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Abstract

Semiconductors have been the keystone of the field of electronics for decades. The
development of high quality growth techniques and our theoretical understanding
enabled the realization of a pool of devices such as transistors etc. and revolu-
tionised the way of human living. However, with the evolution of mankind, there
is always a demand of materials with larger integration density and enhanced prop-
erties. The urge of attaining new functionalities in modern electronic devices led
to the manipulation of spin degree of freedom of an electron along with its charge
and gave rise to an altogether new field of ”spintronics”. Recently, among different
classes of materials, ”"oxides”, possessing an astounding variety of properties have
emerged as potential candidates for spintronics applications. Oxides, particularly,
transition metal oxides (TMOs) are a hunting ground to study many fascinating
physical properties due to the interplay between their spin, lattice, and orbital de-
grees of freedom and the presence of strong electron correlations. The benefit of
using TMOs over semiconductors for spintronic applications is that many emergent
phenomena can be integrated on a single platform due to the electron correlations
present and the materials exhibit a full spectrum of electronic, optical, and mag-
netic behavior: insulating, semiconducting, metallic, superconducting, ferroelectric,
pyroelectric, piezoelectric, ferromagnetic, multiferroic, nonlinear optical effects and
so on. All these properties and particularly their integrability in oxides make them

the materials of choice for future generation electronic devices.

It has been realized that momentum dependent splitting of spin-bands in an
electronic system, the ”Rashba effect”, plays a key role in spintronic devices and
the essential condition to realize the Rashba effect is strong spin-orbit coupling. In
this dissertation work, we have tried to explore and study perovskite oxide, KTaO3
(KTO) and fabricate its heterostructure with Mott-insulator LaVO3 (LVO). The
aim of choosing KTO is its strong spin-orbit coupling in addition to the simple
cubic structure and other properties like high dielectric constant etc. which makes
it suitable for future generation spintronic devices. The heterostructure LVO-KTO
prepared in this work is found to exhibit emergent phenomena like interfacial con-
ductivity, planar Hall effect and anomalous magnetoresistance due to Rashba spin-
band splitting. This makes LVO-KTO a potential candidate for channel material
of a spin-transistor. In addition to this, the heterointerface is found to have linear
dispersion relation at the crossing point of Rashba spin-bands which is similar to the

Dirac cone formation in topological systems and hence the system is a playground to

1X



explore topological phases in oxides which may unravel many mysteries of science.
Other than, the LVO-KTO heterostructure, this thesis also focuses on the applica-
tion of KTO in optoelectronic and storage devices and discusses its photo-response

and nano-electrical domain writing using atomic force microscopy tip.
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Introduction

1.1 Background of the study

Semiconductors have been the substratum of the field of electronics for decades.
Starting with the invention of the rectifier in 1874, the invention of point-contact
germanium transistor changed the world beyond anything that could have been
imagined before them. The application of theories of quantum mechanics to con-
dense matter systems along with the development of high quality growth techniques
enabled realization of a pool of devices such as transistors, charge coupled devices,
light emitting diodes and so on. The conventional semiconductors silicon, germa-
nium or other group III-V compounds remained the materials of choice for fabrica-
tion of these devices for decades because of the room for manipulation of their band
structure via doping or external stimuli like electrostatic gating etc. However, the
ever existing demand of reducing the feature size of the existing electronic devices
sparked a need to look for alternative mechanisms or materials with larger integra-
tion density and increased functionality. Among many of the proposed or currently
developing concepts and materials, this experimental thesis focuses on two such key

areas: 'spintronics’ and ’oxide electronics’.

1.1.1 Spintronics

Spintronics, an acronym made from spin and electronics is an emerging field char-

acterized by use of spin degree of freedom for information processing. Spin, a
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fundamental property of elementary particles was first introduced as a quantum
number by Wolfgang Pauli in 1920’s. This fundamental property of particles was
found to bear all properties of angular momentum and furthermore was, quantized.
Ever since then, scientists began to work on this new degree of freedom and stud-
ies on spin-polarization, spin-relaxation started coming up.[1, 2] In 1971, Mikhail
D’yakonov and Vladimir Perel’” predicted spin-Hall effect which was experimentally
observed in 1979.[2, 3] Then the study of tunnel-magnetoresistance (TMR) in 1975
and giant-magnetoresistance (GMR) in 1988 laid the foundation a new eral4, 5, 6]
and the quest for using this fundamental property of elementary particles for appli-
cations in electronics gained momentum in 1990 when Datta and Das proposed the
concept of spin-polarized field effect transistor.[7] This marked the beginning of a
new field of the spin based electronics or ”Spintronics” where the central aim was
to get the functionalities of the electronic devices by active manipulation of spin

degree of freedom of an electron.

Over the years, the relativistic interaction of particle’s spin with its motion
inside a potential, known as spin-orbit coupling, evolved from a simple atomic con-
tribution to a key effect that modifies the electronic band structure of the materials.
It became one of the essential ingredients of spintronics, locking the charge and spin
degrees of freedom of an electron together. Spin-orbit coupling when coupled with
other parameters in a solid gave rise to a variety of effects which revolutionised the
field of spintronics. For example, the Rashba effect, where if you have a system
with relativistic electrons (moving with velocity v comparable to speed of light c)
and an intrinsic electric field (E) perpendicular to their direction of motion, then
the electrons experience a magnetic field B given by (v X E)/c? in the direction
perpendicular to both v and E. The energy dispersion relation, which for a free elec-
tron is a degenerate parabola for both up and down spins splits into two parabolas
corresponding to up and down spin in this case as shown in Fig. 1.1. The strength
of the splitting given by Rashba parameter o depends on the strength of the spin-
orbit coupling of the system. The interesting thing about this kind of splitting is
that if we look at a constant energy value, we have two concentric Fermi surfaces
with opposite spin-chiralities and a linear dispersion relation at the band crossing
point just like a Dirac point in topological systems. This kind of spin arrangement
and band structure open many interesting gateways of fundamental physics to be
explored. Also, as seen from Fig. 1.1(b), the spin and momentum of the charge
carriers are locked in these kind of systems i.e. for a particular direction of motion

(k), the direction of spin of electron is fixed. This makes the Rashba effect an im-
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Figure 1.1: Energy dispersion relation: (a) degenerate parabola for free electron (b)

spin-split two parabolas for electrons experiencing Rashba field.

portant phenomenon to be used for device applications via control of spin dependent

motion of electrons.

