffusive regime and is given by

AO'(H):T( H 1 H H

1
+ )- (
o HitHo' 2177 H +H (1+1-7°) 2y1-7° H +H_(1-1-7?)

The functionW(z) =Inz+w(1/2+1/z) is a digamma function. Here H; and Hs,
are inelastic and spin-orbit field and can be obtained from the fitting results of the
data to above formula. The SOI at the LAO/STO interfaces is investigated in this

thesis and the experimental results are discussed in the chapter 7.

Having made an attempt to present a back ground for the perovskite oxides and
their interfaces, and especially to the LAO/STO interface, in the following chapter
I will discuss the techniques employed for the film growth and characterization
techniques used to investigate their properties. The experimental results will be

presented in the subsequent chapters.
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Chapter 3

Thin film fabrication and characterization

This chapter describes various techniques used in sample preparation and
characterization of thin films, interfaces and heterostructures investigated in my
study. The introduction to thin film fabrication technique, the pulsed laser
deposition (PLD) assisted with reflection high energy electron diffraction
(RHEED), thin film characterization techniques such as atomic force microscopy
(AFM), Rutherford backscattering (RBS), physical property measurement system
(PPMS), and structural analysis technique X-ray diffraction (XRD) will be given.
Finally I discuss different configurations of electrical characterizations, including

electric field effects and magneto transport.

3.1. The Pulsed Laser Deposition

The pulsed laser deposition (PLD) technique was used to fabricate various
combinations of oxide interface and heterostructure samples. Since its discovery,
PLD played an instrumental role in the field of complex oxide thin films right
from the beginning with the demonstration of growth of high T. superconductors
by researchers at Bell Communications Research [1, 2]. A schematic of the PLD
setup is shown in Fig. 3.1 which consists of four main components, the laser path,
target holder setup, substrate holder setup attached to the heater and a Reflection
High Energy Electron Diffraction (RHEED) system to monitor the thin film
growth process. In this process, when the laser pulse is absorbed by the target, the
material gets ablated and forms plasma. The plasma expands into the surrounding
vacuum in the form of a plume of energetic species containing atoms and ions of
the target material. These species are then collected on a substrate which is
mounted on a heater placed at a specific distance from the target, resuling in a thin

film deposition of target material on the substrate.
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Figure 3.1: A schematic diagram of a pulsed laser deposition
system consisting of target, substrate holder and RHEED set up.
Pulse laser deposition system with RHEED facility used for the
current study in our laboratory.

In this work, a KrF excimer laser with 248 nm wavelength (Lambda Physik
Company) and a pulse width of 15 ns with different frequencies ranging from 1-
10 Hz was used. The laser energy density for the deposition can be varied by
fixing the energy of the laser. To have a uniform ablation, the target was rotated
and rastered continuously during the deposition. Similarly, the substrate holder
can be rotated during the deposition and its distance from the target can be
controlled along the Z direction. A radiative heater is used to heat the substrate up
to a maximum substrate temperature of 1050 °C with a heating rate of 5-15 °C per
min. With this basic introduction to the PLD technique, now | discuss the thin
film growth methodology including substrate treatment, target preparation and
thin film growth process with RHEED monitoring technique.

3.1.1 Thin film growth methodology

One of the most important aspects in thin film growth is the quality of the target
material. Targets with specific compositions were prepared in our lab using the
solid state reaction method. In this method powders were first weighed according
to the reaction formula to form a desired composition, and then these powders

were mixed and grinded to form a homogeneous mixture. The mixture is then
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sintered at high temperatures for several hours and then pressed to form high
density targets. The crystal structure and quality of the targets were verified by the
characterization techniques like X-ray difraction and Rutherford back scattering.
High quality single crystal substrates for thin film deposition were purchased
from CrysTec GmbH. A verity of substrates namely, SrTiO3, LaAlO3, Nb doped
SrTiOz, NdGaO3;, LSAT ((LaAlO3)o3-(Sr2AlTa0g)o7) were used in this thesis.
Prior to the deposition the quality of the substrates was checked under the
microscope to avoid unwanted surface contaminations. A general sequence of
substrate cleaning procedure was employed before every sample deposition;
starting with an ultrasonication of substrate in acetone, then in ionized water, and
finally drying the substrate with N, gas spray. The selected substrate and target
were loaded into the chamber using a load lock attached to the PLD chamber. To
have ideal deposition conditions, before the actual deposition process, the PLD
chamber pressure was ensured to have a minimum base pressure of 1x10® Torr.
The oxygen gas flow into the chamber is controlled by a mass flow controller
(MFC) which has an option of manual/auto mode controls. These modes could
control the gas pressures in the range of 1x10™ -10°® Torr. The deposition of thin
films is usually performed at high temperatures in the range of 600 -850 °C. The
temperature of the substrate was controlled by a temperature controller attached to
the PLD. The most important analysis carried out during the substrate heating
process was the RHEED patterns investigation of substrate which gives
information of the of substrate surface structure (discussed in later chapters).
System shutters in between target and substrate enabled to start and stop the
deposition process. After the deposition samples were cooled down to room
temperature in deposition pressure with a slow cooling rate employed to avoid the
possibility of cracking the thin films due to different thermal expansions. This
thesis work deals mostly with the deposition of ultra thin films of few unit cells
thickness. The precise control of film thickness at such atomic level was achieved
by RHEED monitoring of the film growth during the deposition process. A brief
description to the working principle of the RHEED process and analysis of the

RHEED data obtained during the film growth is presented below.
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3.1.2 RHEED monitoring of growth process

Reflection high energy electron diffraction (RHEED) is a surface characterization
technique that works on the principle of diffraction of high energy electrons
obtained from the surface of the material. The RHEED process is very sensitive to
the sample surface morphology which can be used to probe the crystal symmetry
and various surface atomic reconstructions on the surface of the materials. The
basic RHEED system contains of two important parts; the electron gun which
generates high energy electrons and a camera which collects the diffraction
pattern obtained from the substrate. In the RHEED process, the electrons emitted
from the electron gun incident on the sample surface at glancing angle and get
diffracted from the sample surface and are collected with a CCD (charge coupled

device) camera detector (shown in figure 3.2).

() (b)

Vo reflection coverage
Camara electron beam

/ Nuorescent
electron beam Screen
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J

Al
Al
(D

== el C

Figure 3.2: (a) Schematic of the RHEED process where the
electrons incident on the crystalline material surface and the
obtained diffraction pattern collected by a CCD camera. (b)
RHEED oscillation period with respect to the coverage of the
surface of the film in layer by layer growth mode. From ref [3].

Atoms at the sample surface mostly contribute to the RHEED pattern [3]. The
RHEED pattern gives the basic information of the surface crystal structure and
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corresponding crystal orientation. However, the most widely used application of
the RHEED process is to monitor the growth process and growth rate of the thin
film. The basic principle of the growth rate monitoring involves how the coverage
of the film surface during the growth oscillates with time. The coverage process
of the thin film surface with time for a layer by layer growth method is as shown
in the figure 3.2b. As shown in the figure the intensity of the electron diffraction
arising from the surfaces during film deposition is actually proportional to the
coverage of the surface, which follows the oscillatory behavior (during 0-50% of
coverage intensity goes down from maximum to minimum, and during 50-100%
of coverage, intensity again goes to maximum due to coverage with newly grown
layer), thus enable to monitor the growth of one complete monolayer. The minima
in intensity in this process represent the half coverage of the surface, and this
should not be misunderstood as a half unit cell growth. Therefore precise counting
of these oscillations gives the exact number of unit cells of the thin film grown
directly enabling the thickness control of the film. The growth process of
monitoring is generally performed by recording the intensity of the 0™ order spot
in the RHEED pattern. Figure 3.3 shows the RHEED intensity oscillations
obtained for the growth of LAO on STO (100) substrate. Clear oscillations allows
to control the thickness of the film (here it is 3 unit cells of LAO). The RHEED
pattern for before and after the deposition is also shown in the figure. The before
deposition pattern corresponds to the STO substrate. The spots in the patterns
represent the direct diffraction spots, which give the information of crystal planes

in reciprocal space.
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Figure 3.3: RHEED oscillation obtained during the growth of 3
unit cells of LAO on STO (100) oriented substrates. The RHEED
patterns obtained before and after the growth of LAO on STO. The
pattern obtained for after the growth shows a streak like pattern
represent the 2D growth mode for the film with layer by layer by
growth mode.

An important observation when comparing before and after deposition patterns is
that the RHEED pattern changes from a spot like pattern before deposition to a
streak like pattern indicating the growth of 2-dimensional (2D) material on top.
The separation between these spots/streaks basically represents the spacing
between corresponding crystal planes. The analysis of the spacing will enable to
identify the crystal orientation of the film growth. A key criterion to observe
RHEED oscillations are of course material should follow the layer by layer
growth mode. Any deviation from the layer by layer growth to the so called 3D
growth will hinder this process dramatically even though the film grows epitaxial.
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3.2. Atomic force microscopy

The important characterization techniques in the study of the thin films are the
surface morphology analysis of the samples before and after the growth. To get
the precise growth control of the thin films as discussed in the above section one
needs to start with atomically flat substrates. Atomic force microscopy (AFM) is
the most used technique to analyze the surface morphology of these substrate
material surfaces. From AFM analysis, various parameters such as surface
roughness, elemental terminations, and height profile of the specific features of
the sample surface can be obtained.

The working principle of the AFM is based on the mapping of atomic attraction
and or repulsive force between atoms on the sample surface and the AFM tip that
is attached to a cantilever. The AFM technique utilizes a short range weak
interaction forces (van der Waals). The van der Waals interaction energy of two
atoms, located on the r distance from each other can be defined from Lennard-

Jones potential equation given by

U(r)=U, -2 (5)6 +(Ej12
r r

In this relation, the total energy (U) is composed of contributions from the long-
distance attraction forces (first term) as a result of dipole-dipole interaction
between atoms, and the short range repulsion forces (second term). The behaviour
of the above relation is shown in figure 3.4.
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Figure 3.4: Lennard-Jones potential curve

The schematic of the AFM set up is shown in figure 3.5. The basic components in
a AFM set up are sample stage, laser diode, photo detector, cantilever with tip and

a feed back control unit that generates the equivalent image of the sample surface

o<

Laser Diode

morphology.

Positian-sensitive
Photodetector

Cantilever Spring

-

Figure 3.5: Schematic of the AFM set up with the basic
components.



The probe used in AFM is a sharp tip attached at the end of a cantilever. The
cantilever bends towards or away from the sample surface depending on attractive
or repulsive forces from the atoms of the sample surface. The degree of deflection
of cantilever is directly proportional to the force between the tip and the sample

and is given by
F=k.AZ

Here F is the force, k is the force constant of cantilever, and AZ is the distance
between probe and sample. The k coefficients vary in a range of 10° — 50 N/m.
The deflection of cantilever is used for the feedback control to adjust the Z motion
of the probe. Since the force between probe and sample is of the order of nano
Newton, a very sensitive technique is required to measure the cantilever
deflection. The laser based optical technique is used to measure the deflections.
These deflection signals are transformed in to real surface morphology using a
feed back electric current. For surface sensitive materials the AFM is used in non
contact mode also known as tapping mode, in which an AC signal applied instead.
In this mode the tip is allowed to vibrate with a specific frequency, which allows

interacting with the surface atomic forces better.

3.2.1 Substrate surface analysis

In order to obtain an abrupt interface and atomically sharp hetero structures the
first and foremost step is to start with an atomically flat substrate surface. Usually
case the purchased substrates contain a mixed termination on the surface due to
the milling and polishing steps employed. To prepare an atomically sharp
interface and to maintain stoichiometry near interfaces, a single termination
substrate surfaces are necessary. Kawasaki et al. [4] developed a Buffered hydro
florid acid (HF) chemical etching technique to get a single terminated surface for
perovskite SrTiOz substrates, which led a foundation to create abrupt oxide
interfaces. In later years this technique was further optimized by researchers from
University of Twente [5]. In case of STO (100), using this HF treatment a specific

Ti0O, termination can be achieved by the selectively etching SrO. In this process,
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STO substrates were first ultrasonicated in DI water to form Sr hydroxide on the
surface, and then they were treated with HF for 30 seconds. In this step the
formed Sr hydroxides were selectively etches away by HF and creating a TiO,
termination (here TiO, remains nonreactive for HF solution). This chemical
treatment then is followed by a thermal treatment step of annealing at 950 °C for

2 hours [5] in air with 5 °C per min ramping up and 3 °C per min while cooing

down.
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Figure 3.6: (a) AFM topography image of the STO (100) surface
after treatment. (b) The AFM height profile showing the step
height is equal to a unit cell spacing of (100) STO of 0.39 nm. (c)
AFM topography image of the STO (110) surface after
treatment.(d) AFM height profile showing the step height is equal
to a unit cell spacing of (110) STO of 0.278 nm.
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Figure 3.6a shows the topography image of STO (100) surface after treatment, the
surface contains long terraces structure with the step flow. The step height
corresponds to the unit cell height of the STO, which is actually a unit cell
distance between two successive TiO, layers in (100) direction which is 3.905 A.
Figure 3.6b shows the height profile of the STO(100) surface, which indicates the
step height of ~3.9 A as expected. The terrace width depends on the miscut of the
substrates during the polishing of the surfaces. For this thesis work an atomic
smooth surfaces of SrTiO3; (110) were also prepared. Atomically smooth surfaces
were achieved by employing high temperature treatment with temperature of
1050-1100 °C with annealing time of 2 -2.5 hours. The corresponding AFM
topography image of the STO (110) surface after the treatment is shown in figure
3.6¢. Figure 3.6d shows the height profile of the STO (110) surface, indicates the
step height of ~2.8 A which is a unit cell spacing along the (110) direction. Such
treated substrates were used for the deposition of LAO/STO interface samples.
Atomically flat surfaces for substrates like LSAT and NGO were also obtained
through the above thermal treatment process.

3.3. Structural characterization

After a thin film growth it is important to check the crystal quality, growth
orientation and most importantly the chemical composition of the film. The
investigation of above mentioned properties of grown films was carried out
through X-ray diffraction, RBS experiments. In the following a brief background
to XRD and RBS techniques is given and the experimental data obtained for the

samples is also presented.

3.3.1 X-ray diffraction

X-ray diffraction (XRD) is one of the most fundamental techniques to collect the
material structure information. In the XRD process, the atomic structure of a
crystal causes a beam of X-rays to diffract into many specific directions. For fixed
wave length of incident X-rays, each diffracted angle corresponds to a specific

55



crystallographic arrangement of atomic planes of the crystal. The periodic
arrangement of atoms is generally called as atomic planes. The criterion to have
the X-ray diffraction (XRD) is known as the Bragg criterian and is given by the

equation
2dsinf =nAi n=123.... )

Here d is the spacing between the crystal atomic planes, @ is the X-ray diffraction
angle, A is the wavelength of the X-rays, and n is the order of diffraction. The d
spacing in a crystal structure depends on the corresponding orientation and lattice

constants of a particular crystal structure which is given by

Here h, k, | are called miller indices which gives the orientation of the atomic
planes, whereas a, b, and c are lattice constants of a crystal structure. Generally
the X-ray spectrum is obtained for diffracted x-ray intensity versus 26. As there
can be a series of differently-spaced planes in a crystalline material, the resultant
diffraction spectrum will consist of several peaks at the corresponding € values.
X- ray crystallography library can be used to analyse the obtained spectrum. The
growth orientation of the film can be identified by matching the diffraction angle
of particular peak position. Once the orientation of the growth is confirmed, from
the above Brags formula one can obtain the d spacing of the atomic planes and
thereby the lattice constants of the thin film. Further the relative intensity and area
of the peak generally reflects the crystal quality of the film which can be further
precisely analyzed by performing rocking curve of a particular peak. The strain in
the thin film can also be extracted from the lattice paramenter by comparing it

with the real value.

In this study, a Bruker D8 Discover model X-Ray instrument is used. The X-Rays

generated from Cu Ko source which was operated at 40 KV and 20 mA is
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incident on the samples mounted on a goniometer stage. The diffracted X-rays are

then collected by a detector.
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Figure 3.7: (@) The XRD of the LAO/STO (100) sample with 15
nm LAO thickness. (b) The reciprocal mapping image for the
LAO/STO (100) sample with 20 uc LAO, showing a coherent
growth of LAO film on STO with a strain in LAO layers.

Figure 3.7a shows a XRD spectrum obtained for the LAO/STO (100) sample with
LAO thin film having thickness of 15 nm. A 2D detector of VANTEC-2000 is
used to collect the diffracted X-rays. The epitaxial growth of LAO on STO along
the (100) direction can be clearly identified from figure 3.7a. The lattice constant
of LAO is estimated from the d spacing of (100) planes to be a =3.82 A. To
investigate the strain state in thinner LAO/STO samples, a reciprocal space
mapping (RSM) is performed on the sample with 20 uc of LAO on STO (100).
Figure 3.7b shows the corresponding RSM image of the sample, showing that
LAO is coherently grown on STO and also suggests that LAO is under tensile
strain in these thin LAO/STO samples.
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3.3.2 Rutherford back scattering

Rutherford backscattering spectrometry (RBS) is a powerful technique for
structural and compositional characterization of thin films. Figure 3.8 shows a

schematic of RBS process.
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Figure 3.8: (a) Schematic of the Rutherford backscattering (RBS)
process. (b) Typical intensity of backscattered a particles versus
energy spectrum in a RBS process.

Here a beam of mono energetic a particle (4He*?) is generated by an electrostatic
accelerator, and directed towards the sample via magnetic steering. When the a
particles are irradiated on the sample surface, some of them are elastically back
scattered of the surface atoms, while the others enter the sample and lose some
energy along the way and are further back scattered by the atoms inside the
sample. The number and energy of these backscattered o particles are detected.
The RBS spectrum is plotted for the intensity of backscattered particles as a
function of energy. Since the collision process between a particle and atom is in
elastic, the energy (E) of the backscattered o particle is proportional to the atomic
mass (M). The intensity of spectrum at the particular energy is proportional to the

atomic mass of corresponding atoms inside the sample, thereby; the elemental
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composition of the sample can be readily obtained by spectrum from the area
density analysis. The degree of crystalline order in a film can be determined via
RBS by operating the system in ion channeling mode, where o particle are

allowed to channel through a specific crystallographic planes.

In this study various new combinations of interfaces and heterostructures such as
NAO/STO, PAO/STO and NGO/STO were prepared and investigated. The crystal
quality and composition of these newly grown samples were investigated through
RBS to verify the final composition and crystal quality of the grown thin films.
Figure 3.9 shows the RBS spectrum obtained for NAO thin film grown on STO
substrate. The positions of elements in NAO film, and STO substrate in the
obtained spectrum matches well with the simulated spectrum. Note that the
appearance of corresponding elemental peaks at the specific energy is in
accordance with the proportional atomic mass relation (Nd appears at higher

energy).
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Figure 3.9: The obtained RBS spectrum for the NAO thin film
grown on STO (100) substrate, the red curve shows the fitting to
the experimental data.
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The composition of the thin film is further estimated from intensity spectrum
analysis, and the composition is found to be Ndg2Alp20059 Which is almost
consistent with the desired stoichiometric NdAlOscomposition.The above analysis
shows that grown thin films have crystalline quality and maintain stoichiometry
during thin film growth.

Having discussed the thin film growth methodology, surface and structural
techniques and characterization of substrate and grown thin films, in the following
a brief description to the various electrical and magnetic transport measurements

that are performed on the samples will be presented.

3.4 Electrical transport measurements

A variety of electrical and magneto transport characterizations on samples were
conducted using the Physical Property Measurement System (PPMS, Quantum
Design Inc.). The PPMS system is capable of applying magnetic fields up to + 9T,
in a 2- 400 K temperature range with a typical temperature accuracy of + 0.5%.
Temperature can be varied with full sweep capability and ramping rates from 0.02
K/min up to 7 K/min. Temperature stability is < 0.2% for temperatures <10 K and
0.02% for temperature >10 K. These transport measurements can also be
performed with various magnetic and current orientations to the sample by

employing a sample rotator.

The various types of electrical property measurements performed in this work are;
basic electronic characterizations including resistance versus temperature, carrier
density and mobility and their variation with temperature, magneto resistance
(MR), and electric field effects on the interface conducting channel. To perform
these electrical measurements Ohmic contacts were made by Al ultrasonic wire
bonding onto the sample (performed by West Bond wire bonder machine, with
bonding power used from 300-400 W and time of about 30 ms). Since the
deposited films mostly have a thickness of a few nanometres, thus penetration of
bonded wire from the surface to the interface due to the force allows electrically

accessing the interfaces. The Ohmic nature of the contacts is often verified by 1-V
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measuremet. The samples are typically a square shaped with the dimensions of 5
mm x 5 mm. The conducting behaviour of the samples is investigated by
performing resistance versus temperature, R (T) measurements. The R (T)
behaviour gives the nature of charge transport. The R (T) measurements were
performed in different ways namely Van der Pauw geometry [6] and four point

linear geometry as shown in figure 3.10.

(b)

Figure 3.10: Electrical contact geometries: (a) a Van der Pauw
geometry, and (b) linear four point geometry.

The Van der Pauw geometry was used to measure the sheet resistance (Rs) and
Hall measurements to extract carrier density (ns) and mobility (). In Van der
Pauw geometry the electrical contacts were made at the corners of the square
sample as shown in figure 3.10a. Here current (1) is passed between points 1, 3 or
1, 2 and resistance is measured between 2, 4 or 3, 4, respectively. The resultant Rs
is extracted from a Van der Pauw formula. To extract the ns, contacts were
connected in Hall geometry (for example | is passed between points 1, 4, and Hall
resistance is measured between 2, 3). Hall measurements can also be performed
by making the contacts at the middle of the edges of the square sample (shown as
circular points in the figure 3.10a.). In our observations both Hall geometries
yielded similar results. For the Hall measurements the magnetic field was varied

between £ 0-9 T. The principle of Hall effect is based on the carrier motion in the
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presence of current and perpendicular magnetic field. This results in a charge
accumulation at the opposite sides of the sample resulting in Hall voltage and Hall
resistance. The carrier density from the Hall measurements can be extracted by a
formula given by

1
" Ry Xe

Here Ry is defined as the Hall co-efficient for a material, the Ry can be extracted

from the slop of Hall resistance (R, ) versus magnetic field plot which is given by

R, = 22
H= p

The Hall measurements also give the information about the type of carriers; the
sign of Ry distinguishes n-type and p-type charge carriers: negative Ry indicates

that the type of carrier is electrons and positive Ry indicates holes.