The momentum dependent splitting of spin bands in an electron system,
the Rashba Effect, is the key pre-requisite for realization of a device called spin-
transistor.[8] In a spin-transistor, spin-polarized current from a ferromagnetic source
is injected into a conducting channel having an intrinsic electric field perpendicu-
lar to the electron wave-vector. If the electrons have relativistic velocities, they
experience the Rashba magnetic field. This field, depending on the spin and the
direction of propagation of electron, makes it precess. Then controlling the preces-
sion of electrons via external electrical field the ON and OFF states of the transistor
are realized as shown in Fig. 1.2.[9] The advantage of a spin-transitor over a con-
ventional transistor is that its realization is not restricted only to semiconductor
materials, its easy control of the on-off swtiching, reduced power consumptiona and
smaller leakage currents. Where the source and drain of a spin-transistor are mainly
ferromagnetic materials, its channel can be any material with strong spin-orbit cou-
pling. The channel of the spin transistor is an essential component and selection of
the right channel material can help in enhancing the efficiency of the device greatly.
Here, in this thesis I have mainly focused on selection and synthesis of an optimized

channel material with strong spin-orbit coupling.
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Figure 1.2: Schematic of Datta-Das spin-transistor in ON and OFF state.

1.1.2 Oxide electronics

Oxides which possess an astounding variety of emergent properties are recently
gaining attention as the potential candidates for the next generation electronic
devices.[10, 11] The oxygen carrying compounds found in almost everything from
rocks and glass to ceramics and rust are known to mankind for centuries now. Being
the most abundant minerals in the earth’s crust and mantle, they form compounds
with a vast degree of structural complexity, from simple rock-salt to complex sil-
icates. Particularly, transition-metal oxides are interesting because of the unique
nature of their d-orbital electrons.[12] Also, the metal-oxygen bond in transition-
metal oxides varies from nearly ionic to highly covalent and we have a full range of
oxides with metallic properties (e.g. RuO,, LaNiO3 etc.) on one side and highly
insulating oxides (e.g. BaTiO3) on the other side.

Although known for centuries, the field of complex oxides owes its origin to
the pioneering work of Sir Neville Mott[13], who identified the complex electronic
behavior of oxides. His work for the first time unveiled the role electronic cor-
relations play in determining the transport properties of the complex oxides. In

transition metal oxides, the transition metal s-electrons are transfered to the oxy-
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gen ions and the strongly correlated d-electrons determine their physical properties
such as electrical transport, magnetism, thermal conductivity and optical response.
The electron-electron correlations in these oxides, limit the number of electrons at
a given lattice site and induce an entanglement of spin, charge and orbital degrees
of freedom of the carriers. This as a consequence give rise to a wealth of phe-
nomena like metal-insulator transitions, Mott-insulators, charge and spin ordering,
multiferroicity and superconductivity etc.[14] A number of interesting phenomena
are exhibited by transition-metal oxides for example, LaMnO3 an antiferromagnet
in bulk form exhibits ferromagnetic behavior when realized in thin film form. Sim-
ilarly, ferromagnetism is observerd in (111) oriented superlattice of two antiferro-
magnetic materials namely, LaCrOs and LaFeOj3.[15] In StRuOj thin films, multiple
helimagnetic phases are observed indicating the presence of skyrmionic-like topo-
logical spin structures and hence, makes it a potential candidate for memory device
applications.[16] All these properties and particularly their integrability in oxides
makes them the materials of choice for future generation electronic devices. Not
only device applications, possibility of realization of Rashba-spin splitting in oxides
with strong spin-orbit coupling makes them interesting even from fundamental sci-
ence perspective because of the linear dispersion relation at the crossing point of two
spin-bands. In recent years, there has been a burst of activity to manipulate these
phenomena, as well as to create new ones, using oxides.[17] The beauty of oxides is
that they have opened the whole periodic table as the playground for the tomorrow’s
material scientists. Also, the recent developments in the growth techniques is an

add on point to enhance the functionalities of the oxides.

Among transition metal oxides, SrTiO3 (STO) had been the material of great
interest because of manifestation of exceptional properties from being insulating to
superconducting, ferroelectric ete.[18, 19, 20] This simple cubic perovskite oxide has
an extremely high dielectric constant at room temperature which scales to as high
as ~10% at low temperature making it an ideal oxide for field effect applications.[21]
Bulk STO is one of the few known systems to exhibit quantum paraelectricity - a
phase in which quantum fluctuations between degenerate lower symmetry configu-
rations suppress ferroelectric ordering.[22, 23] While the bulk of STO is paraelectric,
the surface can be ferroelectric. These interesting bulk properties coupled with the
improvements in thin film growth techniques lead to an extensive research on STO,
including studies on strained STO[24, 25|, low dimensional STO[26, 27] and even re-
sulted in realization of conducting 2 dimensional electron gas (2DEG) at the interface

of insulating STO with other insulating perovskite oxides.[28, 29, 30] The seminal
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work by Ohtomo and Hwang on heterostructure of LaAlO3 (LAO) and STO revolu-
tionised the field of the oxide electronics and brought it on a different level.[28] LAO-
STO heterostructure became a hunting ground to explore new functionalities and
many emergent phenomena like superconductivity[31], magnetism[32], coexistence
of superconductivity and magnetism|[33], ferroelectricity[34], charge ordering[35] etc.
were witnessed in this heterointerface of insulating, non-magnetic oxides. Not only
with LAO, STO was found to form 2DEG at its interface with other oxides as well
e.g. LaVO3-STO, LaTiO3-STO, CaZrO3-STO, GdTiO3-STO and CaHfO3/STO etc
.[29, 30, 36, 37, 38, 39, 40] However, to extend the use of STO based systems in the
emerging spintronic applications, the spin-orbit coupling strength of STO was not
very high (17 meV).[41]

In this thesis, we focus on another member of perovskite oxide family, KTaOj3
(KTO), which has properties similar to STO but in addition to them, has a spin-
orbit coupling strength of ~400 meV, an order of magnitude higher than that of
STO.[41] Inspite of having properties like dielectric constant, crystal structure, lat-
tice constant similar to STO, K'TO has been far less investigated. The main obstacle
for studying KTO is related to the instability of KTO crystal due to high volatil-
ity of potassium.[42] Although a technique to compensate for the volatility was
proposed[43] and epitaxial thin films of undoped KTO can be grown[44], not many
reports have come up to realize 2DEG at its interface with other oxides or to use
its high spin-orbit coupling strength for realization of Rashba-spin splitting for both
spintronic or fundamental science applications. This sets the scene for key motiva-
tion of this thesis, which is to realize low dimensional electron gas and Rashba-spin
splitting in KTO and use its unexplored zoo of properties for future generation spin-
tronic devices. The simple all-oxide system can also be used to understand the rich

physics arising in topological systems with linear band dispersion relations.

1.1.3 Thin film technology for oxide electronics

Advances in thin film growth techniques and methods multiply the degrees of free-
dom available for use of any material, resulting in an extended list of applications
and methods to explore fundamental properties of the materials. Similar is the case
for oxide thin films and heterostructures. The alluring properties of bulk oxides
combined with the advancement in the thin film growth techniques like pulsed laser
deposition (PLD) and molecular beam epitaxy (MBE) systems triggered an intense

research interest in oxides and gave a new face to the oxide based electronics. The
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growth of epitaxial layers bring in new functionalities which coupled with the exotic
properties of the correlated complex oxide systems help create integrated devices

with combined physical orders.

Thin film growth using PLD or MBE give a vast variety of advantages over
bulk samples. First and foremost is the atomic level control of the films which helps
in realization of properties not witnessed in bulk form by formation of heterostruc-
tures. The properties which are passive in bulk crystals can be made to outshine
in the thin film form. The greatest example of this is the work by Ohtomo and
Hwang, where thin films of insulating oxide LAO when juxtaposed over TiO, ter-
minated band insulator STO single crystal gives a conducting heterostructure.[28]
This heterointerface made of non-magnetic oxides LAO and STO is even found to
be magnetic.[32] Next is the possibility to achieve high quality single crystal surfaces
which help in various surface actuated phenomena, in determining detailed composi-
tional, electronic band dispersions which are not possible in bulk samples due to the
defects associated with the growth mechanisms. Thin film growth technology even
gives us the controllability of electronic structures of the materials by controlling the
epitaxial strain effects during the growth.[45] Another parameter is the precise con-
trol of stoichiometry. The control of stoichiometry of any material gives the control
over its physical properties because of their predominant dependence on chemical
composition of the material. Right from 1988, PLD has been proved to be a valuable
thin film deposition technique for oxides for example, superconducting YBasCuzO7
[46] and piezo/ferro-electric Pb(Zr,Ti)O3 [47] with control on the atomic level. This
thesis exploits the thin film growth technology and uses PLD for growth of oxide

heterostructures for spintronic applications.

1.1.4 Two dimensional electron gas at the interface of insu-

lator oxides and origin of conductivity

As discussed in the previous section, the initial goal of the extension of thin film
techniques was to push the limits of material growth to unit-cell precision to probe
the unexplored realm of complex oxides. Methods for creating high-mobility com-
pound semiconductors were widely developed in the 1970s, and the refinements in
them resulted in major advances such as the discovery of the integer and fractional
quantum Hall effects.[48, 49] As mentioned by Heber in the perspective, the ex-

tension of these thin film growth techniques to complex oxides represented a major
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new frontier.[17] Harold Hwang, working at Bell Laboratories and managed by Horst
Stormer, undertook a program to create atomically precise oxide heterostructures,
with the hope that new physics would emerge from these interfaces. Hwang was
not disappointed. A milestone was achieved in the field when in 2004, Ohtomo and
Hwang observed the charge transfer to occur from single atomic planes and discov-
ered the two dimensional electron gas at the heterointerface of two insulating oxides
of LAO and STO grown by PLD. It was a big breakthrough in the field of oxide
electronics since two band insultor oxides having large band gap of 5.6 eV(LAO)
and 3.2 eV(STO) were found to form a conducting interface. LAO and STO both
being perovskite oxides (ABOj), comprised of alternating planes of AO and BO,
i.e. LaO and AlOy in LAO and SrO and TiO, in STO. It was found that for this
heterostructure out of the two possible combinations of the interfaces LaO-TiO,
and AlO,-SrO (Fig. 1.3(a) and (b)), only LaO-TiO, interface was conducting i.e.
the heretrostructures were conducting only when the substrate STO had TiO, as
the terminating layer. Another interesting observation was that this interface was

conducting only above a critical film thickness of 3 monolayers.

This raised several questions about the origin of conductivity at the interface.
Oxygen vacancies created in the substrate or the film during film deposition and
substrate annealing while growth were the most convenient choice to be attributed
to the origin of conductivity in such oxide heterostructures. But the fact that
the conductivity was dependent on the substrate terminating layer ruled out this
possibility. Furthermore to confirm, the LAO-STO samples grown in PLD were
then post-annealed in oxygen and it was found that the samples still remained
conducting (Fig. 1.3(c)). Figure 1.3(d) shows the mobility of the as grown and
oxygen-annealed samples. It can be seen that the mobility values are almost similar
in both the cases. So, this observation also did not support the possibility of oxygen

vacancies as the source of conductivity in oxide heterostructures.

Some other studies on the origin of interfacial conductivity proposed that the
conductivity at oxide interfaces arises due to the cationic intermixing.[50, 51, 52]
Reports on insulating and conducting (below and above critical film thickness) LAO-
STO heterostructures reveal a complex competition between structural distortions
and reconstruction, donor doping and ionic compensation which might be responsi-
ble for metal-insulating transition. Experimental evidences suggested that La atoms
get interchanged with Sr atoms across the interface causing n-type doping in the
STO substartes which might be responsible for giving rise to conductivity at in-

terface. On the other hand, in-plane compressive strain was found to be extended
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Figure 1.3: Schematic of possible interfaces between LAO and STO (a) LaO-TiO, in-
terface (b) AlO2-SrO interface. (¢) and (d) Temperature dependent sheet resistance
and mobility for LAO-STO interfaces grown at different oxygen partial pressure [28].

deeper within the substrate producing the insulating interface. Hence, it was con-
cluded that cationic intermixing and structural distortions were some of the possible

reasons for producing conducting and insulating interfaces between LAO and STO.

Recently, there have been some other reports on LAO-STO heterostructure
suggesting that film stoichiometry plays an important role in creating the con-

ducting states between these two insulating oxides.[53, 54, 55]

However, the most promising mechanism proposed so far for forma-
tion of two dimensional electron gas at the oxide interface is the electronic
reconstruction.[28, 56] As mentioned above, STO can be decomposed in a se-
quence of charge neutral SrO and TiOs layers, while LAO is a sequence of alternat-
ing charged (LaO)* and (AlO2)~ planes. When the LAO films are grown on STO
substrate, along (001) crystal direction, the alternating charged LAO planes lead to
a divergent electrostatic potential. Figure 1.4(a) shows the unreconstructed inter-
face between LAO-STO where p is the electric charge, E is the electric field and V is
the electrostatic potential. It shows that the electrostatic potential diverges as LAO
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Figure 1.4: Schematic of (a) Unreconstructued (b) Reconstructed interface of LAO-
STO.

film thickness increases. This is known as the polar catastrophe. This diverging po-
tential can be prevented by the intrinsic electronic reconstruction, where, electrical
charge is transferred from the topmost LAO layer to the LAO-STO interface where
owing to the fact that Ti has multiple valence states, the electron is accommodated
thus making it conducting interface(Fig. 1.4(b)).[28, 29, 56, 57, 58, 59] Experi-
mental evidences have been gradually converging towards the conclusion that the
electronic reconstruction is the prime mechanism for the appearance of conducting
states at the interfaces. According to this model, a critical film thickness is required
to build up such an electric field for providing sufficient driving force to change Ti
valence state. This requirement of critical thickness is universal for producing the
conducting interfaces of two perovsite oxides even fabricated using different growth
techniques and is also observed by several groups working in this field. This mech-
anism of electronic reconstruction has been successful to anticipate other material
combinations as well to realize conducting interfaces.[37, 38, 72, 75] But it could not
explain the reason of conducting interfaces between amorphous LAO-STO or(110)
oriented LAO-STO. So, the debate to find the ultimate mechanism behind the origin
of conductivity at the interface of insulator oxides is still active and the field is open

to be explored.
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Figure 1.5: Schematic of perovskite structure of KTaOs.