Figure 3.11 show the Hall resistance versus magnetic field data of a LAO/STO
interface sample. The data shows linear variation of Ry, with magnetic field. The
change of sign of R,y with the polarity of magnetic field is a characteristic of Hall
effect. Ry is obtained by extracting the slop of the Ry, versus magnetic field plot
and thereby the carrier density is derived. The mobility () of carriers was
extracted using the relation between conductivity (o) and carrier density which is

given by.

oc=neyu
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Figure 3.11: R,y versus magnetic field performed on LAO/STO
interface.

Generally mobility characterizes the ability of charge carriers to move with in a
material. The main factor that defines the mobility is scattering time () and

effective mass (m*) of the carriers (electron here).

.u:m*

The 7 depends on several physical properties of the material and whereas the
effective mass m* depends on the band structure of the material system. Various
types of scattering mechanisms such as e-e interactions, e-phonon interactions and
a magnetic spin dependent scattering can govern the mobility of the carriers. A
distinction among these scattering mechanisms can be made by analysing the

temperature dependence of mobility.

In this study, various types of magneto resistance measurements and electric field
effect on interface conductivity were performed. To perform the magneto
resistance and electric field measurements, linear four probe geometry is used as

shown in Fig. 3.10b. The spacing between points was made sure to be equal and

63



additional care was taken to minimize the issue of misalignment of contact

geometry.

3.4.1 Magneto resistance measurements

Magneto resistance (MR) has become one of the important physical properties in
material physics ever since the discovery of giant magneto resistance in
ferromagnetic layers and colossal magneto resistance (CMR) in manganite
systems, which have found a wide range of applications in sensor technology. MR
is basically defined as the change in electrical resistance of a material when a
magnetic field is applied to the system. The magneto resistance is given by the

equation.

_ R(H) — R(0)

MR RO

X 100 %

R(H), R(0) are the resistance of a material with and without magnetic field,
respectively. The origin of MR arises from the influence of scattering of charge
carriers in presence of the magnetic field. Depending on the type of scattering
involved, MR is classified into various types. The MR that arises from the
Lorentz scattering of charge carriers is defined as ordinary MR. When the
magnetic field is applied on a current carrying system; electrons experience a
cyclotron motion due to Lorentz force which increases the cyclotron frequency of
the electron in its closed orbits in quantum limit. However, in a diffusive regime,
the electrons would not complete the path to a full circle due to scattering from
various scattering centers. This MR only depends on the geometry of the devices
and independent of the magnetic property and crystal symmetry of the system.
The MR in this case is always positive. Whereas the giant magneto resistance
(GMR) which originate from spin dependent scattering of electrons in adjacent
ferromagnetic layers that are separated by a metal spacer layer in presence of
magnetic field and its direction. The magnitude of GMR depends on the strength
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of exchange interaction of electrons between these adjacent layers, is known as
Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction [7-9].

In our work, properties at the LAO/STO based hetero interfaces were studied
extensively under various MR configurations. The MR experiments were

performed in various geometries namely, in-plane and out of plane.

(a) H (b) (c)

Figure 3.12: Different MR measurement geometries: (a) Out of
plane MR. (b) In-plane MR with | and H are parallel. (c) In-plane
MR with I and H perpendicular to each other.

These geometries are defined with respect to the magnetic field and current
directions to the sample plane. Figure 3.12a shows MR geometry in out of plane
mode, were the H is applied perpendicular to the plane of the film surface; I and
H are always perpendicular to each other. In this geometry, the orbital scattering
mechanisms such as Lorentz scattering are predominant. Figure 3.12b shows the
in-plane MR mode, where the H and | are in the plane of the sample surface. As
shown, the | and H are parallel to each other which results in zero Lorentz force,
thus no orbital scattering. For magnetic systems, due to the polarization of
magnetic moments in the presence of the external H, there can be MR in this in-
plane mode due to the spin dependent scattering. Thus this in plane mode MR is a
very useful tool to distinguish orbital scatterings from magnetic spin dependent
scattering. Figure 3.12c shows geometry of measuring MR in-pane mode, where
the H and | are perpendicular to each other but both are in the plane of the sample

surface. This mode is useful to investigating the dimensionality effects of
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conducting channel, where the orbital scattering strength depends on the

dimensionality.

The MR study can help to distinguish numerous physical phenomena. For
example, it can clearly gives the distinction among various transport mechanisms
starting from metallic, localized (magnetic Kondo scattering) and hopping
transports. This distinction can be made by performing the MR in various

geometries as described above, and from the temperature dependence of the MR.

In order to investigate the magnetism at the LAO/STO interfaces, we have
performed more specific magneto resistance measurements known as anisotropic
magneto resistance (AMR) and planar Hall effect (PHE). AMR is a relativistic
magneto transport phenomenon that arises from combined effects of spin-orbit
interaction and ferromagnetically ordered state coupled to symmetry of the
system. In AMR measurement, both I and H are always in-plane of the interface
and the angle between | and H is varied from 0° to 360°. The origin of AMR lies
in the anisotropy of the magnetization with respect to the crystal symmetry and
spin-orbit interaction. The measurement geometries for both AMR and PHE are

shown in the figure 3.13.

AMR PHE
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<100> <100>

<010> v > <010>

Figure 3.13: Measurement and contact geometry for AMR and
PHE.
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On the other hand planar Hall effect (PHE) is similar type of magneto resistance
measurement but it measures the transverse component of resistivity (o). In the
PHE measurement both the I and H are in the plane of the thin film, but resistivity

measured in transverse direction.

The mathematical expressions for resistivity components, corresponding to AMR

(pxx) and PHE (py, ), respectively, are given by

Pxx = P+ (p] — pL) cos? 8

1 .
Pxy =75 (pj—p1)sin2t

Here p, and p, are the resistivity measured when | and H parallel and

perpendicular respectively and 8 is the angle between | and H. However, the
above equations for AMR and PHE are applicable only for general non crystalline
and polycrystalline cases. A phenomenological model [10] used for the
interpretation of AMR in crystalline samples. The phenomenological model
includes the higher order terms in the resistivity tensor considering the symmetry
of the systems. The resistivity expression for the AMR in crystalline case is given

by MacLaurin’s series expansion of resistivity tensor as
pij = jj + Ay + -

Here aj , ay; are elements of resistivity tensor of various orders, a is the

direction cosines, of the magnetization, where as i and j are in any of the three
orthogonal directions. Due to the symmetry considerations most the terms vanish

and for a cubic symmetry system the above expression can be expressed as
Pxx = Co + C1 cos? 0 + C, cos* @ + -

Pxy = €4 Cos B Sin 6
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Here C,, C;, C, are the coefficients related to the crystalline anisotropy associated
with the crystal symmetry of the system [11]. Thus the investigation of AMR and
PHE enable to explore the anisotropy of the magnetic property couple to the
crystal symmetry. Further, in magnetic systems the observed p,, in PHE is

linked to the in-plane magnetization with a relation given by

ko .
Pxy = ?M” sin 20

Here M, is the in-plane component of the magnetization, and t is the thickness of
the film, k is the constant related to anisotropic magneto resistance constant,

respectively.

In this thesis work, the investigation of AMR and PHE is carried out under
various experimental variables such as temperature, magnetic field and electric
field to the interface. These effects are analyzed with respect to the spin-orbit
interaction and crystal symmetry of the system by using the phenomenological

model discussed above.

3.4.2 Electric field effect

The electric field tuning of the electric properties at the LAO/STO interfaces has
been shown to create several novel phenomena such as insulator-metal transition
and tunable ground state of two-dimensional superconductivity. The external
electric field applied to a material attracts or repels charge carriers, resulting in
charge accumulation or depletion from the channel modifing the electric
properties dramatically. The characteristic width of the accumulation or depletion
regimes is given by the electro static screening length Ag, is also called as
Thomas—Fermi length. To have feasible electric field effects large screening
lengths are needed i.e effectively 2D system. Conventional metallic systems have
2

very short length scales due to the large carrier densities in the order of 10*°cm’

and therefore negligible field effects were observed [12]. On the other hand

68



LAO/STO interfaces have carrier densities in the order of 10%cm? with
dimensions of the conducting channel of few a nanometres which make them
ideal for field effect studies. The polarization (&), or areal carrier density (charge
cm?) that can be induced at given gate voltage VG applied across an gate

insulator of thickness t is given by

| £¢
0=f g0 & (V) tadv
0

Here &. is the relative dielectric permittivity of the gate dielectric material. The
above equation suggests that there can be two ways to increase the electric field
effects either by applying large gate voltage or to use a large &,. gate material.

In this thesis work, the properties of the 2DEG at the LAO/STO interfaces have
studied extensively under the applied electric field. These gating measurements
were further utilized in the investigation of properties such as spin-orbit

interaction and AMR studies.

LaAlO,

2DEG

SrTiO,

Ag

+Vg e

Figure 3.14: Schematic of the electric field effect measurement
configuration for the LAO/STO interface sample.
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The 2D carrier confinement and tunable carrier density at the LAO/STO
interfaces enable to tune the interface properties. The Schematic of the electric
field effect device configuration for the LAO/STO interface samples is shown in
the figure 3.14. The electric field effect measurements on LAO/STO interfaces
were performed by applying the electric potential (voltage) to STO which is used
as the gate material. STO (back gate) is preferred over LAO (top gate) due to the
large dielectric constant &. of 10,000 at low temperature. This unusual dielectric
response of STO at low temperatures let to show the pronounced electric field
effect on LAO/STO interfaces. The back electrode for the STO is provided by
applying Silver (Ag) epoxy to the STO back surface. During this gate electrode
preparation, precautions were taken to avoid any lateral conduction that leaks the
charge to the interface. The leakage currents were monitored through a source
meter and it was made sure that it is below 1 nA (nano Ampere) during the
measurements. The source terminals (1.) of the channel are made as common
terminal for both gate (-Vg) and channel. The electric contacts for the channel
were made through Al wire bonding to the interface. The Ohmic nature of the
contacts was verified through 1-V measurements. Linear probe contact geometry
is used for conventional resistance measurements and Hall geometry is employed
for carrier density measurements. In this study the gate induced electric field
effects are performed in the investigation of the spin-orbit interaction. In the
following a brief introduction to the spin-orbit interaction is given.

70



References:

[1]

[2]

[3]
[4]

[5]

[6]

[7]

[8]

[9]

D. Dijkkamp, T. Venkatesan, X.D. Wu, S.A. Shaheen, N. Jisrawi, Y.H.
Min-Lee, W.L.McLean, M. Croft, “Preparation of Y-Ba-Cu oxide
superconductor thin films using pulsed laser evaporation from high T, bulk
materials,” Appl. Phys. Lett. 51 619 (1987).

X.D. Wu, T. Venkatesan, A. Inam, X.X. Xi, Q. Li, W.L. McLean, C.C.
Chang, D.M.Hwang, R. Ramesh, L. Nazar, B. Wilkens, S.A. Schwartz,
R.T. Ravi, J.A. Martinez, P.England, J.M. Tarascon, R.E. Muenchausen,
S. Foltyn, R.C. Estler, R.C. Dye, A.R.Garcia, N.S. Nogar, “Pulsed laser
deposition of high T, superconducting thin films: present and future,”
Mater. Res. Soc. Symp. Proc. 191, 129 (1990).

http://www.material.tohoku.ac.jp/~kaimenb/e genri.html#heed.

M. Kawasaki, K. Takahashi, T. Maeda, R. Tsuchiya, M. Shinohara, O.
Ishiyama, T. Yonezawa, M. Yoshimoto, H. Koinuma, “Atomic control of
the SrTiOj3 crystal surface,” Science, 266, 1540-1542 (1994).

G. Koster, B. L. Kropman, G. J. H. M. Rijnders, D. H. A. Blank, and H.
Rogalla, “Quasi-ideal strontium titanate crystal surfaces through formation
of strontium hydroxide,” Appl. Phys. Lett, 73, 2920-2922 (1998).

L. J. van der Pauw, “A method of measuring the resistivity and Hall
coefficient on Lamellae of arbitrary shape,” Philips Technical Review, 20,
220-224 (1958).

M.A. Ruderman and C. Kittel, “Indirect Exchange Coupling of Nuclear
Magnetic Moments by Conduction Electrons”, Phys. Rev. 96, 99 (1954).

T. Kasuya, “A Theory of Metallic Ferro- and Antiferromagnetism on
Zener's Model”, Prog. Theor. Phys. 16, 45 (1956).

K. Yosida, “Magnetic properties of Cu-Mn alloys”, Phys. Rev. 106, 893
(1957).

71


http://www.material.tohoku.ac.jp/~kaimenb/e_genri.html#heed

[10]

[11]

[12]

T. R. McGuire, and R. I. Potter, “Anisotropic magneto resistance in
ferromagnetic 3d alloys”, IEEE Trans. Magn. 11, 1018 (1975).

C. R. Hu, J. Zhu, G. Chen, J. X. Li, Y. Z. Wu, “Fourfold symmetry of
anisotropic  magnetoresistance in epitaxial Fe3O4 thin films,”
arXiv:1105.5781.

C. H. Ahn, J. =M. Triscone, and J. Mannhart. “Electric field effect in
correlated oxide systems,” Nature 424, 1015-1018 (2003).

72



Chapter 4

Investigation of carrier confinement and electric field effects

on magnetic interactions at the LaAlO,/SrTiO; interfaces

Abstract

In this chapter, the electric and magnetic properties at the LAO/STO (100)
interface are investigated under various growth parameters such as LAO layer
thickness and oxygen pressure during growth. The LAO/STO interfaces show
insulator to metal transition with critical LAO thickness, and a thickness
dependence localization behavior. In order to probe the magnetic ordering and its
possible anisotropy with crystallography, the magnetic interactions at the interface
are investigated through specific anisotropic magneto resistance (AMR) and
planar Hall effect (PHE) measurements on LAO/STO (100) interfaces and
heterostructure of LAO/STO grown on NdGaO;z; (110) substrates. These
measurements were performed as a function of magnetic field, temperature and
electric field which reveal the presence of the predominant magnetic interactions
at the LAO/STO interfaces. Specifically fourfold oscillation in the AMR and large
PHE are observed. The carrier confinement effects on the AMR are evaluated and
it is found that the fourfold oscillation appears only for the case of 2DEG samples
while it is twofold for the 3-dimensional case. The fourfold oscillation fits well to
the phenomenological model for a cubic symmetry. Thus this oscillation behavior
is attributed to the anisotropy in the magnetic scattering arising from the
interaction of itinerant electrons with the localized magnetic moments coupled to
the crystal symmetry. The AMR behavior is further found to be sensitive to
applied gate electric field, emphasizing the significance of spin-orbit interaction at
the interface. These confinement effects suggest that the magnetic interactions are
predominant at the interface, and the gate electric field modulation of AMR show

the possibility for electric field tuning of magnetic interactions. The observed
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large PHE further indicates that the in plane nature of magnetic ordering arises

from the in-plane Ti 3d,, orbitals.
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4.1. Introduction

As discussed earlier the growth parameters and conditions of the LAO/STO
interfaces are very crucial for the properties of the interfaces such as insulator-
metal transition with LAO layer thickness, superconductivity and magnetism with
oxygen pressure during growth. In spite of the extensive research, a clear picture
of interplay between these electronic and magnetic phenomena and the growth
parameters and sample configurations is less understood. In this chapter, the
electric and magnetic properties at the LAO/STO (100) interface are investigated
under various growth parameters such as LAO layer thickness and oxygen
pressure during growth, which can be used to control the degree of carrier

confinement at the interface.

With this frame work, several LAO/STO interface samples were prepared under
different growth parameters. First, the electrical transport properties of the
LAO/STO interfaces are investigated, which includes the dependence of the
interface conductivity to the LAO thickness and growth oxygen pressure. To
investigate the nature of magnetic interactions in the LAO/STO based hetero
interfaces, detailed magneto resistance measurements were carried out on several
samples under various parameters such as growth oxygen pressure, confinement
of electron gas, and electric field. The results for the electric and magnetic

interactions at the interface are discussed in the carrier confinement picture.

4.2. Transport properties of the LaAlO3/SrTiO3 (100) interfaces

4.2.1 LaAlOs; thickness dependence

For the LAO layer thickness dependence study, LAO/STO (100) interface
samples with various LAO layer thicknesses were prepared using PLD by
ablating LAO target onto the TiO, terminated STO (100) substrate. The growth
oxygen pressure (Pg,) for the samples during the deposition was fixed at 1x107
Torr. The growth temperature was set to be 720 °C. Precise control of the

thickness of LAO is achieved by RHEED monitoring. Transport and Hall effect
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measurements were performed on the samples using standard van der Pauw
geometry from which carrier density (ns) and mobility (x) of the samples were

extracted.

Figure 4.1 shows the variation of room temperature conductivity and the ns as a
function of number of LAO unit cells (uc).
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Figure 4.1: Room temperature conductivity and carrier density, ns
of LAO/STO samples as a function of number of LAO unit cells.

Clearly, a distinguishable insulator-to-metal transition in conductivity is found for
the samples at about LAO thicknesses of 3-4 uc. The change in conductivity is
more than 3 orders of magnitude between the conducting and insulating states
(instrument measurement limit). Simultaneously, the ns also changes almost 3
orders of magnitude across the insulator-to-metal transition. Above the critical
thickness of 4 uc, the ng saturates at a value of the order of 10%cm™. This
insulator-to-metal transition behavior is found only to depend on the thickness of
the LAO layers and independent of deposition time (i.e. growth rate of LAO
layers). The property of insulator to metal transition at the LAO/STO interface
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was first reported by Thiel et al. [1]. J. Levy and co-researchers exploited this
property for nano-scale charge writing by conducting AFM, where the insulating
ground state of a 3 uc sample is manipulated and transformed into a metallic state
locally by applying gate voltage to the interface through AFM tip [2].

However, for the samples with thicker LAO layers (> 3 uc) a slight decrease is
observed in both conductivity and ns. To understand this behaviour the
temperature dependence of the sheet resistance Rs (T) for the LAO/STO interface
samples with various LAO thicknesses was measured in the temperature range
between 300 to 2 K. As shown in figure 4.2, the sample with LAO thickness of 4
uc shows a typical metallic behavior with R decreasing throughout the
temperature range down to 2 K with Rs is about 200 Q at 2 K, albeit with small

localization (upturn in R) at low temperatures.
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Figure 4.2: The Rs (T) behavior of the LAO/STO samples with
various LAO thicknesses.

It is found that these thinner LAO samples have often become superconducting at

mK temperatures with relatively higher mobility and they also favorable for
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quantum transport. However, as the thickness of LAO increases the samples start
to show the localization behavior from weak (8, 12 uc samples) to strong (20 uc)
localizations. In these samples, the Ry at 2 K are also found to increase with the
increase in LAO thickness. The sample with 20 uc LAO thickness shows a
dramatic effect of localization. The 20 uc sample show measurable Rs only up to
20 K with the resistance in order of ~MQ indicating strong localization of
electrons and this result in an insulating state below 20 K. The transport properties
presented above are consistent with the published literatures [1, 3]. In the
following, the properties of LAO/STO interface are investigated with respect to

the samples growth oxygen pressure.

4.2.2 Growth oxygen pressure dependence

To investigate the effect of growth oxygen pressure (Po,) dependence on the
LAO/STO interface properties, samples were grown in different Po, ranging from
1x107 to 5x10 Torr with a fixed LAO thickness of 8 uc on TiO, terminated
SrTiO3 (100) substrates. Figure 4.3a shows the Rs (T) behavior for the
corresponding samples. The samples grown with Po; > 1x10™ Torr show the
typical metallic behavior with room temperature Ry of about 20 KQ. On the other
hand the sample grown at low Pg, of 1x10 Torr shows metallic behavior but
with very low R of about 20 Q at room temperature, a 3 order of magnitude drop
in resistance compared to the high Po, samples. The Po, dependence of Ry(T)
shown here is consistent with earlier reports [4, 5]. Stronger effects of growth Po;
can be seen in the ng dependence with temperature for the corresponding samples

shown in figure 4.3b.

78



)
ra ab
E;A

10 §
[ ‘ C
ST E, 10"k
“’m 10 e g
i [
5 C R

10 n—-E-m-mm 10 ; o

P | e s aanl P 5I P | N |
10 100 1 10 100

Temperature (K) Temperature (K}

—

—
(g
—
—_
[en]
@
’.
/I
||

/

—e—5x10" Torr

N

LN 1 x10° Torr
—a—1 x10™ Torr

10" —u—1x10° Torr

2
wicm- Vs
[en]
%
i Ity Rk B B Bt Rt R

sl
10
Temperature (K)

—_
—_
o F
o

Figure 4.3: Temperature dependence of transport properties of
LAO/STO samples grown at different oxygen pressures. (a) Sheet
resistance, Rs (T). (b) Carrier density, ns (T). (c) Mobility, x (T).

For the high Po, samples, the n; is of the order of 5-8 x10™ cm? at 300 K and
about ~2-3x10™ cm at 2 K, whereas for the low Po, (1x10™ Torr ) sample the ng
is about 9x10™ cm™ at 300 K and 6x10™ cm™ at 2 K. The large ns observed in
low Po, sample arise from the creation of oxygen vacancies due to the surface
reduction in STO itself. Figure 4.3c shows the temperature dependence mobility,
1 (T). For the high P, samples, the # is of the order of 5 cm? V! s™ at 300 K and
1000 cm? V' s at 2 K, whereas for the low Pg, sample the x is about 30 cm? V'
s at 300 K and 50,000 cm? V*s™ at 2 K showing the high mobility nature of the

low Po; 2 grown samples.