1.2  Properties of KTaOj;

In this section, we introduce some physical properties of KTO briefly which make it
a prospective candidate for spintronics devices. At room temperature, KTO has a
cubic perovskite structure as shown in Fig. 1.5 with lattice constant of 3.988A°.[60]
The alternating charged KO and TaO, layers make KTO a polar perovskite oxide.
Unlike STO whose crystal structure undergoes a cubic to tetragonal phase transition

below ~110 K[61], KTO does not undergo any such phase transition.

KTO is a semiconductor with a direct band gap of 3.5 eV. Figure 1.6 shows
the calculated band structure of KTO.[62] The conduction band at the I' point is
composed of two degenerate bands, (one light electron band, one heavy electron),
together with a spin-orbit split band with splitting energy ~400 meV. This signifi-
cant spin-orbit coupling strength and the presence of relativistic electron in Ta 5d
electrons makes the possibility of realization of Rashba-type spin band splitting in
KTO.

KTO can be turned conducting by doping or reduction.[63, 64] Similar to STO,
it also has a high dielectric constant at room temperature which increases to ~4000
at low temperatures due to proximity to ferroelectric instability.[63] This leads to a
significant screening of the impurity potentials resulting in a high mobility of ~10%
cm?V~1s71.[63] Figure 1.7 shows the mobility of reduced KTO at low temperature
as a function of volume (3D) charge carrier density in comparison to reduced and
chemically doped STO.[63, 65, 66, 67] This high mobility enables the observation
of Shubnikov-de Haas (SAH) oscillations, as reported by Uwe et al. for Sr-doped
KTO.[68] Even KTO reduced by Ar" ion bombardment exhibits SAH oscillations.[69]

In addition to doping or reduction, conduction can also be induced in KTO us-
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ing the electric field effect. This was first demonstrated by Ueno et al.[70] Following
this work, Nakamura and Kimura[41] reported the observation of weak antilocal-
isation in electrostatically induced the quasi-two dimensional electron gas at the
surface of KTO. They extracted the spin precession length and the phase coherence
length of the electrons at various gate voltages. The short spin-precession length
obtained by them pointed towards the presence of Rashba-type spin splitting in
KTO making it a material of research for future spintronic devices. Other than
this, the electrostatic doping by field effect could also make KTO superconducting
as demonstrated by Ueno et al.[71]

Inspite of having these alluring properties, unlike STO, KTO has not been
explored much for realization of 2DEG at its interface with other oxides. Other than
theoretical predictions[72, 73] and reports on amorphous film growths on KTO[74],
so far there is only one report on crystalline 2DEG at the interface of LaTiO3 and
KTO.[75] Besides other properties, the polar nature of KTO, its strong spin-orbit
coupling strength and simple cubic crystal structure makes it even more strong
competitor in the run of oxides for electronics device applications. Other than
this, the possibility of realization of Rashba effect and spin-band splitting in KTO
endows it with an eventuality of topological character because of the formation
of Dirac cone at the band crossing point. This makes the study of KTO and its
heterostructures even more imperative from the fundamental science point of view.
Hence, in this thesis we have undertaken an exploration of properties of KTO and its
heterostructure with a Mott-insulator LaVO3 (LVO). Apart from realizing 2DEG at
this novel heterointerface and understanding various physical phenomena, we have

also tried to use KTO for device applications.

1.3 Scope of the thesis

The main aim of my thesis is to look for perovskite oxides with strong spin orbit-
coupling and to use them in thin-film form so that they can form the channel material
of the all-oxide spin-transistors. In addition to this several other applications of oxide
materials/heterostructures are explored for their applicability in opto-electronic and

storage devices.

In order to achieve these aims, the following works and studies are performed

which span the eight chapters of this thesis.

First chapter gives a glimpse of the background of spintronics, oxide-
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electronics with oxides emerging from scratch to hosting rich physics and bundles
of emergent phenomenon. The chapter also introduces the key material of this
study KTO and brings out its various properties. It is a broad overview of basic
motivation behind my thesis work. Second chapter describes the various exper-
imental techniques used to carry out the work. They include the film growth by
PLD and various characterization techniques used throughout the study. Third
chapter deals with the substrate preparation and single termination of KTO for
subsequent film depositions. It also discusses the effect of oxygen vacancies, induced
during the film growth, on the electronic band structure of KTO. Fourth chapter
focuses on the synthesis of heterostructure of Mott-insulator LVO with KTO and
realization of 2DEG at their interface. The growth parameter optimization and ba-
sic characterization like structural and transport properties of the heterointerface
are discussed in detail. Fifth chapter focuses on the magneto-transport studies
performed on LVO-KTO heterointerface. Emergent properties like strong spin-orbit
coupling, anisotropic magnetoresistance and planar Hall effect observed at this novel
heterointerface are discussed in this chapter. Sixth chapter brings out the use of
KTO for opto-electronic devices and discuses the photoresponse of KTO. The role of
oxygen vacancies in the photoresponse of this oxide material is discussed in detail. In
Seventh chapter, electrical domain writing on surface of KTO using atomic force
microscopy tip is demonstrated. It discusses the use of KTO for electrostatic mem-
ory devices. In Eighth chapter, I have concluded my thesis work and discussed

future possibilities to use KTO in various spintronic applications.
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Chapter 2

Experimental methods for growth

and characterization

2.1 Thin film growth by Pulsed Laser Deposition

Pulsed Laser Deposition (PLD)- a powerful tool to deposit high quality compact thin
films and multilayered structures was used for fabrication of the heterostructures un-
dertaken in this study. In the past couple of decades, PLD has emerged as one of
the most popular and immensely simple techniques for depositing a wide range of
exciting materials being explored for next-generation applications.[1, 2, 3, 4] PLD is
a popular thin film growth technique due to its inherent versatility, flexibility, and
speed of the process that can be applied to essentially any material, from simple
metals, to binary compounds, to multicomponent high-quality single crystals.[3] Par-
ticularly, for oxides PLD became a preferred deposition technique after the discovery
of high-temperature superconductors in 1986.[5] High temperature superconductor
materials were perovskites and presented unique challenges for thin-film deposition;
they were multicomponent, they were oxides, and their final properties were highly
dependent on oriented and/or epitaxial film growth. But their successful growth by
PLD made it a suitable choice for oxide thin film growth.[6, 7, §]

22
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Figure 2.1: Schematic of laser beam interaction with target and formation of plume.

2.1.1 Basic Principle

The principle of PLD involves a simple process where an intense laser beam is made
to incident and interact with the surface of a bulk material- the target. The interac-
tion results in electronic excitations in the irradiated area followed by heating and
thus evaporation of the target material from the ablated region and formation of
plume (Fig. 2.1). The vapors in the plume expand and reach the substrate surface
where they condensate and create thin layer of material removed from target.[3]
Although a simple process, the mechanism behind the growth technique comprises
a lot of complex phenomena and achievement of a desired thin film of defined prop-
erties requires adjustment and control of a wide range of conditions and parameters
involved. Each of them has its own unique role to play in the growth of the film.

Some of the important parameters are discussed below:

Laser fluence, defined as the laser energy falling per unit area of the target
is a crucial parameter for film growth. It is reported that depending upon laser
fulence and the shape of the laser spot on the target, the stoichiometry of the
deposited material change significantly from the target composition. As clear from
the definition, laser fluence can be steered either by changing the laser energy or by

controlling the laser spot area by playing with the optics of the laser.

Deposition rate, is another important parameter for stoichiometric transfer
of the target material to the substrate. This mainly depends on the laser fluence.

For fixed laser spot area, deposition rate can be tuned by changing the laser energy.

Substrate temperature is one of the most vital factors influencing the qual-

ity of the film growth. It controls the nucleation density and plays a great role in



Chapter 2

deciding the morphology of the film grown. In addition to this, the diffusion of
the target species on the substrate surface also greatly depends on the substrate
temperature. The substrate temperature can be controlled by thermal heating or

by using infrared heating lasers.

Ambient pressure, is another substantial parameter which controls the dy-
namics of the plume and the growth kinetics. Depending upon the ambient pressure
the scattering of the ablated particles differs and affects the shape of the plume and
hence the growth kinetics. Optimization of the deposition chamber pressure is cru-
cial because where too high background pressure causes scattering and impedes the
growth process, too low partial pressure leads to a higher kinetic energy of the ab-
lated species leading to resputtering of the already grown film. Also, in many cases
coupled with the substrate temperature the ambient pressure results in formation

of defects in the grown films such as oxygen vacancies in case of oxides.

In addition to the above parameters, some other factors like distance between
the target and the substrate, repetition rate of laser pulses, angle of incidence of laser
beam on the target are also optimized to have the desired film growth. Depending
on the choice of parameters, there are three possible growth modes by which the

films grow:

Layer-by-layer growth: In this growth mode, islands of the ablated material
nucleate on the surface of the substrate until a critical island density is achieved.
With more and more material being added, the islands grow in size until they run
into each other. This is known as coalescence. Once coalescence is reached, the
more material is added into the empty spaces to complete one layer and this process

is repeated for each subsequent layer.

Step-flow growth: This growth mode occurs when the substrates have a miscut
associated with the crystal which gives rise to atomic steps on the surface of the
substrate. In this mode, the ablated atoms reach the substrate surface and diffuse
to a step edge before they have a chance to nucleate an island. The growing surface
is viewed as steps traveling across the surface. Usually, this growth mode occurs at

high growth temperatures.
3D growth: This growth mode is like the layer-by-layer growth. The difference

is that once an island is formed, the next island nucleates on top of it. Therefore,
the growth does not persists in a layer-by-layer fashion and the surface roughness

increases each time the material is added.
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Figure 2.3: Schematic of the deposition chamber of our PLD system.
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2.1.2 Experimental set-up

Our combinatorial pulsed laser deposition system, Mobile-Combi-Laser MBE by
Pascal, used in this study consists of a load-lock chamber and a main chamber.
Turbo-molecular pumps followed by roughing by rotary pumps are used to evacuate
the chambers and the base pressure of the main chamber is kept to less than 1078
Torr. The substrate is heated by an infrared (IR) laser of 809.5 nm via a SiC plate.
The substrates can be heated using a focused lens for developing a temperature
gradient across the length of the substrate or by using a lens of higher focal length
for uniform heating of the substrate. Two pyrometers one at the top of the substrate
and one at the bottom are used to measure the temperature. The temperature is
precisely controlled by a proportional-integral-derivative (PID) controller. Gases
can be supplied in our deposition chamber during growth and the pressures are
maintained depending on the growth requirements. The gas pressure of the main
chamber is manually adjusted by controlling the rate of the gas injection and is
measured by ion gauges at low pressure, and a thermo-couple gauge at high pressure.
The film growth and the thickness is monitored by reflection high-energy electron
diffraction (RHEED) system as discussed in the next section. The main chamber is
equipped with six target holders and two motor operated masks which can be used
for the combinatorial film growths. For ablating the targets, a 248 nm KrF excimer
laser (Compex, Coherent) with a pulse duration of 20 ns is used. The output energy
of the laser pulse is controlled by varying the input excitation voltage. In addition
to this, we can control the spot area of the ablated region by varying the position
of a motor operated lens which focusses the laser beam onto the target. Figure
2.2 shows the picture of our PLD system and Fig. 2.3 shows the schematic of the

deposition chamber.

2.1.3 Reflection high energy electron diffraction technique

(RHEED)

RHEED is a significant in-situ film growth monitoring tool which is indispensable
for the fabrication of layered structures because of the useful information like surface
structure, deposition rate, number of layers and lattice relaxation etc. provided by
it.[9, 10, 11) RHEED utilizes diffraction of electrons by the surface atoms and pro-
vides information of their periodic arrangement. Being compatible with the (ultra)

high vacuum deposition conditions, it is the most preferred technique to know about
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Figure 2.4: Schematic of RHEED measurement geometry and construction of

Ewald’s sphere.

the surface morphology during thin film growth.[12] RHEED mainly consists of an
electron gun and a scintillating screen fixed with camera. To know about the sub-
strate surface properties and film thickness, an electron beam having monoenergetic
electrons of typical energy 20 keV are made to incident on the substrate at grazing
angles and the diffracted beams from the sample crystal planes are collected at the
scintillating screen.[9] Figure 2.4 shows the schematic of the RHEED measurement
geometry and construction of Ewald’s sphere. The crossection of the Ewald’s sphere
and the scintillating screen gives the RHEED pattern and the RHEED spot inten-
sity variation during the growth gives the most important information of the growth
mode and thickness of the film. Figure 2.5 shows the schematic presentation of the
RHEED intensity oscillations used to count the number of layers of the film grown.
When the electron beam is diffracted from the crystalline surface of the substrate,
the intensity of the diffracted beam is maximum (represented by case A). When the
ablated material starts depositing on the substrate, the intensity of the diffracted
beam reduces because of the scattering by the deposited material (case B). Once
the complete layer of the film starts forming, the intensity is regained (cases C and
D). By counting the number of these oscillations in the intensity of the diffracted
beam, the number of layers of the deposited film can be counted. Also, the RHEED
intensity oscillations gives us the deposition-rate and the quality of the film grown.
In our study we used RHEED to monitor the layer-by-layer growth of our LVO films

over KTO under the optimized conditions.
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Figure 2.5: Schematic presentation of the RHEED intensity oscillations.

2.2 Surface and structural characterization

The crystalline structure and the surface morphology of epitaxially grown films
are a direct result of the various surface processes occurring during growth. The
detailed study of the structural as well as surface properties can therefore, help
in understanding these processes. Hence, atomic force microscopy is used for the
analysis of surface morphology and thin film x-ray diffractometry is used to study

the crystalline structure of the grown heterostructures.