Based on the above observation the growth regime can be divided in to three

regimes. The Po, range of 1x10™ Torr or less is called the low pressure regime.
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Samples prepared in this regime produce a three-dimensional (3D) like
conductivity with ns in the order of 10* cm™. Further, these samples generally
show a Fermi liquid type metallic behavior and often undergo superconductivity
at mK temperatures. The samples grown in intermediate Po, ranges of 1x107 to
1x10™* Torr generally tend to show the magnetic character with localization
effects and also low temperature superconductivity. However, the samples
deposited under P, above 1x10° Torr produce pronounced magnetic effects with
strong localization. These high Po, grown samples produce strictly two-
dimensional (2D) conductivity with ns of the order ~10*3-10'* cm™. The character
of the dimensionality of the carriers described above was investigated and
confirmed by a conducting AFM experiment on a cross-section of the LAO/STO
interface by Basletic et al. [6] where it is found that the dimensionality of the
conducting channel is micrometers for the 3D case, and a few nanometers for 2D
case. The above dimensionality observations have been investigated further
through magneto resistance experiments [7] and this shows that dimensionality is
one of the parameters that can be utilized to control the properties of the electron

gas.

4.3. Magnetic interactions at the LaAlO3/SrTiOj; interface

One of the fascinating properties that emerged from Po, phase diagram is the
magnetism at this non-magnetic LAO/STO interface. The magnetic effects were
first reported by Brinkman et al. [5] with a signature of Kondo effect in samples
prepared at relatively higher Po,. Subsequently, Ariando et al. [8] reported
electronic phase separation at this interface by exploiting specific STO surface
preparations and Pg, and it is shown that the strength of the magnetism depends
on growth Po,. Further, the magnetic origin at this interface is confirmed by direct

imaging of magnetic patches using scanning SQUID [9].

One common issue with the magnetism is anisotropy. Has the magnetic moment
has specific crystallographic preference? In scanning SQUID experiment [9], the

magnetic moment distribution near the interface is examined and a signature of
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some forms of anisotropy within the plane of interface is found. However, no
information about the anisotropy with respect to crystallographic symmetry is
found. The origin of the magnetism in the LAO/STO interface is believed to be
arising from the localized 3d orbitals. Owing to the preferential occupancy,
particularly to the Ti 3dy, orbitals at the interface, various reports have presumed
that the magnetization predominantly is in the plane of interface [8-10]. The
magnetism arising from 3d orbitals can show a tendency of crystallographic
anisotropy due to strong spin-orbit interaction. Thus investigation of anisotropy of
magnetic ordering in this system is necessary to map the magnetic phase diagram

at the interface.

An effective alternative way for probing these low dimensional and relatively
weak magnetic interactions is by the magneto transport measurements. Recently,
Dikin at al. [11] investigated the magnetic order at the LAO/STO interfaces
through in-plane magneto resistance (MR) measurements and showed a hysteresis
behavior in the resistance with magnetic field which is a signature for the
presence of magnetic ordering. A natural way to further probe this magnetic
anisotropy is by investigating the angle dependence of in-plane magneto
resistance, i.e., anisotropy magneto resistance (AMR) and planar Hall effect
(PHE), which directly relate to the magnetic scattering of itinerant electrons
associated with the spin-orbit interaction in the system. The LAO/STO interface
exhibits a strong spin-orbit interaction [12] due to the broken symmetry near the

interface.

In the following a detailed study of various in-plane MR measurements performed
on the LAO/STO samples prepared under various Po, is presented (These
pressure dependence samples correspond to those shown in figure 4.3). First,
comprehensive MR data (including AMR and PHE) is presented for the
LAO/STO interface sample deposited at 1x10™ Torr. These MR measurements
were performed with respect to various parameters such as magnetic field,
temperature and gate electric field. The results are further compared with the

AMR data obtained for the LAO/STO samples prepared at low as well as high
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Po2, and with that of LAO/STO heterostructure grown on NGO(110) substrate.
The acquired data is interpreted with respect to carrier confinement effects on

magnetic interactions.

4.3.1 In-plane magneto transport

The in plane magneto transport measurements are summarized in figure 4.4.
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Figure 4.4: Magneto transport properties of LAO/STO interface
simple prepared at 1x10™ Torr. (a) The R (T) measured with the
in-plane magnetic field of 0 and 9 T. (b) In-plane magneto
resistance (MR) measured with fixed angle (0 =20°, £90°)
between land Hat2 Kand 9 T.

Figure 4.4a shows Rs (T) measured for the LAO/STO sample deposited at 1x10™
Torr (LAO thickness of 8 uc) with 0 and 9 T magnetic fields applied in-plane to
the interface. For the 9 T case, the R starts to deviate (decrease) from O T case at
temperatures at about 25 K, indicates a negative MR. The negative MR is a
signature of a spin dependent magnetic scattering. The contribution from
conventional orbital and Lorentz scattering to this MR can be excluded as the
measurement is performed in in-plane mode, where the Lorentz forces are
negligible. Figure 4.4b shows the MR measured at 2 K in two different in-plane
modes (I || H, and I L H), which clearly show the negative MR in both cases.

There appears a critical magnetic field above which the MR starts to change
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significantly. The significant difference in MR behavior between these two
measurement modes is the change in the critical magnetic field, with critical fields
for I || H, and I L H modes are 1.5 T and 3 T respectively. The origin of this
behavior could due to the additional contribution from orbital scatterings
specifically in 1 L H mode. These in-plane MR measurements confirm the
presence of magnetic interactions at the LAO/STO interface. The anisotropy
property of these magnetic interactions is further investigated through precise in-
plane magneto transport measurements namely, AMR and PHE that are discussed

in the following.

4.4  Anisotropic magneto resistance and planar Hall effect at the
LaAlOs/SrTiO; interface

<001>

<010>

Figure 4.5: Schematic of AMR measurement geometry.

In anisotropic magneto resistance (AMR) measurement, both the magnetic field
(H) and current (1) are in the plane of the sample, and the angle between H and |
is varied from 0° to 360°. Here, | is fixed along the <100> crystallographic
direction (schematic depicted in figure 4.5). Here the AMR is defined as
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AMR=(R(6)-R (0)/R(0)) x100%, 0 is the angle between H and I, and R(0) is the

resistance when H and I are parallel to each other.

4.4.1 Magnetic field and temperature dependence of AMR

The AMR is investigated first with respect to the magnetic field and temperature.
Figure 4.6a shows the AMR measured at 2 K with varying H from 3to 9 T on the
LAO/STO sample grown at 1x10™ Torr.
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Figure 4.6: (a) AMR measured at 2 K with varying magnetic field
3-9 T. (b) AMR measured at 9 T with varying temperature for the
LAO/STO interface sample grown at 1x10 Torr.

From the figure 4.6a it is clear that AMR shows a significant variation with
respect to the angle between H and I. For the AMR measured at 9 T, a clear
fourfold oscillation (AMR oscillation with angle showing four minima/maxima

between 0° and 360°) is observed with resistance minima appears at an angle 45°
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to the principal {100} directions are repeats every interval of 90°. When H is
decreased, a clear decrease in the amplitude of the fourfold oscillation and
simultaneously a gradual transformation from fourfold to twofold (AMR with two
minima/maxima) oscillation are observed. At H=3 T, the oscillations turn
completely into twofold with resistance maxima appear at 90° and 270° with an
interval of 180°. A noticeable observation here is the change of the AMR sign
from negative for the fourfold oscillation to positive for the twofold oscillation.
The AMR variation is further measured with respect to temperature. Figure 4.6b
shows the AMR measured with varying temperature from 2 to 20 K at H=9 T. In
this case, the fourfold oscillation in the AMR gradually decreases when the
temperature increases and simultaneously a twofold oscillation emerge at higher
temperatures. At 20 K the AMR start to transform into a twofold behavior. A
similar kind of oscillation behavior in AMR has been previously reported in
magnetic systems such as manganites [13-16] and Fe3O4 [17]. Very recently, a
signature of AMR s also observed at the LAO/STO interfaces [18, 19].
Strikingly, all the above mentioned systems possess d-orbital characters. This
suggests that the magnetic interactions arising from the d-orbitals is crucial for the

observed fourfold oscillation.

A phenomenological model is widely used to quantitatively describe the AMR
and PHE in various systems [20, 21]. This model is used to explain the AMR
behavior in several 3d ferromagnetic magnetic systems (details of the model are
discussed in chapter 3). In this model, the resistivity tensor is expressed in terms
of the direction of current with respect to the applied magnetic field. The fourfold
oscillation behavior in the AMR is suggested to be arising from the contribution
of higher order terms in the resistivity tensor relating to the crystal symmetry of
the system [20]. For the cubic symmetry system, the variation in resistance with
angle (0) is expected to follow the equation containing direction cosines of higher

order given by:
Ryx =Co+ C;cos?(@+6.) + C, cos*(0+6,) (D

Ryy = C;5sinB cosH (2)
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Here Ryy corresponds to the AMR whereas Ryy to the PHE. The
coefficients C;, C, and C5 are to arising from the uniaxial and cubic components
of magnetization and C, and 6. are additive constants introduced to take the
observed asymmetry in the magnitude in the four oscillations into account. Figure
4.7a shows a fitting for the experimental AMR data measured at 2 K and 9 T by
equation 1, showing a good agreement with the above formula. Onether striking
observation is the asymmetry in the magnitudes between the maxima or minima
in the fourfold oscillation. If one considers just the crystalline anisotropy then
symmetric amplitudes are expected. However, the fact that we see a strong

asymmetry strongly suggests that there is further uniaxial anisotropy present in

the system.
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Figure 4.7: (a) A phenomenological model formula fit to the AMR
obtained at 9 T and 2 K. (b) Sin® @ fit for the AMR obtained at 3T
and 2 K.

Such anisotropy with respect to the crystal symmetry probably arises because of
Fermi surface reconstruction of the various 3d orbitals at the interface. The good
agreement of experimental data with the model implies the predominant role of

crystal symmetry on the magnetic interactions at the LAO/STO interface.

Further, the twofold oscillation in AMR observed at 2 K and 3 T is found to

follow a sin?0 dependency. The corresponding sin?6 fit for the twofold oscillation
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is shown in figure 4.7b which matches the experimental data accurately. The
origin of the twofold oscillation can be from the Lorentz scattering of charge
carriers which follows the sin®0 dependency. The transformation of the fourfold
to twofold oscillations infers that there are two competing components (spin and
charge scatterings) for the AMR, and their contribution to AMR depends on
parameters such as magnetic field and temperature. The evolution of fourfold
oscillation from twofold oscillation for the magnetic field H > 3 T implies that a
critical field strength is needed for of the coherent magnetic scattering to
overcome the charge scattering. Furthermore, the signature of the four fold AMR
starts to diminish for higher temperatures (above 20 K) which could be due to the

diminishing of coherence scattering as thermal fluctuations become dominant.

4.4.2 Current dependence of AMR

The AMR was further investigated by varying the magnitude of the current (1).
Figure 4.8 shows the corresponding AMR behavior measured at 2 K and 9 T for
the I ranging from 0.5 pA-0.5 mA. The data clearly shows that the observed
fourfold oscillation behaviour has no I dependence. This explicitly rules out the
possibility of contribution from any activated carrier behavior due to the
continuous application of I and possible thermal effects on sample to the observed
AMR behavior. It implies that the orientation and magnitude of the magnetic

fields are the only key parameters in the observed AMR.
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Figure 4.8: AMR measured with different magnitudes of current
(1) for the LAO/STO interface sample prepared at 1x10™ Torr at 2
Kand9T.

4.4.3 Electric field effect on AMR
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Figure 4.9: AMR measured with various back gate voltages at 3 K
and 9 T for the LAO/STO interface prepared at 1x10™ Torr.
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At the LAO/STO interfaces, the electric field applied to the interface through
back gate voltage was shown to tune the spin-orbit interaction [12] and also the
carrier density modulation which is further interpreted to influence the
preferential d-orbital filling [22]. To examine the influence of spin-orbit
interaction on AMR, the gate electric field dependence of the AMR measurements
were performed on the LAO/STO sample grown at 1x10™ Torr. Here the gate
voltages were applied to the interface through STO substrate as the back gate
dielectric material. Figure 4.9 shows the gate electric field dependence of the
AMR behavior measured at 3 K and 9 T. As shown in the figure 4.9 for the +30 V
gate voltage the strength of the fourfold oscillations is enhanced compared to the
+0 V case. On the other hand, the fourfold oscillation in AMR turns into a
twofold for the -30 V, showing the distinct effects of gate electric field at these
interfaces. It suggests that the gate tunable spin-orbit interaction may be the key in
the observation of the AMR behaviour. One possibility for this AMR change is
due to the specific orbital fillings, especially the inplane d,y, orbitals. The
modulation of AMR with electric field effects provides an opportunity to tune the
magnetic interactions by electric field at these interfaces. Another effect of an
electric field is carrier modulation through accumulation or depletion of charge at
the interface, and this may induce the change in the orbital fillings, and spin-orbit
interaction at the interface. The applied electric fields are able to induce ns of
about ~10%cm™. Recently, Joshua et al. [22] showed that a critical n exist for the
LAO/STO interfaces where the preferential occupancy of 3d-orbitals is different
below and above this critical ns. This case may applicable in our samples also;
however the critical ns values may also depend on the mobility of the sample. The
modulation of AMR with electric field effects further confirm the interface effects
to have a key role to the magnetic interactions and it provides an opportunity for
tuning the magnetic interactions with electric fields via spin-orbit interaction. It is
to note that step edges at the LAO/STO interfaces may contribute to the in plane
anisotropy, it is shown that step edge effect follows a sinusoidal dependency with
the step edge direction [23]. However, our data show higher order anisotropy with

four fold behaviour of a square and fourth power of Cosine function, ruling out
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the step edges as the prime origin. Moreover the observed electric field, magnetic
field and temperature dependence of AMR can not be explained by the step edge

scattering mechanism.

4.4.4 Planar Hall effect

To further understand the anisotropy planar Hall effect (PHE) measurements were
performed. The PHE is similar to the AMR, which arises from magnetic related
anisotropy. In PHE measurements, | and H are in the plane of the sample and the
angle between H and I is varied between 0° to 360°. Unlike the AMR, here the
resistivity is measured using Hall geometry, i.e., transverse resistance, Ryy,
(depicted in figure 4.10).
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Figure 4.10: Schematic of PHE measurement geometry.

PHE is a very useful technique to investigate magnetism especially for systems
which have predominant in-plane magnetizations, in which the perpendicular
anomalous Hall effect is difficult to be obtained due to weak magnetism. Figure
4.11a shows Ry, measured at 9 T with respect to angle (0) at various temperatures.

The maxima (positive signal) and minima (negative signal) in Ry, appear at 45°
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to the principal {010} directions with 90° interval. The sign change of Hall signal
with angle is a characteristic of PHE. In general, the PHE (Ryy) is expected to
follow sin 260 behavior [24, 25]. Figure 4.11b shows a fit to sin 20 for the PHE
measured at 2 K and 9 T, which is in fair agreement with the formula (equation 2)
with a slight deviation from the formula with 180° interval. This might be from
the contribution of misalignment or contribution from the perpendicular

component of MR.
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Figure 4.11: (a) PHE measured at 9 T with various temperatures
for the LAO/STO interface prepared at 1x10™ Torr. (b) Sin 26 fit
for the PHE obtained at 2 K and 9T.

We note here is that the AMR can be fourfold and/or two fold, but PHE is only
twofold. This is consistent with the phenomenological theory by considering
cubic symmetry of the system [20, 21]. The large planar Hall signal observed here
infers a strong in plane component of magnetic ordering at this interface.

The above experiments give enough hints that magnetic interactions are very
sensitive to the interface parameters related to carrier density and interface
parameters such as spin-orbit interaction. The carrier confinement of the two
dimensional electron gas near the interface does influence the preferential
occupancy of the Ti 3d orbitals near the interface. Moreover the strength of the
spin-orbit interaction near the interface is expected to be strong due to the broken
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symmetry effects. However thus far, the interplay between these magnetic
phenomena and carrier confinement is less explored at these interfaces. It is noted
here that in this Po, growth regime (where we observed the fourfold oscillation in
AMR) various reports have demonstrated interface magnetism using various
techniques. The strength of the magnetic interaction is shown to be sensitive to
sample growth parameters. In the following section we present AMR performed
on various samples that include LAO/STO interfaces prepared at different growth
Po2 and LAO/STO heterostructure grown on NGO (110). The objective of this
work is to investigate the different sample configurations and carrier confinement

effects on the AMR and thereby on magnetic interactions.

4.45 Carrier confinement effects on AMR
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Figure 4.12: AMR measured at 9 T with varying temperature for
the LAO/STO interface sample grown at 1x107 Torr.

92



Figure 4.12 shows the AMR measured on the sample grown at 1x10° Torr with
varying temperature from 2 to 20 K at H=9 T. For the AMR measured at 2 K, the
resistance minima appearing at an angle 45° to the principal {100} directions,

however with a repetition interval of 180°.

In comparison, there are subtle differences observed from the previous sample
(which is grown at 1x10™ Torr). At 2 K and 9 T, the 1x10 Torr grown sample
show further preferential anisotropy, where the magnitude of the AMR is negative
at only two angle positions (45° and 135° ) instead of four and as the temperature
increases the four fold oscillations start to become isotropic with a repetition
interval of 90°. Note here that although the carrier density of these two samples is
identical (2.4x10™ cm™ from figure 4.3b) yet the AMR shows distinct differences
suggesting that interface parameters are very crucial. The most important
parameters in this case are the spin-orbit interaction, carrier confinement and
interface ground state. From the results presented above it is clear that the samples
having 2D confined electron gases show strong anisotropy in AMR with fourfold

oscillations.

To further investigate the effect of the confinement of the electron gas to the
anisotropy, AMR measurements were performed on a LAO/STO sample grown at
1x10™ Torr (low Po, sample) which has 3D like conducting channel (the spread
of electrons deep in to the STO). Figure 4.13 shows the AMR measured at 9 T
with varying temperatures for the corresponding sample.

Remarkably, in contrast to high Po, samples, it shows only twofold oscillation
throughout the temperature range of 2-20 K. However, an anti symmetric
behavior in AMR is noticed between 0° to 180° and 180° to 360° at low
temperatures and it gradually decreases with increasing temperature suggesting
the intrinsic origin for this anti symmetry. This antisymmetry can be attributed to
the difference in inter boundary scattering. While the electrons scattered toward
the interface encounter a sharp boundary at the interface, those scattered into the

STO side will see a relatively graded boundary due to the 3D nature of the
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conducting channel. The decrease in anti symmetry with increase in temperature
can be understood as at elevated temperatures the radius of the orbital path
becomes smaller than the 3D channel width, thus the electron path is governed
entirely by Lorentz scattering as it can be seen from the data that at 20 K the
AMR follows Sin®6 behaviour. The other possibility for the anti symmetry is from
spin polarized electrons/moments whose scattering depends on magnetic field
direction. The decrease in anti symmetry with increase in temperature can be
understood because the polarization strength decreases significantly at elevated
temperatures. Similar twofold oscillation behaviour was also reported in the AMR
of the Ar-irradiated STO [26] which has a 3D conducting channel (ns ~1x10 *

cm™).
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Figure 4.13: AMR measured with varying temperature at 9 T for
the LAO/STO interface samples grown at 1x107 Torr.
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To validate the confinement effects, LAO (15 uc)/STO (8 uc) interface was
prepared on NdGaO; (110) substrate a technique employed recently to grow
2DEG on different substrates [27]. The sample shows a metallic behavior with
localization behavior at low temperatures. The NdGaO3 substrates are highly
insulating and thus in this case the electron gas is confined in STO layers of 8 uc
thick. Figure 4.14 shows the AMR measured at 9 T with varying temperature (2-
20 K) for the corresponding sample. Evidently, here also a fourfold oscillation is
observed in the AMR.
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Figure 4.14: AMR measured with varying temperature at 9 T for
the LAO/STO interface grown on NGO (110) substrate.
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Further the magnitude of AMR gradually diminishes as the temperature increases.
This sample shows a clear fourfold oscillation even up to 20 K suggesting that
these heterostructures might have pronounced magnetic effects due to the strain
states at the interface. As the conducting channel is confined to within 8 uc, thus
the strong interface effects are also expected here similar to the high Po, grown
LAO/STO samples.

From the above observations, it is evident that the confinement and the ng of the
electron gas at the interface and interface effects such as spin-orbit interaction are
very crucial for the fourfold oscillation in AMR. For the case of confined 2DEG,
interface effects such as spin-orbit interaction and crystal field would be expected
to play a dominant role. Numerous experimental and theoretical reports illustrated
that, near the LAO/STO interface, the Ti 3d orbitals undergo crystal field induced
splitting which is supposed to have a preferential filling [28-30] of d-orbitals. It is
suggested that in the first few layers of STO [28, 29] from the interface, the 3dy,
orbitals are the lowest and predominantly occupied and this is supported by the
spectroscopic experiments [30]. Further, the fraction of occupied 3d,, orbitals
(Ti**) near the interface is expected to have localized character due to lattice
coupling and/or disorder which gives rise to magnetic ordering. Therefore the
interaction of itinerant electrons to the interface localized in plane 3d,, orbitals in
the presence of external magnetic field would be the prime source of the observed
coherent magnetic scattering. Recently, Trushin et al. [31] discussed the
combined effects of spin-orbit coupling and symmetry of the system on AMR by
considering the interplay between spin-orbit interaction and polarized magnetic
moments, and further analyzed the evolution of crystalline AMR with respect to
the orientation of current and magnetization in spin-orbit interaction scenario. The
experimental observations such as the fourfold oscillations and crystalline AMR
(with uniaxial anisotropy among the oscillations) in the case here could support
the above scenario at these interfaces. Thus we suggest that the interplay between
spin-orbit interaction associated with the symmetry and magnetism would be the
key to observe this characteristic AMR behavior. On the other hand in the 3D

case, the ng is of the order of 10% ¢m?, and the special extension of carriers is
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deeper from the interface into the STO side. The consequence of 3D like
conducting channel are; the interface crystal field would be potentially screened
by this large ns due to the strong Coulomb interactions, as a result the 3d orbitals
would become degenerate in STO, and the strength of the spin-orbit interaction is
weakened along with the depth of the electron gas from the interface, and
moreover the large ns in this case may diminish also the magnetic ordering near
the interface as it can reduce the carrier localization by minimizing the interface
effects. Thus we suggest that due to the weak magnetic interactions among
carriers no fourfold oscillation is observed in the AMR in the 3D case. In
conclusion, the results presented above establish that the fourfold oscillation
appear only for the confined conducting interfaces, and indicates that the
magnetic ordering is predominant near the interface and weaker far from the

interface.

45 Summary

In summary, we have measured AMR and PHE in the LAO/STO system. A
fourfold oscillation behavior in the AMR is observed for the confined 2DEG, and
a twofold oscillation observed for the 3D case. The origin of the fourfold
oscillation is suggested to be arising from magnetic interaction of itinerant
electrons with localized magnetic moments coupled to the crystal symmetry. The
observation of this behavior only for the confined 2DEG case infers that the
magnetic interactions are predominantly at the interface. The observed PHE
further signifies that the predominant in-plane component of the magnetization in

the systems.
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Chapter 5

Investigation of 2DEG at the interfaces of various

combinations of polar and non-polar oxides

Abstract

All of the novel properties that are discussed until now are based on LAO/STO
interfaces constructed by polar LaAlOgs layer. To investigate the role of the A and
B cationic sites of the ABOj3 polar layer on the interface properties, in this chapter
various combinations of polar/non-polar oxides (NdAIO3/ SrTiOs, PrAlO3/SrTiO;3
and NdGaO3/SrTiO3) interfaces which are otherwise similar in nature to
LAO/STO interface are investigated (figure 5.1). All of these polar layers
comprise of (AO)"! and (BO,)™* polar charge layers alternativly along the (100)
direction. A polarization discontinuity will be formend when the polar layer is

grown on a non polar substrate such as STO.
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Figure 5.1: Schematic representation of the polar/non-polar
ABO3/SrTiO; interfaces.

The experimental results reveal that the new combinations NdAIOs/ SrTiO3
(NAO/STO), PrAlOs/SrTiOz (PAO/STO) and NdGaOs/SrTiO; (NGO/STO) can
also support a 2DEG at the interface. Apart from the observation of 2DEG, these
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interfaces show some distinct properties in carrier density and mobility where a
decrease in carrier density and mobility is observed for the highly strained
NAO/STO interface. The combined effects of interface strain provided by the
lattice mismatch between the polar layers and STO, and electron correlations
arising from octahedral distortions in STO at the interface seem to control the
carrier density and mobility of the 2DEG. Further, a NAO film critical thickness
metal-insulator transition is observed for the NAO/STO interfaces, suggesting that
polarization discontinuity could be the prime origin of the conductivity at these
polar/non-polar interfaces. The NAO film thickness dependence transport study
reveal an emergence of two-dimensional variable range hopping (VRH) at low
temperatures, emphasizing the dominant role of over layer thickness in
controlling the transport properties of 2DEG through interface strain. A detailed
study on VRH mechanism helps to distinguish localization from other 2D electron

transport mechanisms.
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5.1. Introduction

The role of the polar LAO layer for the conductivity at the LAO/STO interface is
very significant as it has been utilized to manipulate the properties at the
LAO/STO interface in many ways such as AFM charge writing [1] and adsorbates
as capping [2]. Exploiting interface strain effects, Bark et al. [3] demonstrated
that strain affects the properties of the 2DEG at the LAO/STO interface by
growing interfaces on different substrates with different lattice constants. The
combined effects of lattice mismatch (2.3%) between the LAO and STO and
electronic effects provided by polar LAO at the LAO/STO interface may play a
strong role in controlling the interface properties. In addition, the electrostriction
and electromechanical response were observed in LAO/STO heterostructures [4,
5]. Recently, a similar 2DEG is also shown to exist at the LaGaOs/ SrTiO3
interface [6]. In all above observations, the polar nature of the over layer is

critical.

The significance of the polar over layer can be further explored by investigating
various new combinations of polar/non-polar oxide heterostructures. In this
scenario, the different chemical nature and lattice structure of the polar layers
enable us to tune the interface properties. Moreover this approach may help in
revealing key issues such as the driving mechanism for the formation of 2DEG
which is widely believed to be originating from polarization catastrophe, [7] and
the localization of carriers at this interface due to the lifting of the degeneracy of
the Ti 3d states. In the following the investigation of various combinations of
polar/non-polar oxide (NdAIOs/ SrTiOz;, PrAlIOs/SrTiO3z and NdGaOs/ SrTiO3)
interfaces and the experimental results are discussed.

5.2. Fabrication of polar and non-polar oxide interfaces (ABO3/SrTiO3, A=
Nd, Pr, La, B= Al, Ga)

Samples were prepared by pulsed laser deposition, ablating REBO3 targets onto
TiO, terminated STO (100) substrates. Samples were prepared in a range of
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oxygen pressure (Poz) 1x10 2 to 1x10  Torr at 800 °C. The laser (248 nm)
energy density was 1.4 J/ cm?and repetition rate was 1 Hz. During deposition, the
film growth and number of unit cells were monitored by in-situ reflection high
energy electron diffraction (RHEED). Figure 5.2a shows RHEED intensity
patterns obtained during the growth of the various polar oxides on STO, showing
layer by layer growth mode. Figure 5.2b shows an AFM topography image
obtained for a sample of 10 uc NdAIO3 on STO. The steps structure which is

preserved after the film growth further confirms the layer by layer growth.

Even though all these polar oxides offer substantial lattice mismatch with STO
substrate, we have successfully grown them by optimizing deposition conditions.
Epitaxial growth of films on STO substrates were further confirmed by high
resolution X-ray diffraction (HRXRD).
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Figure 5.2: (a) RHEED oscillations obtained during the growth of
polar oxides on STO substrates. (b) AFM topography image of the
NAO/STO 10 uc sample, clerarly show the preserved step flow
structure.

First, the transport properties of the NAO/STO interfaces are investigated with
respect to the growth oxygen pressure (Po2) .To measure the electrical properties
contacts were made with Al wire-bonding directly on the samples, enabling direct
to access to the interface. Sheet resistance (Rs) and Hall effect measurements were

carried out to obtain carrier density, mobility and other electrical properties.
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5.3. Electrical transport of NdAIO3/ SrTiOg3 interfaces

Figure 5.3 shows the dependence of sheet resistance, Rs, with temperature for the
NAO/STO interface prepared in the Po, range of 1x107 - 1x10° Torr. Strikingly,
all samples clearly exhibit a conducting property at their interfaces. The high Po,
grown samples show strong upturns in Rs at lower temperatures. Interestingly,
even the sample grown at Po, of 1x10 ™ Torr shows strong upturn in the Rs. It is
noted here that in the case of LAO/STO (100) interfaces such an upturn emerges
only for higher Po, of 1x10  Torr and “thicker” samples (> 15 uc) [8, 9].
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o ‘:tw
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s 0 Zs— 1x10° Torr
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| —— 1x10™ Torr
n —e— 1x10” Torr
1 'l 1 IIIIII i L L I!lll; L L 1

1 10 100
Temperature (K)

Figure 5.3: Temperature dependence of sheet resistance, R for the
NAO/STO interfaces grown under different oxygen pressures.

However, the sample grown at Po; of 1x10 ™ Torr showed higher conductivity
which can be understood in terms of the presence of oxygen vacancies at the
interface. The carrier density (ns) and mobility (i) for the above samples were
extracted from Hall measurements. Figures 5.4a and 5.4b show the temperature
dependence of ns, and W, respectively. For high Po, samples, ns (300 K) is of the
order of 4-5 x10™ cm™, whereas for the sample grown at Po, of 1x10 ° Torr, ns

(300 K) is of the order of 10'® cm™. The higher carrier density in the later case
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implies the presence of oxygen vacancies which is a common observation for the
interfaces grown at lower Po, [10, 11]. A large carrier freeze-out in ns with
temperature is observed at low temperatures in high Po, samples. Similar kind of
behaviour was previously observed in the cases of LAO/STO interfaces [12]. For
all samples, p (300 K) is of the order of 1-8 cm?V*s™ comparable to those
reported for the LAO/STO (100) interfaces [9,13]. The p follows T like
dependence in the temperature range of 300-100 K, typical behaviour of Fermi

liquid.
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Figure 5.4: Temperature dependence of carrier density ns and
mobility p for the NAO/STO interfaces grown under different
0Xygen pressures.

However, a significant difference in p is observed at low temperatures between
samples grown at high and low Py, where an abrupt drop in p is observed for the
high Po, samples at low temperatures. This generally occurs when strong
localization/magnetic scattering effects are present in the system. On the
otherhand, an increase in [ is observed throughout the temperature range down to

2 K for the sample grown at Po, of 1x10 ™ Torr.

Although the transport properties show similar behaviour to LAO/STO interfaces,

substantial differences observed in temperature dependence of the ns and p
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indicate the effect of the different polar layers. To further elucidate the polar layer
effects, a comparison study was carried out. For this, samples with LaAlOs3,
PrAlO3; and NdGaOs; as the polar over layers were grown on STO. For the best
comparison all the samples were grown at same thicknesses of 10 uc and under

identical growth process (P, of 1x10  Torr).

5.4. Comparison of various polar/non polar oxide interfaces

Figure 5.5a shows the temperature dependence of Rs for various polar/non-polar
oxide interfaces. Similar to the case of NAO/STO, PAO/STO interfaces also show
upturn in Rg at low temperatures. On the other hand, interestingly, LAO/STO and
NGO/STO interfaces show a typical metallic behaviour without appreciable
upturns in Rs. Further, their Rs at 300 K appears to have a strong dependence on
the RE cation of the polar layer, where Rs is larger (90 KQ) for NAO compared to
that of LAO (20 KQ). Figure 5.5b shows the ns variation with temperature;
LAO/STO and NGO/STO interfaces show minute carrier freeze-out towards low
temperatures compared to NAO/STO and PAO/STO, indicating that the interfaces
with LAO and NGO have less contribution from activated carriers. However, a
carrier recovery below 15 K is observed for the NAO/STO and PAO/STO
interfaces, which is possibly due to the difference transport mechanism in this low
temperature localized regime. The most remarkable effects are seen in
temperature dependence of mobility that is shown in figure 5.5c. For the
NAO/STO and PAO/STO interfaces, n increases initially with decreasing

temperature and then drops dramatically for temperatures below 40 K.
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Figure 5.5: Temperature dependence of sheet resistance, Rs, carrier
density, ns, and mobility, p, for various combinations of polar/non-
polar oxide interfaces.

On the other hand, interfaces with LAO and NGO show an increase in p and tend
to saturate at low temperatures. An interesting observation is that even though the
ns (2 K) is nearly the same (~2x10*® cm™) for all the interfaces, Rs and p exhibit
significant divergence, implying a significant influence of the type of polar layer
on the charge carriers at the polar/non-polar interface. The possible effects of the

polar layers are discussed below.

5.5. Electronic correlation and strain effects

Although these polar layers seem to be similar in nature, yet there are few
differences. Firstly, these polar layers comprise of different chemical elements at
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A-site (RE cation) and B-site in the perovskite (ABO3) structure. When the polar
layer (REBO3) is deposited on top of the TiO, terminated SrTiO3 (100), the first
unit cell at the interface on either side can be viewed as a stack of REO/ TiO,/SrO
layers. In this picture, across the interface, the TiO; layer will have a different
electronic environment in the presence of different RE cations. Secondly,
different polar layers cause different lattice mismatch with STO, which in turns
create a different interfacial strain. To further understand these effects, the A-site
cationic dependence of the ns is plotted for corresponding interfaces as shown in

figure 5.6.

—e— REAIO, (300 K)

A REGaO, (300 K)
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Figure 5.6: Variation in carrier density with Rare Earth (RE)
cations at the various polar/non-polar oxide interfaces.

Clearly ns (300 K) are higher in the case of La based interface and lower for Nd
based interfaces, similar to the case of SrTiOs/REO/SrTiOs; heterostructures
reported by Jang et al. [14]. There it is further shown that the electronic ground
state (metallic/insulating) can be controlled by RE cation at the interface and is
attributed to the electronic correlations of RE cation to the top STO layer which is
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further supported by theoretical calculations. However, in our case here, ns at 2 K
have rather small dependency on the RE cation with ns is of the order of 1-2 x10%
cm? for all interfaces. The RE cation dependency of ns shown here further
suggests the electronic effects arising from polar layer control the charge

distribution at the interface.

Now getting back to the mobility case, referring to figure 5.5c, the p drop was
only observed in the case of NAO/STO and not in the NGO/STO (Nd is A-site
cation for both cases), implying that we cannot attribute this p drop to the
proximity effects of RE ions at the interface. So the only other difference these
polar layers offer is the lattice mismatch at the interface with the STO substrate. A

schematic diagram is shown in figure 5.7.
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Figure 5.7: Schematic diagram showing the lattice constants of
polar oxides and SrTiOs.

Lattice mismatch here is estimated by considering in-plane lattice parameters.
Among them the NGO/ STO interface offers the least lattice mismatch (1.6%) and
NAO/STO the largest (3.6%).
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Figure 5.8: (a) Mobility p and (b) Carrier activation energy as a
function of the lattice mismatch at polar/non-polar oxides.

Figure 5.8a shows the p variation with lattice mismatch; pu (300 K) shows modest
dependency to the lattice mismatch with values typically of the order of 1-5
cm?Vis™ which suggests the predominant electron-phonon scattering at 300 K.
In contrast, p (2 K) shows strong dependence on lattice mismatch: p is 500 cm®V°
s for NGO/STO and only 4 cm?V*s™ for NAO/STO (a drop of a factor of 100).
It appears that the large lattice mismatch is limiting the py. Recent reports on
LAO/STO interface using HRTEM [15] and HRXRD [16] showed that in the top
layers of the STO the Ti octahedra are distorted, strongly implying that the top
few layers of STO are under the influence of strain provided by the polar over
layers through structural coupling across interface. The fundamental issue here is
that the charge carriers occupy Ti sites and predominantly reside in the top few
layers of STO. The various polar layers offer a range of degree of distortions to
the top layers of STO due to the lattice mismatch, therefore the degree of strain/
distortions in these STO layers can be expected to play a crucial role in
manipulating the electronic properties at the interface. Consequently, the mobility
variation observed here can be ascribed to the degree of strain induced in STO
layers by lattice mismatch. Further we note that eventhough the carrier density ng
at 2 K is almost the same (2x10™® cm™) for all interfaces a large variation in p is

observed, suggesting that e-e interactions play a key role in these various
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interfaces. However the degree of disorder induced by strain may have an
influence to an extent. Thus, we interpret that the combined effects of strain and
electron correlations are crucial in controlling the p. Further, because of a smaller
lattice mismatch a higher p is expected in the case of NGO/STO (1.6%) compared
to the case of LAO/STO (2.3%) due to lesser mismatch, however the mobility
values are just comparable in both cases. This is attributed to the residual impurity
scattering in STO itself. We note that the strain values are estimated by
considering the lattice parameters at room temperature for STO and various polar
layers. The thermal expansion coeficient for STO and LAO are about 10° K™ that
changes the lattice constants of individual layer by 0.4%. Therefore the variation
in strain would be less than that. Further, STO undergoes a cubic to tetragonal
phase transition at about 110 K.

As mentioned earlier a large carrier freeze out is observed in a certain temperature
range. To examine this, the activation energy is extracted from Arrhenius plots
(between 20 and 300 K) of the ng versus temperature graphs in figure 5.5b.
Activation energies of the order of few meV are in agreement with the previous
report on LAO/ STO [13]. Figure 5.8b shows activation energy as a function of
lattice mismatch. Interestingly, activation energy gradually increases with lattice
mismatch and it is largest (16 meV) for the NAO/STO. In general, the activation
energy indicates the relative position of carrier donor level from the conduction
band in energy scale. Its variation with lattice mismatch may suggest a relative
shift in position of donor level. Recently, it has been proposed that strain could
lead to distortion of Ti octahedra through octahedral rotation/tilt in STO based
heterostructures [14, 15], which in turn could alter the position of energy levels.
Since electronic effects are quite sensitive to the degree of octahedral distortions,
it is interesting to study the effects of octahedral distortions on novel phases at

these interfaces.

The above presented data established that the polar over layers play a key role in
governing the interface properties. The Rare earth cation at A-site is shown to

influence the carrier density at the interface, and the interface strain offered by
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these various polar over layers is shown to control mobility at the interface. From
the above section, there is an indication that the 2DEG at various polar/non-polar
oxide interfaces exhibit a stronger localization of 2DEG compared to that at the
LAO/STO interfaces. The basic difference between NAO/STO and LAO/STO
interfaces is that the former one offers larger lattice mismatch of 3.6%. Stronger
localization can possibly give rise to different transport properties, and thus its
dependence on the NAO over layer thickness is very crucial to be investigated.
With this objective, the samples of NAO/STO interfaces with different thickness
of NAO were prepared. The transport properties of the corresponding samples are

discussed below.

5.6. Thickness dependence study of the NdAIO3/SrTiO; interfaces

One of the characteristic features of the 2DEG at the LAO/STO system is the
thickness dependence of the insulator-metal transition with a critical thickness of
~ 4 uc of the LAO [17]. Furthermore, in the conventional LAO/STO case, a weak
to strong localization [18, 19] and magnetic Kondo behaviour [8] were reported in
thicker samples, suggesting that a variety of conduction mechanisms were
operating at these interfaces. Moreover superconductivity at these interfaces was
also shown to be sensitive to the thickness of the over layer where localization is
suggested to be minimum when superconductivity is observed [20]. In order to
investigate the NAO over layer thickness effects on transport properties, samples
with thicknesses ranging from 1-14 uc were grown. All these samples were grown
under identical conditions of oxygen pressure of 1x10 Torr, with energy density
of 1.3-1.4 Jem™, and with a pulse repetition rate of 1 Hz. During the film growth,
the thickness of the NAO is monitored by RHEED. Conductivity for the
NAO/STO interfaces as a function of the number of unit cells of NAO is depicted
in figure 5.9. The samples show a clear transition from insulating to metallic state
at a thickness around 4 uc, with a change in the conductivity of more than three

orders of magnitude across the insulator to metal transition.
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Figure 5.9: NAO layer thickness dependence of conductivity for
the NAO/STO interfaces.

The similarity in the insulator to metal transition with the LAO/STO system
suggests that same origin for the conductivity is at operation in these interfaces.
The thickness dependence of polar layer shown here favours the idea that the
electronic reconstruction could also be the driving mechanism in these interfaces;
though it is not to completely exclude other possible mechanisms such as

intermixing and oxygen vacancy formation [10, 21] from these results.

For thorough investigation of the thickness dependence of NAO over layer
samples with thicknesses of 6, 12 and 16 uc were grown on STO (100) substrates.
Figure 5.10 shows the R variation with temperature for NAO/STO interfaces of
various thicknesses. The 6 uc sample shows a typical metallic behavior (albeit a
weak upturn at low temperature), whereas thicker samples (12 and 16 uc) show a
metallic behavior (300-70 K) but with strong upturns in Rs with resistance minima
at about 70 K.
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Figure 5.10: Temperature dependence of sheet resistance, R; for the
NAO/STO interfaces with different NAO thicknesses (6, 12, and
16 uc).

The emergence of the upturns with over layer thickness observed here is in
agreement with previous reports on LAO/STO though the critical thickness for
the LAO/STO samples is about 15 uc [9]. However, a significant observation can
be made for the low temperature transport for the thicker NAO/STO samples, i.e.
below 15 K the variation in Rs is more distinct indicating a different type of
transport mechanism operating at low temperatures. Figure 5.11a and 5.11b show
the temperature dependence of ns and [, respectively, for the corresponding
samples. For the thicker samples, ns decreases in the temperature range of 300-20
K, and this can be attributed to the localization of activated charge carriers at the

interface.
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Figure 5.11: Temperature dependence of carrier density ns and
mobility p for the NAO/STO interfaces with different NAO
thicknesses (6, 12, and 16 uc).

ns in this range can be fit with a simple Arrhenius equation of the form Ae T,

where Ej, is the thermal activation energy for the activated charge carriers. The E,
is of the order of 12 meV which is larger compared to 6 meV for the LAO/STO
interfaces [13]. As discussed in the previous section the large activation and
strong localization observed in thicker samples could be due to the large structural
distortions present in these systems arising from the larger interface strain.
Further, there is an increase in ns at low temperatures below 20 K down to 2 K,
simultaneously where an increase in R is observed. For temperatures below 20 K
the increase in both the Ry and ng implies that the transport mechanism cannot
only be simple band (Drude) conduction and indicates that other type of transport
mechanism is in operation at low temperatures. Contrary to this, for the 6 uc
sample there is no such carrier activation for ng with temperature. p for the 6 uc
sample increases monotonically from 9 cm?Vv*s™at 300 K to 900 cm?V s at 2 K.
The relatively high mobility of the 6 uc sample would be favourable for studies of
superconductivity. On the other hand, for the thicker samples (12 and 16 uc) the p
at 300 K is about 5 cm?V's™, and it drops significantly at the low temperatures,
which gives further evidence for strong localization in these samples. The low
temperature behavior of Rs, ns and p confirms the strong localization of carriers

associated with a change of transport mechanism at low temperatures. In general,
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the observed low temperature sharp upturns in Rs can arise from various transport
mechanisms namely, variable range hopping (VRH) due to strong localizations, a
magnetic Kondo scattering and thermal activation. In order to further verify the
transport mechanism in our system, the low temperature variation of R is

analyzed.