Atomic Force Microscopy (AFM): The surface morphology characteriza-
tion of the heterostructures grown for this study was done using Bruker Multimode-8
AFM which is capable of doing both tapping and contact mode surface scans. SiN
tips of force constant around 40 N/m were used for the the normal height profile
scans and the surface quality was assessed by the roughness of the film surface. In
addition to the morphology studies, AFM was used to write nano-electrical domains
over the surface of STO and KTO systems having different origin of conductivity.
In such experiments conducting tips of model SCM-PIC having Ptlr coating with
force constant of 0.2 N/m were used to write the electrical domains in contact mode
and conducting and magnetic tips of model MESP having Co/Cr coating with force
constant of 2.8 N/m were used to read the written signal in electrostatic/magnetic

force microscopy modes.

X-ray diffractometery (XRD): To determine the structure of crystals, XRD

is the most widely used technique because of the wavelength of x-rays which is



2.3 Electrical and magnetic transport measurements 29

typically of the order of the atomic spacing. The intensity profile of the diffracted
x-ray beams is related to the reciprocal lattice, which is the Fourier transform of
the real-space lattice. To determine the crystallinity of the films, 6-26 scans are
performed where @ is the incident angle from the (hkl) plane and 26 is the diffracted
angle from incident x-ray direction. If the thin film is epitaxially grown on the
substrate, symmetric reflection gives the out-of-plane lattice spacing according to

the Bragg’s law,

I\
2sinb

donr = (2.1)

where A is the x-ray wavelength. XRD can also be utilized to obtain other
useful information like in-plane lattice constant by using asymmetric reflection, the
thickness of films from fringes near a Bragg peak in the 6-26 scans, and various kinds
of crystal coherence from the broadening of peaks. In the current study, we used
Bruker Discover D-8 x-ray diffractometer equipped with a copper target (Cu-K,

~1.5406 A°)to characterize our films and substrate crystals.

2.3 Electrical and magnetic transport measure-

ments

Figure 2.6: Picture of physical property measurement system.

One of the important results of our study was the realization of conducting

two dimensional channel at the interface of insulating oxides. For such electrical
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transport measurements, we used physical property measurement system (PPMS)
by Quantum Design (Fig. 2.6). This system was capable of temperature scans from
350 K down to 1.8 K. The magneto-transport measurements were done using mag-
netic field scans ranging from -14 T to 14 T. Both electrical and magneto-transport
measurements were done using electrical transport option (ETO) of PPMS. In addi-
tion to this, PPMS’ horizontal rotator (HRT') was used to perform angle dependent
transport measurements by varying the angle between the magnetic field and the
normal to the sample plane or by varying the angle between the magnetic field
and the current in the sample plane. For all the transport measurements, electrical
contacts were made by Al wire ultrasonically wirebonded directly on the sample
surface. The ultrasonic bonds locally depletes the top or capping layer and give a

good ohmic contact to the conduction layer at the interface.

2.4 Other Tools

In addition to the above main tools and techniques used for fabrication and charc-
terization of samples in this study, many other equipments have also been used to
carry out different parts of study. They include Kiethley source meters 26358 and
2450 capable of working in voltage range of -200V to +200V for photoconductivity
measurements. Also, Diode-pumped solid state (DPSS) lasers having wavelength
405 nm and 532 nm have been greatly used to check the effect of photo-excitation

of the carriers in our oxide samples.
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Chapter 3

Substrate preparation and single

termination of the KTaOs3

3.1 Introduction

To study and explore the emergent physical phenomena occurring at the interface
of oxide thin film heterostructures, the foremost step is the substrate preparation.
The substrate lattice parameter, atomic site termination and chemical compatibility
etc. are crucial parameters to be considered carefully so as to obtain high quality
epitaxial thin films, superlattices and interfaces. The transition metal perovskite
oxides admit a large range of cationic composition in their valence state and stoi-
chiometry and this very fact which is the root of their vast variety of properties, is
a crucial thing to be taken care of when considering interfaces between films and
substrates. The commercially available perovskite oxide substrates are mechanically
cut along a certain crystallographic direction and subsequently polished. There is
always a possibility of cuts or polishing imperfections leading to a situation where
multiple atomic terminations coexist at the crystal surface severely affecting the
growth of epitaxial films on top. In complex oxide systems it is known that a
slight change in the atomic termination, crystal orientation or any other parameter
of the substrate can result in extremely opposite properties of the heterostructure
e.g. the heterostructure of LAO-STO with SrO termination is insulating, on the
other hand, LAO-STO heterostructure with TiO, termination is found to be even

superconducting. This issue is of relevance even in the case of ultrathin transition
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metal oxide films having ferroic properties. In such cases, the typical length scale for
interactions is within the nanometric range which is comparable to the perovskite
unit cell and is therefore extremely sensitive to the local stacking order of the film
layers. Indeed depending on the surface of the substrate, many structural, chemical
or electrostatic driven reconstructions may take place at the interfaces, thus leading
to emerging properties. Hence, a detailed knowledge of the surface properties of the
substrate along with proper atomic termination is really crucial to achieve desired
functionalities of the heterostructures. As discussed in the first chapter, our sub-
strate KTO, having lattice parameter 3.988 A° consists of alternating layers of KO
and TaOq along [001] direction. The commercially available substrates are usually
mixed terminated so a method is required to make them singly terminated. Till now
single termination of STO has been greatly focused and the first report for it came
in 1994, where pure TiO, terminated surface of STO was obtained by using selective
chemical etching.[1] A buffered NH,FHF (BHF) solution was used by Kawasaki et
al. to dissolve the SrO layer selectively. Similarly, on lines of STO, single termi-
nation was tried on KTO using buffered HF solution.[2] However, the use of HF
acid is a corrosive method for achieving single atomic termination and distorts the
surface of the substrate. In this chapter, we discuss a detailed framework to achieve
single TaO, terminated surface of KTO which is coveted to observe many interesting
phenomena at the interface of LVO-KTO by using simple deionized water etching
technique followed by annealing at high temperature. This method results in a good
quality single terminated step and terrace structure on KTO and is a non-corrosive

process.

In addition to surface characteristics of the substrate, another important fac-
tor influencing the properties of the thin films, superlattices or interfaces is the
substrate oxygen vacancies. The oxygen vacancies are known to play a crucial role
in the modification of surface composition. The entire band structure and hence
the transport properties of the conducting electrons of the system can be altered
by the presence of oxygen vacancies. There is always a high probability of oxygen
vacancies being created in the substrate during growth due to the high temperature
annealing of the substrate, low oxygen partial pressure of the deposition chamber or
due to knock out of oxygen by the high energy ablated target species. Hence, this
makes a detailed study of the effect of oxygen vacancies on the band structure of
KTO imperative. In this chapter, we also discuss the effect of oxygen vacancies, cre-
ated in the K'TO substrates, on the electronic band structure of KTO. For studying

the effect of oxygen vacancies, we intentionally created oxygen in KTO by Ar™ ion
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Annealing geometry of KTaO4 substrates
~60um

Figure 3.1: Schematic of annealing geometry of KTO substrates.

bombardment and turned them conducting. The sheet charge-carrier density was
systematically varied by changing the Art bombardment time. Combining optical
spectroscopy and Kelvin probe force microscopy (KPFM), we saw the appearance of
defect states and an anomalous change in work function as a function of oxygen va-
cancies vis--vis charge-carrier densities. Alongwith our experimental measurements,
we also performed density functional theory (DFT) based calculations on the bulk
KTO and KTO slab to understand the electronic structure and electron distribu-
tion of the KTO surface as a function of oxygen vacancies. Our calculations reveal
a strong and nontrivial correlation between oxygen vacancies, surface dipole, and
charge distribution in KTO.