The upturns in Rs could originate from magnetic Kondo effect following the
dependence given by R (T) =Rq In (T/T¢f). However this dependence does not fit
our data, indicating that Kondo scattering is not the governing mechanism here.
Moreover the non saturating trend of Rs even down to 2 K also further confirms
this. For the thicker samples the ng at 20 K are of the order of ~10'? cm™ which is
one order of magnitude lower than that in the thin 6 uc sample. Hence, it seems
that there could be a critical ns at these interfaces below which the transport
mechanism converts to VRH in the strong localization regime. The reduced ns
seen in thicker samples could be due to the large amount of interface strain

created by thicker NAO over layers.

5.7. Strong localizations and variable range hopping transport

The observed strong localizations in 2DEG at the interface suggests that the most
likely mechanism would be VRH, which is a transport mechanism in which the
conduction takes place through hopping of carriers between localized states. The

variation of resistance in the VRH regime can be described by the equation

1
To)n+1

R (T) = R, e(T

Here n is the dimensionality of the system [22]. Figure 5.12 shows the
corresponding 2D VRH (n = 2) fit for the experimental data at low temperatures
(40-2 K).
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Figure 5.12: The In (Ry) vs. (U/T)*® graph for 12 and 16 uc
NAO/STO samples, and a 2D variable range hopping (VRH) fit to
the experimental data in the temperature range of 2-20 K.

As evidenced from the figure 5.12 the experimental data below 15 K fits well the
VRH formula and significantly the T dependence (n = 2) confirms the 2D
nature of the conducting channel. The crossover regime between the metallic and
VRH (70-20 K) follows a logarithmic dependence of temperature which may

indicate a weak localization regime for the electrons.

The VRH transport mechanism can be further evaluated by magneto transport
measurements, since in the hopping transport the carrier conduction is quite
sensitive to magnetic fields. Magneto-resistance (MR) measurements were
performed on the 12 uc NAO/STO sample at various temperatures with different
current (1) to magnetic field (B = yoH) orientations. Figure 5.13 shows the out of
plane MR (magnetic field is perpendicular to the current and sample surface)
measured at various temperatures. The MR is negative at 2 K with -30 % at 9 T.
The negative MR is indeed one of the strong signatures for VRH type transport
[23, 24, 25]. Further, the negative MR diminishes with increase in temperature
and turns to positive MR for higher temperatures. The negative MR reaches a

minimum at about 20 K which is exactly the temperature range where the changes
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in trend are simultaneously seen in Rs and ns. The origin of negative MR in VRH
is attributed to the disruption of the interference effects between forward

scattering events in the presence of magnetic field.

Out of plane MR mode
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Figure 5.13: (a) Out-of-plane MR measured at different
temperatures for 12 uc NAO/STO sample. Inset: scaling of MR at
9 T with temperature for negative MR part. (b) MR (out of plane)
measured at 2 K with magnetic field showing linear variation at
high magnetic fields and Inset: a B? dependence at low magnetic
fields.

By considering the interference among the hopping paths between two sites at a
distance Ry apart, where Ry is the optimum hopping length, it is shown that
interference affects the hopping probability between these two sites. Inset of
figure 5.13a shows the temperature dependence of MR in the negative MR regime

at 9 T which scales approximately to T as expected in the case of 2D VRH [26].
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The temperature dependence of hopping length (Ry) basically determines the MR
dependence on temperature. Further, the positive MR observed above 20 K arises
from Lorentz scattering of electrons in presence of magnetic field, which has been
extensively studied for 2DEG at the LAO/STO interface [18, 27, 28]. Figure
5.13b shows the plot of MR as a function of magnetic field, with linear B
dependence at high magnetic fields and B%-dependence for low fields (shown in
inset of figure 5.13b), which is in accordance with theory and experiments in
VRH regime [26, 29]. To exclude the orbital contributions to MR in VRH regime,
measurements were further performed in in-plane mode (current and magnetic

field are parallel and in the plane of the 2DEG) which is shown in figure 5.14.
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Figure 5.14: In-plane MR measured at different temperatures for
12 uc NAO/STO sample.

In this case, it can be seen that MR is negative for the temperatures below 20 K
and diminishes and turns to zero for the temperatures above 20 K. The absence of
MR above 20 K suggests the absence of Lorentz scattering of electrons in this in-
plane geometry. Figure 5.15 shows the angle dependence of Ry measured at 2 K
and 9 T. Here 0 degree corresponds to in plane mode and 90 degree corresponds
to out of-plane mode. It can be observed that the Rs show large anisotropy

between in-plane and out of-plane modes, which is due to the confinement effect
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of the 2DEG. These MR measurements further confirm that the transport
mechanism at low temperatures for the thicker samples is governed by VRH and
this VRH regime begins to appear for below 20 K which is evidenced by the
change in the MR (from positive to negative).

A
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Figure 5.15: Angle dependence of Rs at 2 K and 9 T with angle
between magnetic field to current changed from in-plane to out of
plane).

Generally, the hopping transport favours over other mechanisms when a
considerable amount of carrier localization is present in the system, the carrier
confinement would also be crucial in these 2D systems where the absence of
lateral transport can further favours the hopping transport. Finally, we comment
on the unusual carrier density recovery at low temperatures. The coincidence of
the critical temperature with the evolution of VRH regime, where the carrier
density increases as the temperature decreases suggests that it may relate to
hopping transport. Thus we suggest that the overall carrier density behaviour

could be understood by considering two regimes of transport mechanisms; a
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regular transport in conduction band via extended states, thermally activated
charge carriers where the carrier density decreases with decreasing temperature.
We suggest that the lowest lying states are related to strongly localized states with
negligible hopping probability to other states. As more and more carriers freeze
into localized states, Coloumb interaction between localized states may mobilize
initially immobile electrons in this hopping transport regime, thus enhances the
mobile carrier density. The other possibility is the change in band fillings at this
low temperature regime where heavy bands with high electron density participate

in the conduction.

5.8. Summary

In this chapter the observation of 2DEG at new combinations of various
polar/non-polar oxides interfaces namely, NdAIO3z/ SrTiOs, PrAlO5/SrTiO3; and
NdGaOg3/ SrTiOs is demonstrated. This study certainly provides a new insight in
in preparing various oxide interfaces with tunable properties at these polar/non-
polar oxide combinations. A detailed transport analysis revealed that the
properties of the 2DEG can be influenced by the polar over layers. This study
indicates that the combined effects of interface strain and electron correlations
offered by polar layers are crucial in these oxide interfaces. The lattice mismatch
of polar layers to the STO can induce large octahedral distortions in STO and the
observed variation in activation energy for carriers in these various polar/non-
polar layers could be an indication of such octahedral distortions in STO at the
interface. Even though naive thinking suggests is that bulk substrates expected to
induce the strain in over layers, however this study shows that at the interface the
substrate layers are also influenced by the over layers to an extent that can
influence the interface physics and properties. The observations such as rare earth
(RE) cation dependence of carrier density, lattice mismatch effects on mobility
offered by polar layers may provide an opportunity to tune the properties at
selected polar/non-polar oxide interfaces. Further, the observed thickness
dependence of metal-insulator transition for the NAO/STO interfaces suggests

that polar discontinuity may possibly be the prime origin of conductivity at these
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polar/non-polar interfaces. Thickness dependence of localization effects of 2DEG
are observed at the NAO/STO interfaces. In the strong localized regime the
transport is governed by the VRH. These results further emphasize the dominant
role of over layer thickness in controlling the transport properties of 2DEG at
these interfaces through interface strain. Moreover the study presented in this
report can certainly assist to distinguish the localization from other mechanisms
which is very important in understanding the physics of electron transports in two

dimensional oxide systems.
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Chapter 6

Anisotropic two dimensional electron gas at the
LaAlO3/SrTiO; (110) interface

Abstract

So far the emergent phenomena in LAO/STO based systems were studied
specifically only at the interfaces constructed along the (100) crystallographic
orientation. The occurrence of conductivity is believed to be driven by
polarization discontinuity leading to an electronic reconstruction. In this scenario,
the crystal orientation plays an important role and no conductivity would be
expected, for example for the interface between LaAlO;z; and (110)-oriented
SrTiOz, which should not have a polarization discontinuity. Here, it is
demonstrated that a high mobility two-dimensional electron gas (2DEG) can also
arise at the LAO/STO (110) interface. The (110) interface shows transport
properties and LaAlO3 layer critical thickness for the metal-to-insulator transition
similar to those of (100) interfaces, but with a strong anisotropic characteristic
along the two in-plane crystallographic directions. The anisotropic behaviour is
further found to be sensitive to the oxygen growth conditions where the ration of
resistance between two in-plane crystallographic directions shows dramatic
dependence. Density functional theory calculations reveal that electronic
reconstruction, and thus conductivity, is still possible at this (110) interface by
considering the energetically favourable (110) interface structure, i.e. buckled
TiO,/La0, in which the polarization discontinuity is still present. Transmission
electron microscopy experiments reveal perfect growth of the interface and
indicate a further signature of possible buckling of the interface. An alternative
zig-zag/buckled interface model for (110) is proposed in place of planar interface.
The (110) interface further shows field effect characteristics with external electric

fields. The interface shows trans-conductance similar of a field effect transistor
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with a significant anisotropy in mobility is observed along crystallographic

directions whereas the carrier density is isotropic.
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6.1. Introduction

The conductivity of the crystalline LAO/STO (100) interface is mostly interpreted
to originate from electronic reconstruction which is a direct consequence of the
polarization discontinuity'’ at the interface between the two oxides. The
electrostatic charge representation for the LAO/STO case is shown in figure 6.1.
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Figure 6.1: Layout of the polar -catastrophe model for
LaAlOs/SrTiO; interface, on (a), (100) and (c), (110)-oriented STO
substrates, where planes are segmented as planar charge sheets. In
the case of (100), charge transfer is expected while in the case of
(110) there is no polarization discontinuity and hence no charge
transfer. (b) and (d), Atomic picture of the interfaces for
representations (a) and (c), respectively.
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In this case, the ABO3 perovskite structure of the SrTiO3; (100) substrate can be
considered as stacks of (SrO)° and (TiO,)° as shown in figure 6.1a, whereas for
the LaAlOj it consists of charged sheets of (LaO)*™* and (AlO,)™, which leads to a
polarization discontinuity at the interface between the LAO and STO. According
to the polarization discontinuity picture this catastrophe can be avoided by
transferring a net charge to the STO at the interface, thus the conductivity at the
interface [1]. The atomic representation of figure 6.1a is shown in figure 6.1b with
Ti (+3) formation at the interface where the electrons occupy the TiO; plane at the
interface. On the other hand, for the case of LAO/STO interfaces prepared on
SrTiO;3 (110) substrates as shown in figure 6.1c, both the STO and LAO can be
represented by planar stacks of (ABO)** and (0,)™ layers as proposed in [2, 3],
which leads to no polarization discontinuity at the interface. The atomic
representation of figure 6.1c is shown in figure 6.1d constructed with parallel
planes of SrTiO and O, planes and LaAIO and O; planes, respectively. According
to the polar discontinuity picture consequently here no conductivity would be
expected for such LAO/STO (110) interfaces. However, no systematic
experimental investigation of interfaces with respect to the crystallography has
been carried out so far.

6.2. Growth and characterization of LaAlO3/SrTiOj3 (110) thin films

The LAO/STO (110) interface samples were prepared with various LAO
thicknesses (N) from 1 to 14 unit cells (uc), and under different Po, ranging from
5x10™ to 5%x10 Torr on atomically flat STO (110) substrates. The LAO films
were deposited from a single-crystal LAO target at 720 °C by pulsed laser
deposition. The laser (248 nm) energy density was 1.4 J/cm? and repetition rate
was 1 Hz. During deposition, the film growth was monitored using in-situ
RHEED. After deposition, all samples were cooled to room temperature at 10
°C/min in oxygen at the deposition pressure. For comparison with the
conventional (100) case, LAO/STO (100) samples were grown with 12 uc LAO

layers under the same preparation conditions.
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For the (100) case, substrates were treated with well-established conditions;
buffered HF for 30 sec followed by thermal annealing at 950 °C for 2 hours in air
[4, 5]. For the (110)-oriented STO, the substrates were annealed for 3 hours at
1050-1100 °C in air [6]. Figure 6.2a shows an atomic force microscopy (AFM)
topography image of the TiO, terminated STO (100) substrate surface, with a step
height of 0.39 nm, which is the unit cell spacing in STO (100).

[001]

Figure 6.2: Atomic force microscopy (AFM) images of the STO
(100) and (110) substrates. Images of step flow surfaces of treated
(@) STO (100), and (b) STO (110) substrates. Inset in (b) is the
surface morphology of 12 uc LAO/STO (110) sample with visible
step flow.

Figure 6.2b shows an AFM image of a treated STO (110) substrate which clearly
shows well defined terraces, typically 150-200 nm wide. The step height in this
case is about 0.28 nm, which is the unit cell spacing along the [110] direction. The
most probable surface termination is expected to be Ti-rich TiO as reported earlier
[6]. The step edges appear to be facetted along the [001] and [110] low index
crystallographic directions giving rise to the triangular shaped steps [7]. The inset

of figure 6.2b shows an AFM topography image after the growth of 12 unit cells
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(uc) of LAO on STO (110). The preserved step flow surface clearly indicates
quality of the samples with layer by layer growth. Thicker LAO films of about 15
nm were grown to enable confirmation of the growth orientation of the LAO on
STO (110) substrates by x-ray diffraction (XRD). Figure 6.3 show the XRD
pattern obtained for the (15 nm) LAO/STO (110) film. From the figure it is
evident that LAO film grows coherently along the (110) direction.

(110) —e— LAO/STO (110)
3 —o—STO (110)

Arb. Intensity count

Figure 6.3: XRD pattern for the thin film of (15 nm) LAO/STO
(110).

6.3 Electrical transport properties

Electrical characteristics for all the samples such as the sheet resistance, Rs,
charge density, ns, and Hall mobility, u, were measured using Van der Pauw
geometry. Figure 6.4a shows Rs versus temperature for the LAO/STO (110)
samples grown at different oxygen partial pressures (Po,) with a fixed thickness
of 12 unitcells (uc) LAO. Strikingly, these interfaces show conductivity
reminiscent to the (100) case (figure 6.4b), albeit with a larger dispersion with

respect to the oxygen pressure during growth. The Rs follows a T*like
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dependence over a temperature range of 300-100 K and tends to saturate at low

temperatures.
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Figure 6.4: Temperature dependence of the sheet resistance Rs (T)
of the LAO/STO interfaces, for different oxygen partial pressures
(Po2) during growth on (a), (110) and (b), (100)-oriented STO
substrates.

The samples grown at higher oxygen pressures show a resistance upturn at lower
temperatures, a typical localization/Kondo-behavior indicating the presence of
magnetic scattering centers at the interface. While Kondo scattering in the (100)
case is reported only for LAO thickness larger than 15 uc [8-10], in the case of
(110) it is seen even for 10 uc LAO thickness indicating stronger scattering
effects. We note here that for the (100) case the dispersion in the resistivity with
oxygen deposition pressures was also reported but for samples with “thicker”
LAO layers of 20 uc [8], implying different sensitivity to the LAO thickness
between these interfaces. Interestingly, there is a temperature shift in the
resistance-minimum with the oxygen growth pressure, indicating that the strength
of the scattering at the interface is sensitive to the deposition conditions. We note
here that resistivity measurements have been carried out down to 2 K, and it is
feasible that some of these samples may become superconducting at lower

temperatures.
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Figure 6.5: (a) Carrier density ns and mobility p variation with
temperature for LAO/STO (110) and (b) for LAO/STO (100)
samples grown at different Poy.

Carrier density and mobility for the samples were extracted from Hall
measurements and are summarized in figure 6.5. For the (110) samples (figure
6.5a), ns decreases with decreasing temperature, for the samples grown at higher
partial pressures ns at low temperature (2 K) tends towards a constant value of
about 1.5x10% cm™, which is somewhat lower than the residual carrier density of
about 2.5x10* cm™ for the LAO/STO (100) samples (figure 6.5b). This could be
due to the preferred occupancy of the Ti-3d orbitals at the interface which may
localize some of the electrons [11, 12]. For the thermally activated charge carriers
in the (110)-samples we find activation energy of about 9 meV, whereas in
LAO/STO (100) interfaces activation energy of 6.0 meV has been reported [13].
For both orientations, the measured p follows a power law temperature
dependence for T>100 K, as p~5x10°T #2. All the samples grown at higher
pressures show p values of the order of 200-600 and 2-7 cm?V''s™ at 2 K and
300 K, respectively. These values correspond well with those reported in
literature for the LAO/STO (100) interfaces [9, 14]. We notice a decrease in the p
in the (110)-case, simultaneous with Kondo features becoming visible in the R
(T) curves. For the (110) sample grown at 5x10° Torr, the n, at 300 K is 4.9x10%
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cm, which has the p of 12,000 cm?Vs™ at 2 K, suggesting contribution from
other sources such as oxygen vacancies [14,15] and defect centers present near

the interface.

6.4 LaAlOj3 thickness dependent insulator-metal transition

One of the characteristic features of the LAO/STO (100) interfaces, and
considered as one of the most important arguments for a polarization
discontinuity driven mechanism, is the dependence of the sheet conductivity on
the number of unit cells of LAO with the observation of an insulator to metal
transition at 3-4 uc of LAO layers [16].

To investigate the thickness dependence interface conductivity for the LAO/STO
(110) case, the conductivity versus the number of LAO unit cells N grown on the
STO (110) substrates is measured and is shown in figure 6.6. For the thickness
dependence case all samples were prepared at the same Pg, of 1x10 Torr. As
evident from the figure samples are insulating for low N (N < 3) and metallic state
at higher N (N > 4) values. For the samples below 3 uc thickness the conductivity
is out of measurement limit of the instrument. All of the conducting samples (N >
4) show nearly equal conductivities. The 3 uc sample showed a slight higher
conductivity relative to 1 or 2 uc samples although it still behaves like an
insulator. Data points marked in figure 6.6 with open red circle are for a sample
initially having 3 uc of LAO (insulating state), followed by the growth of 2 more
uc making it 5 uc in total.
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Figure 6.6: LaAlO;3 thickness dependence of sheet conductivity.
The room temperature sheet conductivity as a function of number
of unit cells of LaAlO3 for the LAO/STO (110) samples, clearly
showing the insulator to metal transition at about 4 uc (data points
marked with open red circle are for a sample initially having 3 uc
of LaAlQO3, followed by the growth of 2 more uc making it 5 uc in
total).

Strikingly, with the thickness of 5 uc, the sample then became metallic from
insulating state. The sample with N = 0 corresponds to STO (110) substrate which
kept under identical growth conditions as the LAO/STO (110) samples.This
treated substrate shows an insulating behavior ruling out the self-reduction of
STO (110) at high deposition temperatures and pressure as the origin for this
conductivity. The fact that there are some similarities between (110) and (100)
case, including the insulator to metal transition at around 4 uc of LAO, indicates
that a very similar mechanism is at work for the formation of the 2DEGs for both
(100) and (110) cases.

At the LAO/STO interfaces the 2DEG was presumed to be the result of a direct
manipulation of electronic reconstruction that promote electrons to the conduction
band of STO, which requires energy of the order of 3.2 eV. Recent experimental

work involving amorphous over layers on STO showing a conductive interface
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has brought in the importance of interface chemistry [17]. Under this scenario
oxygen diffusion from STO surface during film growth was deemed responsible
for the interface conductivity. What was striking was the similarity of the results
between the amorphous and crystalline over layers in terms of the saturation in
charge density and conductivity with the film thickness. Unlike their crystalline
counterparts, however in the case of amorphous over layers, the carriers generated
by creation of oxygen vacancies show thermal instability and lose conductivity
when subjected to a 150 °C annealing step in air or oxygen atmosphere.

To check the role of oxygen vacancy scenario, we performed subsequent post
annealing steps on the as deposited samples. Samples were annealed in oxygen
environment at 500 °C for 2 hour and these crystalline LAO/STO (110) samples
preserve the conductivity similar to the conventional LAO/STO (100) samples.
However, annealed samples show a reduction in the carrier density from that of as
deposited samples. This observation of conductivity at LAO/STO (110) calls into
question the polarity issues in these complex oxides. Recently, Stengel et al. [18]
discussed the issue of polarity in various oxides, especially the case of LAO and
STO surfaces, where it is shown that in LAO case, the surface with cleavage
planes are shown to be energetically favorable than a simple polar (001) surface.
These observations suggest that polar oxides surfaces show a tendency to form
stable surfaces. In this scenario, the atomic structure of the interface would be

critical to determine polarity effects at this LAO/STO (110) heterostructures.

6.5 Density functional theory

First-principles density functional theory (DFT) calculations for LAO/STO (110)
interfaces were performed using the generalized-gradient approximation (GGA)
[19] and the projected augmented wave (PAW) method with a plane wave basis
set as implemented in the Vienna Ab initio Simulation Package (VASP) [20-22].
Density functional theory (DFT) calculations were performed on STO (110)
surfaces with various possible atomic surface terminations. Five different surface
terminations, i.e., TiO, Sr, O,, O, and SrTiO terminations were considered. The

schematic of the different possible terminations are shown in the figure 6.8.
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The stability of these various possible terminations is further analyzed by energy
calculations. The results suggest that buckled TiO termination at STO (110)
surface is more favorable than a hypothetical polar stoichiometric SrTiO surface
consistant with earlier reports [23].
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Figure 6.7: Schematic of the various possible terminations
considered for the STO (110). (a) TiO, (b) Sr, (c) O, (d) O, (e)
SITiO terminations. The calculations showed that the TiO
termination is the energetically most stable.