3.2 Single termination of KTO

To achieve the single termination of KTO, we used a simple technique of annealing
the substrates at high temperatures followed by etching of KO layers with deionized
water. Figure 3.1 schematically presents the steps of our framework to attain single
termination of KTO. Since potassium is a volatile material there is always a chance of
potassium vacancies being created when KTO is annealed at high temperatures. To
avoid this situation, we annealed our KTO substrates by arranging them in a unique
geometry. Figure 3.1 shows the annealing geometry of the KTO substrates. Here,
two KTO substrates were annealed simultaneously with one on the top of the other.
A gap was maintained between the two substrates with the help of sapphires on the
sides as shown in the Fig. 3.1 This was required to maintain the K vapor pressure
between the two substrates to overcome the formation of K vacancies. Figure 3.2
(a) schematically shows the surface morphology of the as received substrate having

mixed termination. On high temperature annealing, we expected the KO particles



3.2 Single termination of KTO 35

(@) (b) () (d)

As-received | After high temp. | After etching | After further
KTO substrate annealing with DI water annealing

~ 0.4 nm

Figure 3.2: Schematic representation of surface morphology of KTO with high tem-
perature annealing. (a)Commercially available mixed terminated surface of KTO.
(b) Possible formation of KO particles on the substrate after high temperature an-
nealing. (c¢) Expected surface morphology of KTO substrate after DI water etching
indicating the single terminated steps and terraces surface with step height ~0.4
nm equivalent to the unit cell of KTO.(d) Further annealing at higher temperature

leading to the formation of holes on the KTO surface.

to agglomerate on the surface of KTO as depicted in Fig. 3.2 (b) which may
dissolve in DI water heated at an optimized temperature. This was expected to give
the steps and terraces like structure with step height ~0.4 nm as shown by Fig.
3.2. We also expected that further annealing of the substrate may leave holes on the
surface of the substrate which is visualized in Fig. 3.2(d). The surface morphology
of the samples was checked at each step by atomic force microscope (AFM) (Bruker,
Multimode-8).

Following these steps, firstly we identified the annealing temperature for our
substrates at which the steps start appearing. For this we used both sides me-
chanically polished single crystalline KTO(001) substrates of size 5 mm x 5 mm
purchased from MTI corporation. Figure 3.3 (a) shows the AFM image of the
KTO as-received substrate. We started annealing our substrates from 500°C in
steps of 50°C for two hours at each temperature step. All the annealing was done in
air under ambient conditions. To anneal the substrates at each temperature step,
the ramp rate was kept 300°C/hour. After attaining the desired temperature, the
substrate was kept at that temperature for two hours and then cooled down to room
temperature with the rate of 250 °C'/hour. Figure 3.3(b) shows the AFM image
of the KTO substrate annealed at 600° without capping. As expected, we observed
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Figure 3.3: (a) AFM image of as-received KTO (001) substrate. (b) Annealing at
600°C of the substrate without capping and formation of holes. (c) Formation of
agglomerates and no holes at 600°C with capping. (d) Single terminated steps and
terraces like structure of KTO. (e) The graph shows the height profile of treated
KTO substrate along the blue arrow. (f) No RHEED pattern in case of as received
KTO substrate (top), RHEED pattern of annealed KTO at 650°C (middle) (right
panel shows the intensity profile of a stick along vertical direction) and, annealed
and water etched KTO substrate (bottom) (g) AFM image of KTO after annealing
at 900°C. (h) AFM image of KTO after annealing at 1000°C.

some holes on the surface of the sample which might be due to K vacancies. So we
annealed the samples by capping one KTO with another as discussed above. Fig-
ure 3.3(c) shows the AFM image of the KTO substrate annealed at 600°C with
capping. It can be clearly seen that no holes occurred by annealing in this geometry
due to the confinement of potassium vapor between two KTO substrates. The gap
between the substrates was also optimized. It was varied from 30 pm to 90 pym in
gaps of 30 um and it was observed that the vapor pressure remained effective until
60 um gap. Higher gap lead to rather rough surface. The capping KTO substrate
was taken little bigger than the capped surface by putting sapphires on both the

sides as shown in Fig. 3.1(a). It was observed that annealing the samples at
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600 °C lead to the formation of agglomerates at the surface with no appearance of
steps. So, we increased the annealing temperature to 650 °C and it was found that
there was formation of steps and terraces along with small agglomerated particles
on the surface. These small particles could not be removed by cleaning the samples
with acetone-ethanol. To remove these agglomerates, the substrates were etched
by DI water at optimized temperature of 60°C. From this, we inferred that most
likely these agglomerated particles were KO, which dissolved in water as KOH. Af-
ter etching these KO particles, steps and terraces like surface of KTO was realized
as shown in Fig. 3.3(d). Figure 3.3(e) shows the surface profile of KTO with
steps and terraces like surface along the blue arrow which clearly suggests the step
height of ~0.4 nm. This is equivalent to the height of one unit cell of KTO. The
uniform height profile of one unit cell of KTO (~0.4 nm) throughout the substrate
surface in the form of steps suggested the formation of single terminated surface.
Our inference was further confirmed by Reflection High Energy Electron Diffraction
(RHEED) observations. RHEED had been performed on KTO substrates at vari-
ous stages of processing as shown in Fig. 3.3(f). Fig. 3.3(f) top image shows
that no RHEED pattern is observed for the as-received KTO substrate suggesting
mixed terminated rough surface. The formation of crystalline islands (of KO) is
suggested by spotty sticks like RHEED pattern shown in the middle image of Fig.
3.3(f), arising from the transmission of electrons through crystalline islands.[3, 4]
The intensity graph of second streak from the right of the RHEED pattern (right
panel) clearly shows two peaks in intensity justifying the spotty stick structure.[5, 6]
Figure 3.3(f) bottom image shows intense diffraction spots indicating atomically
smooth and well defined surface after hot water etching and annealing.[7] It was
observed that further annealing of the substrates at elevated temperature (900°C),
even with capping arrangement, lead to the disappearance of steps and left holes on
the surface (Fig. 3.3(g)). Fig. 3.3(h) shows that annealing at 1000°C resulted
in the complete distortion of the surface. So, 650°C was identified as the optimum

temperature for attaining the TaOq terminated surface of KTO.
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Figure 3.4: (a) Colored lines represent the DOS of individual Ta, O, and K atoms.
(b) DOS of 5d, 5p, and 6s orbitals of Ta along with total DOS of Ta are shown,

clearly manifesting 5d orbital electrons across the conduction band.