AFM results performed on STO (110) surface indicate the formation of good
surface termination (figure 6.2a). Various surface analysis techniques such as time
of flight measurements performed on annealed STO (110) revealed that the STO
(110) surfaces have Ti-rich termination [6]. The formation of this termination is
likely due to surface reconstruction processes. To investigate the possibility of
such reconstruction, a careful analysis of RHHED patterns is carried out on
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treated STO (110) surfaces prior to the LAO/STO (110) sample preparation.
Figure 6.8 shows RHEED patterns obtained on the processed STO (110) surfaces
along two orthogonal [001] and [110] surfaces prior to deposition, showing a
signature of reconstructed surfaces with respect to the angle of reflection. The
RHEED analysis is further carried out by changing the position of the sample
surface to e-beam angle, and an evolution of such reconstructed patterns is

observed.

Figure 6.8: (a), and (b) shows the RHEED patterns collected for
STO (110) surface prior to deposition along the[110], and [001]
directions, respectively, showing the signature of a (1x3)
reconstruction on the surface.

Recently, Enterkin et al. [24] reported various surface reconstructions on the STO
(110) surface. In general STO (110) surfaces are shown to form various
reconstructed (1xn) structures [24, 25]. However, these (1xn) reconstructions can
be sensitive to the thermodynamics of the processing such as annealing time and
temperature. One of the observed (1x3) reconstructions is shown in figure 6.8.
The growth of coherent interfaces on such reconstructed surfaces (the case here)

would be interesting to be explored further.

The above results indicate the possibility of formation of stable TiO termination at
the STO (110) surface. DFT calculations were performed on the LAO/STO (110)
interface with the stable buckled TiO termination. Strikingly, it is found that the
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origin for the unexpected conductivity in the (110) case can be explained by
considering energetically stable buckled TiO termination. The electronic
configuration of interfaces with such a buckled interface structure was modeled
by DFT as shown in figure 6.9a. To study the thickness dependence of LAO

monolayers deposited on STO (110) substrate, a slab model as shown in figure

6.9a is used.
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Figure 6.9: Density functional theory calculations. (a) Schematic
cell structure of LAO/STO (110) interface with TiO terminated
STO (110). (b) The total density of states for different numbers N
of LAO monolayers deposited on STO (110), clearly shows the
band gap decrease with increasing N and an insulator to metal
transition occurring at 4 uc. (c) The partial density of states for O-
2p projected onto each layer for N=6 monolayers of LAO
deposited onto TiO terminated (110) STO.

To avoid the spurious intrinsic electronic field, inversion symmetry of the slab is
assumed to avoid spurious electronic field. In all calculations, a vacuum region of
12 A between repeated slabs is taken. A kinetic energy cut off is set to be 400 eV
for the plane wave basis and the slab is sampled with 8x8%1 k-point grid in
combination with the tetrahedron method. While the in-plane lattice constant is
fixed at the relaxed lattice constant of bulk STO (a=3.944 A), all coordinates of
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atomic positions along the c-direction perpendicular to the interface are fully
relaxed until the forces become less than 0.01 eV/A. The convergence of our
calculations was carefully checked. These calculations show that the energy gap
for bulk STO is about 1.8 eV separating the valence band with O-2p characters

and the conduction band mainly composed of Ti-3d.

For LAO, the obtained band gap is about 3.2 eV. These estimated values of the
band gap are similar to the ones previously reported by DFT calculations [26],
and are smaller than the ones observed experimentally. However, the
underestimating the energy gap within GGA is well known and the GGA+U
approach, for instance, gives an improved description. Indeed as shown in figure
6.9b, an insulator to metal transition with increasing number of LAO mono layers
is obtained. The critical thickness for insulator to metal transition is about 4 uc
which is in agreement with our experimental observation. This result shows that
by viewing the LaO/TiO, as buckled layers, the thickness dependence of the
insulator to metal transition arising from avoiding the polarization catastrophe can
be reproduced [27].

Figure 6.9c shows the partial density of states for O-2p projected onto each layer.
From the figure we can see clearly that the top of the valence band moves toward
Fermi level as we approach the surface, suggesting that there can still exist
intrinsic electrostatic fields to avoid the polar catastrophe due to the polar
discontinuity caused by the buckled interface. This intrinsic electrostatic field can
induce the insulator-metal transition when this electrostatic potential exceeds the
band gap where the O-2p states cross over Ti 3d states and makes charge transfer.
In our case, this transition occurs at N < 4 as shown in figure 6.6. Note, however,
the critical value of N might depend on approximations used for calculations. We
find by performing GGA+U calculations that the main conclusion are
qualitatively the same. Thus, the density functional theory study reveals that the
interface between LaAlO; and the energetically favorable atomic structure of the
TiO terminated SrTiO3z (110) can support the conductivity with the interface is
represented by an alternate way, namely, the buckled interface in which the

polarization discontinuity is still present.
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6.6 Transmission electron microscopy of the (110) interface

To investigate the possibility of such proposed buckled atomic structure at the
(110) interfaces, we performed cross sectional scanning transmission electron
microscopy (STEM) on the LAO/STO (110) interfaces samples for STEM were
prepared using cutting, mechanical grinding, polishing and low voltage Ar ion
beam milling as a final polishing step. High angle annular dark field STEM
images were recorded using a FEI Titan 80-300 microscope with a corrector for
spherical aberration of the condenser lenses and a monochromator. The
microscope was operated at 300 kV. The electron beam is incident along the [001]
direction to the LAO/STO (110) interface.

Figure 6.10: High-angle annular dark-field scanning transmission
electron microscopy (TEM) images of the LAO film on the STO
(110) substrate shows an epitaxial growth of the LAO/STO (110)
heterostructure (A-site atoms La and Sr are indicated by red and
blue, respectively, and the B-site Al and Ti by orange and purple,
respectively). A magnified view of the elemental mapping across
the interface is also shown on the right side.
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Figure 6.10 shows a high-angle annular dark-field (HAADF) STEM image of the
LAO film grown on the STO (110) substrate. The image shows a perfect epitaxial
growth of the LAO across the interface of the heterostructure along the (110)-
orientation. The signal from the atom columns depends on the atomic number
[28]. The ratio between the signals of the Al and La atom columns is expected to
be less than 10%. In addition, the projection along the Al atom columns also
includes O atoms further adding to the background signal of the Al columns. We
also note that the background intensity is generally higher in LAO compared to
the result of (100) interfaces [29].
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Figure 6.11: Proposed atomic picture for LAO/STO interface on
(110)-oriented STO, considering the (110) planes of STO and LAO
as buckled sheets.

The Al and Ti (B-site) atom columns are visible in the STEM images. However, it
is found that it is difficult to use them as indicators of the interface between the
LAO and STO film on the basis of poor signal to background ratio. Therefore, the
La and Sr (A-site) atom columns have been used as indicators for the
film/substrate interface. In the figure 6.10, a higher resolution of elemental
mapping at the interface representing the arrangement of La (red) and Sr (blue)
positions in both LAO and STO is also shown. We notice some of the La and Sr
atoms at the interface extend up to 2-4 uc rather than 2 uc as anticipated. Both the
sparseness of such extended facets and the absence of connectivity among them

rule out other mechanisms for conduction (for example an effective (100)
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interface at 45 degrees). However, the proposed buckled zig-zag model cannot be
distinguished just by identifying only the A-site cations as in our current STEM
data. Therefore, one needs to further resolve the chemical identity of the B-site
cations alongside A-site cations in order to confirm the proposed buckled
structure. Figure 6.11 show the models for the interfaces along (100) and (110)
interfaces. For (100) case the interface represented by a planar interface where the
Ti-O chain having a linear chain arrangement whereas a modified interface model
is proposed for (110) interface that is a zig-zag buckled interface.

6.7 Anisotropic conductivity at LaAlO3/SrTiO3 (110) interfaces

Considering all the data presented above, it is remarkable that, the (110)-samples
are not only conducting, but also bear remarkable similarities to the conductance
properties of the (100) case. However, it is noted that the STO (110) surface is
crystallographically anisotropic in terms of atomic arrangement. In most of the
transition metal oxide systems, the transition metal and oxygen bonding

arrangement is shown to be crucial in transport properties.

The STO (110) surface consists of two orthogonal directions [110] and [001]. In
the case of STO (110) the bonding of Ti-O along these two directions is different
as shown in figure 6.12c. Directional dependence transport measurements on
LAO/STO (110) samples were performed with respect to these crystallographic
directions and (figure 6.12). Crystallographic directions of the surface of STO
(110) identified as specified by the substrate supplier (Crystec GmbH). Strikingly,
along [110] direction (figure 6.12a) strong localization effects are seen at low
temperatures while along [001] (figure 6.12b) such localizations are absent. A
basic difference between these two directions is the presence of linear Ti-O-Ti
chains along [001] and buckled Ti-O-Ti chains along [110] as depicted

schematically in figure 6.12c.
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directions. Clearly, the conductivity along the [110]
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Figure 6.12: Anisotropic conductivity of the LAO/STO (110)
interfaces. Rs (T) measured along (a), [110] and (b), [001]
directions for the LAO/STO (110) samples grown at different
oxygen partial pressures. (c) Schematic view of The Ti chain
arrangement along the [110] and [001] directions. (d) Deposition
oxygen pressure dependence of Rs at 2 K measured along the
[110] and [001] directions.

The deposition pressure dependence of Rs at 2 K is plotted in figure 6.12b for both

stronger dependence on deposition pressures compared to the [001] direction,
indicating the strong role of the Ti-O-Ti chain and their differences along the two
orthogonal directions. The growth pressure dependence may also suggest that the
defect chemistry along these two directions would be different. It is noted that the
sample deposited at Po, of 5x10™ Torr has a considerable oxygen vacancy

contribution which is also further showing a dramatic anisotropy along the
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crystallographic directions, suggesting that the oxygen vacancy formation at

atomic level would be different along these two different directions.

In previous reports on LAO/STO (100) case, the anisotropy is investigated and it
is attributed to arise from a possible step edges [30] of the STO (100) substrate.
However, the magnitude of this anisotropy is small. It is also shown that there is
no systematic dependence of the step edges direction. In order to understand the
role of step edges, the anisotropy measurements were performed on LAO/STO
(100) samples also. Figure 6.13 shows directional dependence R versus
temperature, measured along [010] and [001] directions for the LAO/STO (100)
samples grown at different Po,. Unlike the case of LAO/STO (110) here a very
small anisotropy is observed in (100) case with respect to orthogonal [010] and
[001] directions. Since in (100) case the two directions are crystallographically
isotropic, thus this small anisotropy in (100) case could arise from step edge
scattering.
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Figure 6.13: Directional dependence electrical transport in case of
LAO/STO (100) interfaces. Rs (T) measured along [010] (a), and
[001] (b), directions for the LAO/STO (100) samples grown at
different oxygen partial pressures.
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It suggests that step edge scattering can give anisotropy in the system but it is
minimal when compared to intrinsic crystallographic anisotropy. The intrinsic
carrier localizations arises due to a degree of disorder in the system might also
result in anisotropy, but it cannot explain the anisotropy in the case of high
conducting sample of 5x10° Torr. Thus, the large anisotropy seen in (110) must
have an intrinsic origin related to the atomic arrangements of atoms, especially to
the Ti-O bonding. To quantify the exact magnitude of the intrinsic anisotropy one
need to perform nanoscopic transport measurements that can also exclude step

edge scattering effects.

6.8 Electric field effect on LaAlO3/SrTiO3 (110) interfaces

One of the characteristic features of the LAO/STO interfaces is the electric field
tuning of interface properties. Various types of electric field measurements were
performed. Sample of (5 uc) LAO/STO (110) grown at Pg, of 1x107 Torr is used
for the field effect study. Sample interfaces were accessed by directly wire-

bonding Al wires.
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Figure 6.14: The voltage (V)-current (1) characteristics of the
sample along [001] direction at a temperature of 1.9 K.
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To apply back gate voltage bias, the source terminal was connected to the back
gate and the leakage current through the 0.5 mm thick STO substrate was
monitored through source current. Figure 6.14 show the current (l4)-voltage (Vgs)
characteristics as a function of Vg. The conductance of the interfaces is ohmic in
nature without any evidence of any tunneling characteristics as evident from the
linearity of the current-voltage. Figure 6.15 shows the Vs dependence of the
resistance of the interface measures along two crystallographic directions showing
a considerable field effect. At positive gate bias applied to the interface the
resistance of 2DEG decreases, whereas for negative bias the resistance increases

more drastically. There appears a hysteresis behavior in the initial sweep of

voltages.
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Figure 6.15: Sheet resistance of the LAO/STO (110) interface as a
function of back gate voltage in (a) [110] and (b) [001] directions
measured at 1.9 K for 5 repeated measurements.

This hysteresis in the resistance is identified to be arising from the charge traps at
the interface and this can be diminished significantly by cycling the voltage as
shown in the figure. Therefore to go to the field effect ground state of the system,
the back gate voltage was swept five times at 1.9 K before the start of each
measurement which reduces the hysteresis considerably and also monitors the
reproducibility of the results. To investigate the anisotropy behavior that is shown

in figure 6.12, properties such as resistance, carrier density and mobility were
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investigated with the gate electric field. Figure 6.16a shows the transfer
characteristics (source-drain current lg vs. back gate voltage V) of the interface

as a function of source voltage Vs at a temperature of 1.9 K in [001] direction.
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Figure 6.16: Drain current (lgs) vs back gate voltage (Vg) as a
function of source-drain voltage (Vgs) along (a) [001] and (b) [110]
showing the anisotropy in the electrical properties measured at 1.9
K. (c) Carrier density (ne) and (d) mobility (He) as a function of
back gate voltage (V) along [001] and [110] directions.

The gain of the transistor is quantified by trans-conductance g,,which is defined
as

dl,

gm:@

Vas

These results show a finite trans-conductance (g,,= 9) for these devices showing
possibility for analog electronics. The observation of saturation requires higher

gate voltages which were avoided to prevent potential device damage. To
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investigate the role of crystallographic orientation, we have measured the transfer
characteristics in [110] direction which is shown in figure 6.16b. The measured
trans-conductance indicates that both crystallographic orientations are equally
conducting under the present preparation conditions. The hysteresis in the transfer
properties is identified to be arising from charge traps at the interface and this can

be diminished significantly by cycling the voltage.

It is fact that the electrons at the interface reside at the STO side confined in a few
nanometers from the interface. For negative Vg on STO substrate, the electrons
are pushed away from the interface whereas in the positive Vg, electrons are
attracted to the interface resulting in an increase in the carrier density at the
interface. It is reported that there appears a universal carrier density of 1.68x10"
cm? at a critical gate voltage above which the interface tend to form a
superconducting ground state at lower temperatures and below which it is
insulating [31]. Thus the field effect enables one to tune across the various ground
states of this system. Hall measurements were performed and the results fit well
with a one band model to extract the carrier density and mobility. Figure 6.16¢
shows the gate voltage dependant electronic density measured by performing the
Hall measurements in both crystallographic directions [001] and [110] at 1.9 K.
Significantly the variation in carrier density along these two directions resulted in
similar variation with gate voltages. An electron density of 3.2x10* cm? is
observed for a gate voltage of 50 V. We notice a critical density of 2.4x10" cm™
at a gate voltage of -5 V. Since in these samples the mobility is somewhat low,
this may have resulted in a different critical density than the reported one. The
change in the carrier density upon a gate voltage change of 80 V is only a factor
of 1.4. Figure 6.16d shows the mobility variation with the gate voltage measured
along two directions. It is interesting to note from the figure that the electron
mobility can be tuned by varying the gate voltage. Further, the change in the
mobility upon a gate voltage change of 80 V is a factor of 5 which suggests that
the transport properties at the interface are dominated by electron scattering. The
mobility shows a slight anisotropy above the critical voltage in [001] and [110]

directions particularly for positive voltages. With the understanding that above the
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critical density, the ground state is superconducting and as such the anisotropy in
mobility may suggest possibility for an anisotropic superconductivity in STO

(110) samples.

In conclusion both the directional dependent transport measurements and electric
field effects strongly suggest that the LAO/STO (110) interfaces show significant
anisotropy in the electron transport. The most possible origin for the above
observed properties arising from the atomic arrangement of Ti-O bonding along

these crystallographic directions.

6.9 Summary

The importance of the (110) interface is better brought out in context with what
has been learnt so far with the (100) interfaces. The 2DEG at the LaAlO3/SrTiO3
(100) interfaces has been studied under a variety of deposition conditions, layer
thicknesses and externally applied fields [32, 33]. In most of these experiments
the 2DEG was presumed to be the result of a direct manipulation of electrostatic
potential at the interface in order to promote electrons to the conduction band of
STO, which requires energy of the order of 3.2 eV. However, recently the 2DEG
was also demonstrated on the surface of STO by shining UV light [34], vacuum
cleaving [35] and chemical reduction of the surface during growth [17]. It is
apparent that the 2DEG can be produced by different mechanisms, which can
elevate the electron to the conduction band of STO. The real attraction of these
crystalline LAO/STO interfaces is that they offer a variety of controllable
parameters such as strain [36], correlation effects [37] through structure coupling
and large anisotropy (as shown here) which can be used to manipulate the

interface properties.

Our experiments and DFT calculations using (110) substrates show that the
polarization catastrophe model may still be valid for crystalline LAO/STO
interfaces provided the interface is viewed appropriately (buckled interface).

Because of the different atomic structure in the (110)-interfaces, the presence of
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buckled Ti-O-Ti chains opens up new possibilities which may lead to new
phenomena. For example, the anisotropy can be further explored by nano-
structuring the 2DEG along the anisotropic crystallographic axis with techniques
such as charge writing using atomic force microscopy (AFM) [26] which has
already been shown to create new properties. The other effect of the
crystallographic anisotropy is on the reported spin-orbit interaction [38] which
would further attract a lot of interest to explore the electric field effects on these
anisotropic surfaces. Further investigation of the anisotropy on other phenomena
(magnetism, superconductivity) will be of interest, which may lead to new

physics and device applications.
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Chapter 7

Nature of spin-orbit interaction at the LaAlO3/SrTiO; (110)

interface

Abstract

The nature of spin-orbit interaction at the LAO/STO (110) interfaces is
investigated through gate voltage dependence of magneto conductance
measurements. These measurements were performed along both [001] and [110]
crystallographic directions. It is found that a spin relaxation mechanism is
operating at this interface, and Rashba type spin-orbit interaction with gate
tunability. Further, the (110) interface showed an anisotropic character in spin-
orbit interaction (SOI) with respect to the in-plane crystallographic directions.
The anisotropy is understood to arise from the difference in the atomic potentials
in [001] and [110] directions due to the Ti t,q orbitals. The angle dependence of
magneto-conductance from in-plane to out-of-plane further indicated the
existence of other mechanisms together along with Rashba spin-orbit interaction.
This study thus provides a further understanding of the nature of the SOI at this
interface and could be useful for tailoring the spin-orbit interaction with

crystallographic anisotropy.
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7.1. Introduction

In recent years, the scientific and technological relevance of spin-orbit interaction
(SOI) has become prominent due to its technological importance [1]. The
conventional wisdom about SOI is that as the atomic number of an element
increases, the spin-orbit interaction also increases typically as the fourth power of
the atomic number. However, disruption of the periodic boundary condition in a
solid, particularly broken inversion symmetry, can also lead to SOIs and due to
this, the interface between two solids witness strong spin-orbit interactions, the
classic example is GaAs/GaAlAs [2]. The role of spin-orbit interaction in oxides
and oxide interfaces has come to the fore over the last few years owing to the
observation of spin-orbit interaction [3,4] at the LAO/STO interface and further
the observation of simultaneous existence of superconductivity and
ferromagnetism which is intriguing and unconventional. The general notion is that
conventional zero momentum (singlet) Cooper pairs are unstable in a magnetic
environment. Recently, it has been shown that finite momentum states are stable
in the presence of magnetic fields and existence of SOI is inevitable to explain the
coexistence of magnetism and superconductivity [5]. Thus, further understanding
of the mechanism and tailoring of spin-orbit interaction strength at oxides and
oxide interfaces would be very important. However, most of these studies were
based on the LAO/STO (100) interface. The investigation of spin—orbit
interaction at the interface of LAO/STO (110) is very significant. Since the origin
of SOI, especially a Rashba type, is expected to arise from the broken inversion

symmetry, a further anisotropy within the plane may also influence the SOI.

There exist contradicting reports on the nature of the SOI at the LAO/STO (100)
interface. In one report [3], it is shown that the spin relaxation follows a
D'yakonov-Perel' (DP) type relaxation whereas in another report [4], an Elliott-
Yafet (EY) relaxation mechanism is suggested leading to ambiguity about the
nature of SOI at these interfaces. One explanation however is that there could be
more than one possible mechanism. The parameter that distinguishes these

mechanisms is the spin relaxation which can originate in two ways, either during
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a momentum scattering event or in between the scattering events. The former one
is the (EY) mechanism [6] in which spin relaxation time z, follows z, ~ 7/(Ag)®
where 7 is the elastic relaxation time and Ag is the difference in the g-factor of
electrons between that in a solid and vacuum. The latter is the D'yakonov-Perel'
(DP) relaxation mechanism [7] in which 7, ~1/zand result from random

Bychkov-Rashba like spin-orbit fields. Thus quantitative analysis of SOI is very

important for future implications.

To understand the nature of the SOI in LAO/STO (110) interface, samples of
LAO with 5 unit cells (uc) were grown on STO (110) substrate at an oxygen
partial pressure of 1x10° Torr using pulsed laser deposition. The study is specific
to 5 uc LAO sample, which is expected to have a dominating superconducting
ground state along with a strong SOI. The transport measurements were carried
out in a linear geometry. The interfaces were accessed by directly wire-bonding
Al based alloy wires. To apply back gate bias, the source terminal was connected
to the back gate and the leakage current through the 0.5 mm thick STO substrate

was monitored.

7.2. Spin-orbit interaction with respect to crystallography

The SOI can be investigated through a study of magneto-conductance
measurements in the weak localization regime. The negative magneto
conductance is a characteristic of the weak antilocalization of the carriers due to
SOI and the strength of this interaction is tunable with a back gate voltage. Weak
antilocalization has been reported in semiconductor heterostructures [8,9] which
exhibit a large SOI. To extract the SOI parameters, the Maekawa-Fukuyama

formula for the conductance correction (Ac’) in the diffusive regime is used.

For an applied fieldH <H_, =%/4eDz_,, where D is the diffusion coefficient

S0 !

and r, is the spin relaxation time, the magneto-conductance is given by
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7, . Gate voltage dependent magneto conductance measurements were performed

along two directions at 1.9 K.
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Figure 7.1: Magneto-conductance (Ao) vs. applied field H as a
function of back gate voltage (V) along (a) [001] and (b) [110]
directions measured at 1.9 K. A fit to Maekawa-Fukuyama theory
is also shown in the figure. The estimated spin-orbit field (Hso)
and inelastic field (H;) along (c) [001] and (d) [110] directions as
a function of back gate voltage (Vg).
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Figure 7.1a shows the magneto conductance (Ao ) as a function of the normal
external magnetic field (H) at various gate voltages in [001] direction. It is clear
from the figure that the magneto conductance shows a systematic change with
gate voltages. The experimental magneto conductance curves were fitted with
eqn. (7.1) (Maekawa-Fukuyama theory). Fitting to the equation yield a very good
fit for Vg < 0, but the fit is very poor for V¢ > 0 which could be due to an increase
in Coulomb interactions. Therefore we restrict our discussion to Vg < 0. Figure
7.1b show the magneto-conductance measured with various gate voltages along
the [110] direction. The behavior is similar to [001] direction except with a
slightly larger magneto conductance. In this case also the experimental results are
fitted well with eqgn. (7.1). The extracted parameters of the fittings, SOI field Hs,
and inelastic field H; are plotted as a function of /g for [001] and [110] in figure
7.1c and 7.1d respectively.

Here Hs, represents a spin relaxation process whereas H; represents the inelastic
scattering process. The SOI field Hs, shows a gradual increase with increase in Vg
in both crystal directions; however their magnitudes are very different implying a
significant anisotropy in the spin relaxation. On the other hand the inelastic field
H; decreases with increase in Vg, however their magnitudes are comparable in

both directions.
To further determine the nature of the spin relaxation, the spin relaxation time z,

was extracted from H, using H, =7/4eDr_ where the diffusion coefficient D

is calculated using Einstein relationship, D = z#°n_u/m’e. Here n; is the carrier
density of the sample which is 1.98x10* cm™. The effective mass of the electron

in both crystallographic orientations is taken as m” =3m,[10], where m,is the
free electron mass. On the other hand inelastic relaxation time z; is calculated
using H;, =7/4eDt, . Figure 7.2a shows variation in 7,and 7, as a function of Vg

in [001] and [110] directions respectively.
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Figure 7.2: Estimated spin relaxation time (ts) and inelastic
relaxation time (t;) as a function of back gate voltage (Vg) along
(a) [001] and (b) [110] directions.

Clearly, in both directions the z; shows very small changeas is the cas of the gate
voltage as is the H;. On the other hand z, is tunable with the gate voltage. In both
directions, 7, is much smaller than the z; implying that the spin relaxation is the
dominant mechanism in the transport. In addition, the magnitude of 7 is

significantly different in [001] and [110] directions further suggesting an
anisotropic nature of the spin relaxation mechanism of the LAO/STO (110)
system. The spin relaxation time in [110] direction is of the order of 0.2 ps with
the spin diffusion length 1. = /D7, is ~10 nm at a V¢ = -40 V. whereas in [001]
direction at a Vg of -40 V, spin relaxation time is about 0.02 ps with I is 3 nm.

To understand the nature of mechanism of spin relaxation, it is important to

investigate the relation between spin relaxation and elastic relaxation time 7
wherez =m’u/e. Figure 7.2b shows the variation in 7, as a function of inverse
of 7 in[001] and [110] directions respectively. In both directions, clearly there
is an inverse relationship between 7, and 7 which also exhibits anisotropy. The
inversion relationship of z,, with 7 confirms the Rashba type SOI at the

LAO/STO (110) interface. Eventhough the applied electric fields are very small

with respect to the atomic potentials, yet the interface carrier confinements and

168



filling of various orbitals can be largely influence by the external electric fields

could have resulted in this large tenability of SOI at this interface.

7.3. Magnetic field direction dependeece of spin-orbit interaction
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Figure 7.3: Estimated spin splitting (A) and coupling constant (a)
as a function of back gate voltage (Vg) along (a) [001] and (b)
[110]. (c) Magneto-conductance (MC) at different angles of the
magnetic field H ranging from out of plane (6 = 0°) to in plane (0 =
90°). (d) Fitting parameters, Hs, and H, as a function of the angle
of the magnetic field. Inset is a schematic of the co-ordinate system
showing the direction of the applied field H.
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The strength of the SOI, « , is calculated which is related to the spin relaxation

time 7., through the relationship r_, =#*/8a’m.’D. In the presence of broken

inversion symmetry, the dispersion relationship at the Fermi surface exhibits a

splitting in the k-vectors for up and down spins. The spin splitting is given by
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A =20k where K. is the Fermi wave vector which is calculated from carrier

density. Figures 7.3a and 7.3b show the spin splitting energy A and the strength
of the SOI & as a function of the gate voltage. A spin splitting energy of 10 meV
is estimated for Vg=-20 V in [001] case whereas this value is lower for [110]
direction. The spin splitting energy reported here is comparable to those of GaAs
heterostructures. Since the change in carrier concentration is small for the range
of the applied Vg, A oc a, Which is clear from figure 7.3a and 7.3b. To clarify the
nature of the SOI further, we did magneto conductance measurements at Vg = -40
V by varying the angle (@) of the applied magnetic field to the interface, from out
of plane (6=0°) to in plane (& =90°) direction which is shown in Figure 7.3c.
The magneto-conductance is fitted with egn. (7.1) which gives a very good fit to
the experimental results at all angles. As the magnetic field orientation changes
from out of plane to in plane, the negative magneto conductance decreases
indicating that the conduction electron spins are affected by the magnetic field.

The parameters of the fittings H,, and H, are given in figure 8.3d as a function of

the orientation of the magnetic field.

7.4. Summary

The gate tunability of SOI coupling at the LAO/STO (110) interfaces certainly
supports the Rashba type SOI at these interfaces. The onother important factor
arised from the present study is the anisotropy in SOI in the (110) plane itself.
One way to produce the anisotropy in SOI is due to the atomic arrangement at the
interface. Along [110] direction, two Ti atoms are connected by an O atom in a
zigzag way, while along [001] direction it is linear. The differences in atomic
arrangements may give rise to different potential gradients along respective
directions. Since the origin of SOI lies in these potential gradients thus an
insitropy in SOI would be expected. Further, generally Rashba effect is expected
to be constant for inplane and out of plane measurements, but we see a change in
strength of SOI from inplane to out of plane suggesting that there can be other
contribution to the spin-orbit interaction other than Rashba type SOI that has been
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demonstrated before. Thus far the SOI in semiconductor and heavy element
metallic surfaces considers the spin as the source and dominant factor. However,
these oxide materials with transition metals pocess an additional orbital concept
that may have a significant role in the SOI at these oxide interfaces. Few recent
reports suggesting an atomistic SOI and SOI with orbital effects have been
proposed at the LAO/STO interfaces.Thus the atomic and orbital arrangements at
the interfaces may have a significant role in those scenarios. These additional SOI
concepts need to be investigated further for a complete understanding of SOI

theory at the oxide interfaces
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Chapter 8

Tuning the interface conductivity at the LaAlIOs/SrTiO;

interfaces using proton beam irradiation

Abstract

The structuring and patterning of the 2DEG at the LAO/STO interface for device
measurements and applications have remained a challenging task owing to the
difficulties in physically structuring the oxides. Here, the use of energetic low Z-
ion (proton/helium) beam exposure for engineering the interface conductivity has
been investigated. It is found that this method can be utilized to manipulate the
conductivity at the LAO/STO interface by carrier localization, arising from the
defects created by the ion beam exposure, eventually producing an insulating
state. This process of ion induced defect creation results in structural changes in
SrTiO3z which leads to the creation of rapid polarization fluctuations, as revealed
by the appearance of first-order polar TO,, and TO,4 vibrational modes which are
associated with Ti-O bonds in the Raman spectra of the irradiated samples.
Furthermore, magneto transport measurements reveal that the irradiated (un-
irradiated) samples show a negative (positive) magneto-resistance along with
simultaneous emergence of first-order (only second order) Raman modes. These
experiments allow wus to conclude that the interface ground state
(metallic/insulating) at the LAO/STO can be controlled by tailoring the defect
chemistry of the SrTiOs; with ion beam exposure. Structures with a spatial
resolution of 5 um have been fabricated in a single step using a stencil mask. The
ability to create an insulating state locally in the conducting oxides demonstrates a
novel way to structure the conducting state without any extra etching or
intermediate lithography.
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8.1. Introduction

The structuring of the buried 2DEG at the LAO/STO interface is of equal
importance for device applications and studies of quantum phenomena. Several
methods such as amorphous LAO [1, 2] or AlOx layer deposition [3] as
intermediate steps were employed to structure the conducting regimes. In the
above techniques the insulating state is created by additional deposition steps of
these insulating oxides. Nanoscale writing of conducting structures has been
demonstrated by Atomic force microscopy (AFM) on (3 uc) LAO/STO samples
[4]. However, in all these approaches either the presence of residual hard mask in
the film along with the number of additional sophisticated process steps, or the
stability of the structures in ambient conditions (AFM writing case) is an issue of
concern. Lithography along with reactive ion etching (RIE) has been used
extensively to fabricate controlled structures of various oxide materials. However,
heavy ions present in the commonly used RIE plasma transforms insulating STO
to a conductor [5]. Thus, RIE cannot be applied in patterning of LAO/STO
interfaces. To achieve high quality devices and also to investigate the above-
mentioned exotic phases from these unique interfaces, a reliable and simple
patterning process is essential, which thus far has not been realized. The important
factor in patterning these conducting interfaces is to create a spatially insulating
state. A significant factor is that transition metal oxides are known to show
dramatic changes in electronic properties with the metal-oxygen bonds. The best
examples are metal-insulator transition systems such as VO, [6] and rear earth
Nickelates [7] where the atomic bonds govern the electrical ground state. Thus the
local structural manipulations involving metal-oxygen bonds in STO may offer a
way to manipulate the electrical transport microscopically. Much to the subject of
effect of atomic bonds, recent reports indicated that the properties of the
LAO/STO system are very sensitive to structural distorsions and epitaxial strain
in STO [8]. Thus modifying the STO structure at local level may offer a new way
to tune the properties of the LAO/STO interfaces. One possible way to manipulate

the lattice structure of a material system locally is by ion beam irradiation where
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the nuclear and electronic energy loss of the ion beam can alter the lattice

symmetry by possible lattice distortions, and atomic displacements.

In this frame work, a possible manipulation of the properties of 2DEG at
LAO/STO interface can be expected due to ion beam irradiation effects especially
in STO. In the following, the details of ion beam irradiation experiments
performed on LAO/STO interface samples are discussed. The effects of
irradiations on the LAO/STO interface properties were investigated using various
electrical transport measurements and Raman spectroscopy. Scanning Electron
microscope (SEM) was used to image the patterned LAO/STO samples. It is
found that the metallic behaviour of the 2DEG changes significantly with proton
beam exposure, at a fluence of 2x10%" ions cm™ strong localization appeared in
the 2DEG, and eventually at a fluence of 6x10'" ions cm™ the interface became
insulating. This process of metal to insulator transition occurs through localization
of mobile electrons via ion induced defects, resulting in structural changes in
STO, as revealed by Raman spectroscopy. Raman spectra showed the appearance
of first-order modes of STO which indicate the presence of polar regions in the
irradiated samples. The creation of a spatially-selective insulating ground state by
tuning the process parameters of an energetic ion beam based single step approach

enabled us to both pattern and tune the electronic properties of the 2DEG.

8.2. LaAlOs/SrTiO3z sample preparation for ion beam irradiation

lon beam irradiation experiments were performed with a 2 MeV proton ion beam
produced using 3.5 MV ion beam facility at the Center for lon Beam Applications
(CIBA) at the National University of Singapore. The LAO/STO (100) samples
were prepared by pulsed laser deposition by ablating LAO target onto TiO,
terminated STO (100) substrates. Samples were prepared in a range of oxygen
pressure (Poy) of 1-5x107 Torr at 750 °C. To make a systematic comparison, the
ion irradiation experiments were performed with different proton fluencies on a
single LAO/STO sample that consists of four equal and identical portions (each of

them consist the 2DEG and portions are electrically isolated to each other). The
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schematic representation is shown in figure 8.1. To achieve samples with four
isolated equal portions, first, precise cross lines were made on to the square STO
(2x2 mm) substrate surface with a diamond cutter that makes it in to four equal
portions. Then LAO film of 8 uc is deposited on the partitioned STO substrate.
Each portion of the deposited LAO/STO sample showed a conducting behaviour
and conductivity is absent between any two portions. The diamond cut lines here
resulted in insulating areas that account for the successful partition of the 2DEG.
Three out of the four sections of the same sample were exposed to proton beam
and the fourth region was kept un-irradiated (as deposited). The ion fluences used

were 1x10™°, 1x10% and 2x10"" ions cm respectively.

LAO/STO sample

1x101°
ions/cm?

As deposited

1x1016
ions/cm?

Figure 8.1: A schematic of the LAO/STO sample used for ion
beam irradiations. The values represent the ion fluencies used for
irradiation.

The proton irradiation experiments and measurements were performed on the (8
uc) LAO/STO sample deposited at Po, of 1x10° Torr. The typical travelling
depth of 2 MeV proton beam is about 26 um (micro metres) into the STO
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substrate. A collimated beam of 2 MeV protons were used to raster-scan under

normal incidence over an area of 2x2 mm?.
8.3. Proton beam irradiation effects on properties of 2DEG

8.3.1 Electric transport and electron localization effects

The electrical transport properties of irradiated portions and as deposited portion
of the (8 uc) LAO/STO sections of sample were measured by PPMS. Electrical
contacts to the buried 2DEG were provided by Al wire bonding to the interfaces.
The temperature dependence of the resistance R (T) for the as-deposited and
irradiated sections is shown in Figure 8.2a. The as-deposited section of the sample
exhibits a typical metallic behaviour similar to the conventional LAO/STO
interfaces at this LAO thickness [9]. Whereas for the irradiated sections, a gradual
change in the resistance at 300 K is observed with increase in ion fluence. As the
proton fluence is increased, clear localization behaviour in transport starts to
emerge at low temperatures with the signature of increased base resistance at 2 K.
The sample section irradiated with 2x10*" ions cm™ shows strong localization
with a resistance of 0.1 MQ at 2 K, and the resistance minimum in the R (T) curve
is found to shift towards higher temperature with an increase in ion fluence. The
above R (T) behaviour gives adequate indication that ion exposure has created a
high resistive state of the 2DEG through localization of the mobile electrons. The
drastic upturns in resistance towards low temperatures is expected for transport
mechanisms such as variable range hopping (VRH) in the strong localization
regime (discussed in chapter 5) and magnetic Kondo scattering [10] at this
interface. The R (T) curve for the case of 2x10' ions cm™ does not show any
saturation even down to 2 K (inset of figure 8.2b) inferring that Kondo scattering

may not be the governing mechanism.
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Figure 8.2: Electrical transport of as-deposited and 2 MeV proton
beam exposed (8 uc) LAO/STO sample sections. (a) Temperature
dependent resistance of as-deposited and ion beam exposed sample
sections at different proton fluences. (b) Variable range hopping fit
to transport data of ion irradiated with 2x10'" ions cm™ fluence,
the inset shows the non-saturating behaviour of corresponding
sample section. (c) Temperature dependence of carrier density (ns)
for as-deposited and 2x10*" jons cm™ ion fluence. (d) Reduction in
carrier density 6ns with ion fluence at 300 K, here ons defined as
the difference in ns of as-deposited and irradiated sample sections

((8Nns = N (as-deposited) - Ns (irradiated))-

The low temperature resistance behaviour is further analyzed with respect to the
VRH mechanism. In the VRH regime R follows a (1/T) ¥™ (n = dimensionality
of the system) dependence. A two-dimensional (n = 2) VRH formula fitting for
the experimental data for a fluence of 2x10%" ions cm™ case is given in figure
8.2b and the clear  (1/T)® dependence below 20 K indicates the dominant

transport mechanism is VRH in this strong localization regime.
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The other important quantity that can give further insight to the localization
behaviour is the carrier density (ns). The ns for as-deposited and each irradiated
section of (8 uc) LAO/STO sample were extracted from Hall Effect
measurements. Figure 8.2c shows the temperature dependence of the ng behaviour
for the as-deposited and irradiated with 2x10%" jons cm™. The n, for the as-
deposited section of the sample is about 8x10* cm?at 300 K and 3x10™ cm™ at
2 K. In comparison, the irradiated section shows a significant decrease in ns to
about 5x10*® cm?at 300 K and a further decrease towards low temperatures. The
carrier freeze-out towards low temperature further indicates localization effects
induced by ion beam exposure. Figure 8.2d shows the extracted decrease in
carrier density (ons) with proton fluence at 300 K. Here ons is defined as the
difference in the ns of as-deposited and ns of irradiated sections (8Ns = Ns(as- deposited)
- Ns(irradiated)). From Figure 8.2d it is clear that ns increases with the proton fluence
with a value of dn of about 3x10™ cm™ for a fluence of 2x10'" ions cm™. The n
data clearly indicate that the proton beam exposure with a fluence of 2x10*" ions
cm™ can reduce as many as 3x10™® cm? mobile carriers of the 2DEG at the
interface which is most possibly accomplished by localization of carriers within
the lattice of STO. From the above conclusion one may expect that the interface
samples having initial ns < 2-3x10™ cm™ may turn insulating at these ion fluences
due to complete localization of carriers. Further to validate this possibility, a
conducting LAO/STO sample having an initial carrier density of 1.9x10™ cm™
(achieved by controlling the oxygen pressure during the growth) has turned to
became insulating with the exposure of proton beam at a fluence of 2x10"" ions

cm™.

From the above conclusion one may expect that the interface samples having
initial carrier density in the order of 3-4x10™ cm™ may turn in to insulating state
at these ion doses due to the complete localization of carriers. To verify the above
possibility, new LAO/STO sample was grown at slightly higher Po, of 5 x107
Torr with LAO thickness of 5 uc. The sample ns is found to be 2x10% cm at 300
K which is lower than the previously discussed sample (the reduced ns achieved

by growing the sample at relatively high Pgy). A portion of the new sample was
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irradiated with the proton ion dose of 2x10*" ions cm™. Strikingly as anticipated

this irradiated portion become insulator (exceeding measurement limit of 20 MQ).

The above experiment on the sample with low ns (2x10™ cm™) confirms that ion

irradiation can completely localize the ns of the order of 3-4x10" cm™ with ion

dose of 2x10*" ions cm™.

8.3.2 Magneto resistance analysis
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Figure 8.3: Magnetoresistance (MR) of the (8 uc) LaAlO3/SrTiO;
sample sections with different proton fluences: (a) Out of plane
MR at 2 K for different ion fluences. (b) Out of plane MR at 2, 5,
10 and 20 K for the sample section irradiated with 2x10" ions cm
2. (c) In-plane and out of plane MR measured for the sample
section in (b) at 2 K. (d) Angle dependent anisotropic magneto
resistance measurement for the corresponding sample portion.
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To evaluate the localized transport behaviour at low temperature in the above ion
exposed samples, a detailed magnetoresistance (MR) study was carried out. MR is
a useful tool to investigate the transport mechanisms such as localization and
magnetic scattering. MR measurements were performed in various modes such as
in-plane, out of plane and anisotropic MR (AMR). Figure 8.3a shows the out of
plane MR (magnetic field H perpendicular to the interface) measured for different
ion irradiation fluences and as-deposited sections at 2 K with H upto 9 T. Both as-
deposited and low fluence (1x10" ions cm™) sections display a positive MR
behaviour. Positive MR is a characteristic of orbital scattering in the presence of a
magnetic field due to the change in electron transit paths. On the other hand the
section exposed with 2x10"" ions cm™ fluence shows a negative MR behaviour.
Comparison of the MR with respect to ion fluence infers that the MR slowly
changes sign from positive to negative with increasing ion fluence, suggesting
that it must be correlated with the localization effects discussed earlier in figure
8.2. The large negative and non-saturating MR observed in the irradiated case is a
further indication of strong localization behaviour. Electron transport in the
strongly localized regime can exhibit a negative MR as a consequence of
magnetic field disrupting the self-interference of the electrons and is consistent
with the VRH study (discussed in chapter 5). The temperature dependence of the
out of plane MR measured for a fluence of 2x10%" ions cm™ is shown in Figure
8.3b. The magnitude of MR gradually decreases with increase in temperature
which can be understood as the effect of enhanced thermal fluctuations on the
scattering process. Figure 8.3c shows the comparison of in-plane (H applied
parallel to the interface) and out of plane MR for the 2x10'" ions cm™ case where
both display a negative MR, however with a difference in MR magnitude. Orbital
scattering is excluded in this in-plane geometry due to the absence of Lorentz
forces on carriers. The in-plane anisotropic MR (AMR) measurement performed
for the 2x10"" ions cm™ case and with rotated the H with respect to current (1)
direction within the plane of the interface is shown in figure 8.3d. The AMR

shows an oscillatory behaviour which is similar to that discussed in chapter 4.
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The detailed electron transport and MR analysis discussed above clearly indicates
the dependence of ion fluence for carrier localization and point towards the
possibility of creating insulating regions in 2DEG. At the LAO/STO interface it is
known that the 2DEG is accumulated at the Ti orbitals of STO [11]. Since the ion
irradiation produces dramatic changes in the transport of the 2DEG that resides in
STO, it is necessary to understand the effects of ion irradiation on STO. Recent
reports on STO based interfaces reveal that an atomic distortion of the STO lattice
at the interface can manipulate the transport properties of 2DEG significantly [8,
12]. Direct implications of irradiation are that it may create distortions in the
crystalline lattice of STO, and/or it may create various types of vacancies and
local disorder to an extent in the STO during the various energy-loss processes. A
significant observation made with ion irradiation is the optical contrast of the
irradiated portions of the sample. The irradiated portions lost the transparency
when compare to the as deposited LAO/STO sample portion. In general, ion
irradiation can be expected to modify the atomic structure of the materials through
electronic and nuclear energy-loss with the atoms of the materials. These atomic
structural changes may in turn modify the properties such as optical transparency
and electron transport as shown above. In order to investigate the ion irradiation
effects on structural and electronic properties of the LAO/STO samples, Raman

spectroscopy experiments were carried out.

8.4. Raman spectroscopy of irradiated LaAlO3/SrTiOgz interface

To understand the possible microscopic structural changes in LAO/STO samples
with ion irradiations, Raman spectroscopy experiments were performed on
pristine and irradiated portions of the LAO (8 uc) /STO sample. Visible Raman
spectroscopy was carried out at room temperature using Renishaw Invia system.
The excitation wavelength used was 532 nm and the laser power at the sample
was below 1.0 mWem™ to avoid laser induced damage. A 50X objective lens was
used with a laser spot size of ~1 um and the scattered light from the sample was
collected in the back scattering geometry. Raman imaging was carried out using

WITec CRM200 Raman system using 532 nm excitation wavelength with a
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motorized stage. Raman spectroscopy is used to investigate the vibrational modes

of the system.

A material system becomes Raman active only if the vibration is associated with
the change in polarizability, for a centro-symmetric system like STO, the first
order modes can be Raman active only if the system looses inversion symmetry.
In the present case of LAO/STO the thickness of LAO is only 8 uc therefore the
Raman spectrum of the LAO/STO sample is expected to be dominated by the

modes from the STO substrate only.
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Figure 8.4: Raman spectrum obtained for (8 uc) LAO/STO
interface sample portions irradiated with different proton ion doses
and as deposited portion. The Transverse TO, and TO, modes at
165 and 540 cm™ and a longitudinal LO, mode at about 800 cm™
emerges with respect to proton ion dose respectively.

STO at room temperature has an ideal cubic perovskite structure with space group
Pm3m (Oy) [13]. There are five atoms per unit cell and each of which is located

at a point of inversion symmetry. The atoms are situated on five interpenetrating
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simple cubic lattices and at the Brillouin zone center, all the optical phonons in
the cubic phase are of odd parity, which accounts for the absence of first-order
Raman scattering in STO single crystals [14-16]. Even though the first-order
modes are Raman inactive, STO shows a Raman spectrum with broad peaks that
are arising from higher-order modes which involves the creation or destruction of
two or more first-order modes. Raman spectrum was collected for irradiated and
as deposited portions of the (8 uc) LAO/STO sample and is shown in the figure
8.4. As expected the spectrum is dominated by STO modes. In the spectrum, the
broad second-order peaks are clearly visible at 75, 200-500 and 600-800 cm*
which arise from the second order-order modes. Significantly, additional peaks
start to emerge at 175, 540 and 795 cm™ with increase in irradiation ion fluences
(clearly visible for the sample portion irradiated with proton ion fluence of 2x10"’
ions cm™). These peaks are identified as symmetry-forbidden first order modes
arising from transverse TO,, TO4 and longitudinal LO, phonons, respectively [17-
19]. A significant note here is that the appearance of these Raman modes co-
insides with the evolution of localization behaviour in electric transport
measurements with respect to the ion irradiation fluence where the highest fluence
show maximum effects with change in both Raman spectrum and transport. The
appearance of first-order modes in irradiated portions of the sample clearly
indicates a lowering of crystal symmetry for the STO and thus the loss of the
inversion centre [17-19]. First-order Raman scattering has been observed in thin
films, nano-structures of STO, and also in single crystals with lifted centre-of-
symmetry by the application of an external electric field [18-20]. The line shape
of the TO, peak is asymmetric- i.e. the scattering intensity increases at the high-
energy side and is depressed at the low-energy side of the peak- and this displays
a Fano profile [17-19]. Fano effect occurs whenever discrete excitations and a
broad continuum interfere coherently. This continuum of excitations in the
irradiated sample is polar because it interacts with the polar TO, phonon. Such
asymmetric line shapes have been observed for polar TO, modes in STO thin
films and have been ascribed to the interaction of the phonon with a continuum

arising from rapid polarization fluctuations [17, 18]. Although TOy is also a polar
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phonon, its energy is much higher, the density of states for continuum vanishes at
this frequency and thus Fano asymmetry has not been observed in the case TO,
mode [17]. The origin of the TO, and TO4, modes is associated with Ti-O bonding
in the STO [18-20]. The appearance of TO, 4 modes indicate the presence of polar

regions in the case irradiated at a ion fluence of 2x10*" ions cm™.

8.5. Raman spectroscopy of irradiated SrTiO3

In order to further confirm the above spectrum analysis on STO proton irradiation
experiment was carried on bare STO substrate (ion fluence is 2x10*" ions cm™).
The corresponding Raman spectrum for bare STO substrate and irradiated portion
of STO is shown in figure 8.5. Here also a clear emergence of additional modes
(marked in figure with line) are seen for the irradiated sample while they are
absent for bare STO.
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Figure 8.5: Raman spectrum obtained for bare STO sample portion
with and without irradiation.
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Oxygen ions being the lightest in the STO lattice have maximum displacements
compared to Ti, Sr under the exposure of energetic ions. If this is the case, one
would expect a reduction in resistance for the irradiated STO. The conductivity of
the same sample is measured before and after irradiation, and it does not show
any change in the insulating nature of the STO within the sensitivity of our
measurements. This confirms that the current irradiation experiments are not
creating any significant amount of oxygen vacancies to increase the mobile
charges in STO. Eventhough the produced oxygen vacancies may have a chance
of getting compensated by the counter produced cationic vacancies of Sr and Ti.
An estimate of the defects created by the proton beam can be determined from
Monte Carlo simulations (SRIM 2008) using a full damage cascade. Oxygen ions
being the lightest in the STO lattice have maximum displacements compared to Ti
and Sr under irradiation by energetic ions. If oxygen vacancies were the dominant
defects in the MeV proton irradiated STO, one would expect a reduction in
resistance for the irradiated STO as observed by Kan et al. [5]. The displacement
per atom (dpa) for Sr and Ti is found to be half that of oxygen. The oxidation
states of O, Ti and Sr are -2, +4 and +2 respectively. Thus the cationic and anionic
vacancies will have different charges. The conductivity of the same LAO/STO
sample measured before and after irradiation showed an increase in 2DEG
resistance with fluence. In a separate experiment, a STO substrate irradiated with
a fluence of 2x10%" ions cm™ did not show any change in the insulating nature of
the STO within the sensitivity of our measurements. This confirms that the
current irradiation experiments does not simply create oxygen vacancies alone,
but also generate compensating cationic vacancies, and at higher fluences other
defect complexes which can trap charges efficiently. This is a benefit as the low Z
ion beam will not produce a parallel conducting path in the STO as in the cases

with low energy heavy ion irradiations [5].

One significant observation from both transport and Raman measurements is that
the sample irradiated with low fluence (1x10™ ions cm?) does not show much
signature of localization and at the same time no significant changes in Raman

spectrum, where as for the high ion dose of 1x10'" ions cm™ irradiation case, both
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localization behaviours with the formation of polar modes in STO can be noted. It
suggests that the emergence of these polar modes in STO must have a correlation
with electronic structure of STO. The newly learned mechanism to localize
carriers and ability to create insulating state locally as shown above encouraged us

to investigate the structuring capability of the LAO/STO interface.

8.6. Structuring of LaAlO3/SrTiOg; interface

For this, a sample of (8 uc) LAO/STO is grown under identical conditions as the
previous sample. Two lines each of which having dimensions of 500 pm width

and 2 mm in length were patterned in one of the region.
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Figure 8.6: Raman spectrum obtained for LAO/STO sample
portions irradiated with different proton ion doses. Schematic
represents the 500 um patterns line made with different proton ion
dose.
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These three regions were formed by employing ion irradiation with different
doses as shown in figure 8.6. To confirm the the lattice effects of STO the Raman
spectrum is obtained for these three patterned lines. As shown in figure 8.6 the
Raman spectrum displays similar behaviour as in the previous case. Note here is
that the increased ion dose to 6x10%" ions cm™ is strongly reflected with
observation of stronger intensity profile for the polar mode peaks in the spectrum
also. Further, a Raman spectroscopy image produced using the integrated
intensity of TO, mode at 540 cm™ of the irradiated sample is shown in figure 8.7.
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Figure 8.7: Raman spectrum mapped for a TO, mode at 540 cm™
for patterned lines (500 pum) of LAO/STO sample portions
irradiated with different proton ion doses showing a clear intensity
difference with ion irradiation dose. The resistance behaviour with
temperature measured for the corresponding patterned lines
displaying the metal to insulator transition with increase in proton
ion irradiation dose.

The as deposited and the irradiated regions at ion dose of 2x10*" ions cm™ and
6x10'" jons cm™? are clearly distinguishable in the intensity profile. Here as
deposited portion (with electrically conducting state) shows no signal from TO,
mode. Whereas patterned line with 2x10*" ions cm™ (strong localization) show a
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significant intensity of TO, mode indicating the structural changes in STO at this
dose. The highest intensity of the TO, mode is observed for the 6x10*" ions cm™
doses, which is found to be electrically insulating. Raman imaging thus serves as
an indirect mapping of the interface conductivity of the ion-beam patterned
LAO/STO system.

To show the patterning capability for device applications, the LAO/STO sample
was covered by a stencil mask which is thick enough to stop the ion beam and ion
irradiation was performed with the optimized parameters (fluence of 6x10'7 ions
cm? for 2 MeV protons) to create spatially selected regions exhibiting an
insulating state at the interface 2DEG. Figure 8.8a shows a scanning electron
microscopy (SEM) image of the patterned LAO/STO sample using a metal stencil
mask (made from 0.5 mm thick brass) with a Hall bar geometry (channel width
~150 pm) after 2 MeV proton irradiation. As shown in figure 8.8a, the Hall bar
structure has been transferred to the sample with the expected dimensions.
Significantly, the SEM image shows the contrast between the irradiated and as-
deposited sections. The contrast for the secondary electrons at the conducting (as-
deposited) and insulating (irradiated) regimes is due to the difference in the
number of secondary electrons reaching the Everhart-Thornley detector used in
the SEM. We have also explored low energy helium ion irradiations (500 keV) to
create localization and insulating state in conducting LAO/STO interfaces as
discussed earlier. An insulating state is found to be created at a fluence of 1x10*°
ions cm™ and strong localization at 1x10% jons cm™ in the case of helium ions. A
pattern was formed with a gold mask for helium ion irradiation and is shown in
figure 8.8b. Here, the 5 um conducting regions (the bright contrast) which are
clearly visible in SEM micrographs demonstrate the capability to pattern the
interface down to lower dimensions. This demonstrates the ability to pattern the
LAO/STO interfaces using low Z-ions without any intermediate deposition or

etching techniques that were previously employed.
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(a) Proton ion irradiation

(b) Helium ion irradiation

AccV SpotMagn Det WD p——— 100 um
300kv30 224x SE 322

Fugure 8.8: (a) Scanning electron microscopy (SEM) image of the
patterned LAO/STO sample: (a) using a 2 MeV proton fluence of
6x10'" ions cm™ with a mask of Hall bar geometry (in this case
proton beam (6x10" ions cm™) was irradiated on to the sample
using a tensile metal mask; the irradiated portion locally become
insulating allows patterning the structure). (b) 500 keV helium ions
at a fluence of 1x10 ions cm™ with a gold mask of size 5 pm.
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8.7. Summary

In this chapter, it is demonstrated that conductivity of the 2DEG at the LAO/STO
can be tuned by the proton beam irradiation. The creation of insulating ground
state in 2DEG locally at higher ion fluence as shown here is of important for the
device applications. The real advantage of this process is that one can pattern the
structures of LAO/STO interfaces locally by employing focussed ion beam
writing. It is advantageous to use protons considering the difficulties to structure
oxide heterostructures especially involving STO with large Z ion beam
irradiations such as Ar* beam where it has been shown to induce the conductivity
in STO by producing large amount of oxygen vacancies which is undesired to
STO based two-dimensional electron gas systems. The novel way to avoid this
possibility to use low Z-element ion irradiations (proton, helium) as demonstrated
here may open up new way to create structuring of fascinating interface systems
whose properties sensitive to the crystal structure. With the development of
helium ion microscope with focused ion beams having spatial resolutions of sub
0.5 nm, direct patterning of fine conducting lines may be possible on the nm
scale. The correlation between lattice structure and electronic properties is found
to be key to manipulate the properties in these oxide interfaces and may
applicable to other oxide systems whose properties are sensitive to the meteal-

oxygen bonds.
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Chapter 9

Conclusion and scope of future work

9.1 Conclusion

9.1.1 Magnetic interactions

In this thesis work the nature of magnetic interactions at the LAO/STO system
were investigated through the AMR and PHE measurements. A fourfold
oscillation behavior in the AMR is observed for the confined 2DEG, and a
twofold oscillation observed for the 3D case. The origin of the fourfold oscillation
primarily arising from magnetic interactions of itinerant electrons with localized
magnetic moments coupled to the crystal symmetry via spin-orbit interaction. The
observation of this behavior only for the confined 2DEG case infers that the
magnetic interactions are predominant at the interface. The observed PHE further
signifies that the predominant in-plane component of the magnetization in the
system supports the previous observations. The role of spin-orbit interaction is
verified by the tunability of magnetic interactions at the interface. The AMR and
PHE measurements are very useful as a probe for the magnetic interactions in low

dimensional systems.

9.1.2 Strain and correlation effects at polar/non-polar oxide interfaces

It is shown that the new combinations of various polar/non-polar oxides interfaces
namely, NdAIO3s/ SrTiO3, PrAlOs/SrTiO3 and NdGaOs/ SrTiO3 can also support
the 2DEG at the interface. This study offered new interfaces to further investigate
and tune the properties at these polar/non-polar oxide interfaces. A detailed
transport analysis revealed that the properties of the 2DEG can be influenced by
the polar over layers. This study inferred that the combined effects of interface
strain and electron correlations offered by polar layers can play a crucial role at
these oxide interfaces. The lattice-mismatch of various polar layers with STO can

induce considerable octahedral distortions in STO. Even though naive thinking is
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that the bulk substrates expected to induce the strain in over layers, however this
study shows that at the interface the substrate layers is also influenced by the over
layers to an extent that can manipulate the interface physics and properties as the
case here. The observations such as rare earth (RE) cation dependence of carrier
density, lattice mismatch effects on mobility offered by polar layers may provide
an opportunity to tune the properties at selected polar/non-polar oxide interfaces.
Further, the observed thickness dependence of metal-insulator transition for the
NdAIOs/SrTiO; interfaces suggest that polar discontinuity may possibly be the
prime origin of conductivity at these polar/non-polar interfaces as well. The
thickness dependence of localization effects of 2DEG are observed at the
NdAIOs/SrTiO; interfaces. In the strong localized regime the transport is
governed by variable range hopping. These results emphasize the dominant role
of over layer thickness in controlling the transport properties of 2DEG at these
interfaces through the interface strain effects. Moreover, the study presented in
this report can help in distinguishing localization from other mechanism which is
very important in understanding the physics of electron transports in two

dimensional oxide systems.

9.1.3 Anisotropic conductivity at (110) interfaces

The importance of the unexpected conductivity demonstrated at (110) interfaces is
better brought into context with what has been learnt so far with the (100)
interfaces. The 2DEG at the LaAlO3/SrTiO3z (100) interfaces has been studied
under a variety of deposition conditions, layer thicknesses and externally applied
fields. In most of these experiments the 2DEG was presumed to be the result of a
direct manipulation of electrostatic potential at the interface in order to promote
electrons to the conduction band of STO, which requires energy of the order of
3.2 eV. Our experiments and DFT calculations using (110) substrates show that
the polarization catastrophe model may still be valid for crystalline LAO/STO
interfaces provided the interface is viewed appropriately in (110) case (buckled
interface). The real attraction of these LAO/STO (110) interfaces is that they offer
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a new physical parameter which is crystalline anisotropy. The demonstrated

anisotropy in mobility is very significant for the anisotropic devices at nano-scale.

9.1.4 Tuning the interface conductivity with ion beam irradiation

In this study it is shown that properties of the 2DEG at the LAO/STO can be
tuned by the proton beam irradiation technique. The creation of insulating ground
state in 2DEG locally as shown here is of important for the device applications.
The real advantage of this technique is that one can pattern the structures of
LAO/STO interfaces locally by employing focussed ion beam writing. Further,
considering the difficulties in patterning of oxide heterostructures especially
involving STO with heavy ion beam irradiations such as Ar" beam where it has
been shown to induce the conductivity in STO by producing large amount of
oxygen vacancies which is undesired to STO based 2-dimensional electron gas
system. The novel way to avoid this is to use low Z-element ion irradiations as
demonstrated may open up new way to create structuring of fascinating interface
systems whose properties sensitive to the crystal structure. The correlation
between the lattice structure and electronic properties is found to be key to
manipulate the properties in these oxide interfaces and may applicable to other
oxide systems also whose properties are sensitive to the meteal-oxygen bonds.
The patterning ability of the 2DEG with direct ion beam exposure without using
any intermediate lithography processing steps as shown here is of technological

importance.

9.1.5 Nature of spin-orbit interaction

The observation of quasi-two dimensional electrical conductivity at the
LaAIO3/SrTiO3 (110) interface has generated much interest due to its possible
potential in crystallography dictated low dimensional devices. Our angle
dependant magneto-conductance results clearly show that there two contributions
to the SOI, one originating from the normal component of the conduction electron
spin and other from the Rashba effect arising from in-plane spin components.

Here we suggest that the interface exhibits a strong anisotropic type z-component
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SOI with respect to the crystallography. The anisotropy is understood to arise
from the difference in the potentials associated with Ti tyq orbitals along [001] and
[110] directions. Both z-component SOI and Rashba SOl is gate tunable which is
technologically very promising. Above all we have shown here a possible route to
tune the interface SOI by varying the potential gradient arising from atomic

arrangements at these anisotropic interfaces.

9.2 Scope of future work

9.2.1 Role of crystallography on orbital reconstructions and magnetism

The demonstrated strong magnetic interactions at the interface with respect to
carrier confinement and electric fields are very important for the implementaiton
of spintronic based concepts to the LAO/STO interfaces. The present study shows
that these properties are very sensitive to the dimensionality and growth condition
of the interfaces is very crucial to realize these magnetic interactions. The present
study can be further explored with respect to the crystallography. Based on recent
observation of 2DEG at other oriented interfaces (including our study of 2DEG at
(110)-oriented interfaces), theroritical reports further suggested that magnetic
ordering could depend on interface orientation where the orbital hybridizations
play a crucial role. One best way to cross check these predictions is by performing
these anisotropic measurements on various oriented interfaces such as along (110)
and (111). The comparision study may give the information about such orbital

hybridization picture at these interfaces.

9.2.2 Exploring the 2DEG properties at anisotropic surfaces
In this thesis work it is further demonstrated that the 2DEG show highly

anisotropic nature with respect to the crystallographic directions. The presence of
linear and zig-zag Ti-O-Ti chains along two directions opens up new possibilities
for nanoscale quantum phenomena. For example, the anisotropy can be further
explored by nano-structuring the 2DEG along the anisotropic crystallographic

directions with techniques such as conducting atomic force microscopy (AFM)
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charge writing which is already shown to create new properties. Further,
investigation of the anisotropy on other phenomena (magnetism,
superconductivity) will be of interest which may lead to new physics and device
applications. Further, given the fact that the spin-orbit interactions can arise from
the symmetry breaking near the interfaces and these in-plane anisotropic
interfaces readily offer symmetry breaking within the plane of interface which
would further attract a lot of interest to explore the electric field effects on these
anisotropic surfaces. In this thesis work we have shown the signature of such
anisotropic nature of spin-orbit interactions. These experimental observations can
be further explored through theoretical understanding of the spin-orbit interaction
concept. In complex oxides, spin as well as orbital degrees of freedom are very
sensitive to the external stimuli; therefore one needs further investigation of spin-
orbit interactions. Further analysis of spin-orbit interactions with respect to the

crystallography is of importance.

9.2.3 Towards single step nano-structuring of interfaces with ion beams

Using an ion beam (proton/helium), a single-step structuring capability of
LAO/STO interfaces down to 5 um using a hard mask.exposure technique has
been demonstrated. However focussing of these ion beams, utility of hard masks
with lateral dimentions limits the structuring. This can be overcome by using the
newly developed focused ion beam microscopes for example helium ion
microscope which has a capability of focussing the energetic ions beams down to
nanometer level. As a future direction these interfaces can be tested for the
patterning with the helium ion microscope. Further, tailoring interface
conductivity locally by tuning the interface defect chemistry is a novelty of this
work. This ion beam exposure technigque can be explored on other complex oxides
that are sensitive to the metal-oxygen bonds. For example rare earth nickels
oxides and vanadium oxide systems, whose properties are very sensitive to the
chemical bonds. The possible manipulation of local structure in these materials

may allow tuning the material properties and may allow patterning them also.
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