3.3 Effect of oxygen vacancies on electronic band

structure of KTO

To study the effect of oxygen vacancies on the electronic structure of KTO, we
firstly performed first-principles electronic structure calculations to understand the
nature of the electronic charge carriers in KTO. Figure 3.4(a) shows the projected
density of states of constituent atoms of KTO. Figure 3.4(b) further resolves the
orbital character of the conducting electrons into ”Ta” atom basis states, which
suggests clearly that conduction electrons of KTO possess mainly ”Ta” 5d electronic
character. This is in good agreement with the case of STO, which has a strong ”Ti”
3d electronic character in its conduction electrons as reported by Henrich et al.[§]
Infact, this is a crucial point for the choice of KTO for the aim of this thesis, since the

presence of d character in conduction electrons is important for spin-orbit coupling.

To create oxygen vacancies, we bombarded the KTO (001) single crystals with
Ar* ions for different duration of time using reactive ion etch mode in SI500 system
(Sentech) at 80 mtorr pressure, -530 V bias voltage, RF power of 225 W and flow rate
of 100 SCCM of Ar (initially, the system was kept under high vacuum for one hour

and was subsequently conditioned with Ar™ for another hour). The bias voltage was
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Figure 3.5: Schematic diagram of Ar' irradiation of KTO single crystal and pos-
sible formation of Q-2DEG due to oxygen vacancies. Lower left panel shows the
crystal structure of KTO near and away from surface. Next panel shows the atomic
arrangements at different layers. Right panel shows the charge distribution at each
layer and formation of n-doped surface. (b) Optical image of nonirradiated (left)

and Ar" irradiated (right) KTO.

enough to strip oxygen from surface levels.[9] In semiconductor accumulation layers
or inversion layers like in Metal Oxide Semiconductor (MOS) structures, the total
charge is given by Q=C[V-Vr], where C is the geometric capacitance of the MOS
structure. The Vg depends on the band gap as well as impurities that produce
localized states. [10, 11] The exposure time in present case is analogous to the
applied voltage, increasing the effective charge carrier density. The bombardment
energy corresponding to this bias voltage gives rise to a penetration depth of around

15 nm as calculated from:

E2B3W
p(Z + 212

L=11

where, E is the energy of Art in eV, W is the atomic weight of the target in
atomic mass units, p is the target specific gravity and Z;; are the atomic numbers of
the ion and target respectively.[12] This suggested the formation of a quasi-2D elec-
tronic gas (Q-2DEG) system of ~10 nm thickness. The time of bombardment was

varied from 2 to 40 minutes keeping other parameters same. A systematic increase in
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Figure 3.6: (a) Room-temperature sheet conductance as a function of irradiation
time. The gray area indicates the values of room temperature sheet conductance
reported in Ref. [9]. (b) Hall resistance measurements of Ar" irradiated samples at
room temperature. Linearity of the curves suggests the presence of a single type of

charge carriers (electrons in our case).
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Figure 3.7: (a) Optical transmission data of Ar" irradiated and non-irradiated KTO
single crystals. (b) (optical absorption x hv)? as a function of photon energy is
plotted to estimate the band gap. Dotted lines are tangents to determine the band
gap. (c) Band gap of KTO single crystals as a function of room temperature sheet

conductance.

sheet conductance of the samples was observed with increasing bombardment time

(Fig. 3.6(a)) and all the samples were found to be conducting down to 2K. The
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irradiation process and possible scenario of oxygen vacancies in KTO crystal upon
irradiation is schematically shown in Fig. 3.5(a). After bombardment, the crystals
turned greyish black as seen in Fig. 3.5(b). Oxygen vacancies in bulk KTO may
also be created by using high temperature annealing as reported for STO.[13] Ar™"
bombardment method in present case was adopted over high temperature annealing
in vacuum because potassium is a volatile material and high temperature annealing
may create potassium vacancies as well. Ar' irradiation might have also caused
potassium vacancies in the system. To check this possibility, we annealed all the
bombarded samples in air at 400°C for 4 hours, and all conducting samples turned
insulating. This suggests the appearance of conductivity is due to oxygen vacancies.
On increasing the irradiation time from 2 to 40 minutes, there was an increase in the
charge carrier density from 1.3 x 10'3 to 1.7 x 105 cm~2 and hence, the conductance

increased by almost 2 orders of magnitude as observed in Fig. 3.6(a).
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Figure 3.8: (a) The average work function of the non-irradiated, 10 minutes and
40 minutes irradiated samples as a function of scan length. (b) The contour plots
of work function of non-irradiated, 10 minutes and 40 minutes irradiated samples.
The color bar below indicates the work function in eV. (¢) Work function of KTO
single crystals as a function of sheet conductance at room temperature measured by

KPFM.
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3.3.1 Optical Spectroscopy- band gap calculation

Then to know the change in band gap with oxygen vacancies, we performed opti-
cal spectroscopy on all the samples using Agilent Carry UV-Vis-NIR spectrometer.
Transmission spectra in Fig. 3.7(a) show percentage decrease in the transmission
of light on increasing the irradiation time, indicating the increase in free charge car-
riers in the system. It was also observed from the transmission spectra that there
were roughly two regions of percentage transmission. Upto 10 minutes of irradia-
tion, change in the percentage transmission is small while there is a sudden change
after that. Similar behavior was observed in case of optical band gap. Optical band
was estimated from the tangent of (absorption x incident photon energy)? curve as
a function of incident photon energy (hv) (Fig. 3.7(b)). In Fig. 3.7(c), we plot-
ted band gap as a function of sheet conductivity that also indicates two irradiation
regions: slightly irradiated (upto 10 minutes) and heavily irradiated (above 10 min-
utes) respectively. From this observation, we inferred that during initial irradiation
process, free charge carriers are generated that increase the absorption of photons
even with lower energies. Further bombardment generates electronic states at the

conduction band edge, decreasing the band gap.

3.3.2 Kelvin Probe Force Microscopy- work function calcu-

lation

To estimate the overall changes in the surface potential upon bombardment for
different duration of time, Kelvin Probe Force Microscope (KPFM) was performed
using Bruker Multimode 8 AFM.[14, 15, 16] For KPFM, we used a conducting tip
(SCIM-PIT) and calibrated its work function using gold as the standard sample
whose work function is known to be 5.1 eV. On knowing the work function of the
tip, we measured the contact potential difference (CPD) between the tip and the
samples. The work function of the tip and the CPD were then used to calculate the
work function of our samples. The contour plots of work function of non-irradiated,
10 and 40 minutes irradiated samples for 2um x 2um region are shown in Fig.
3.8(b). The color bar indicates the work function of the samples. The average work
function of these samples along the scan length are shown in Fig. 3.8(a). A non-
monotonic change in the work function of the irradiated KTO samples was observed
as a function of conductivity vis-a-vis irradiation time as depicted in Fig. 3.8. The

expected decrease in the work function for an electron doped system was preceded
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Figure 3.9: (a) and (b) Depiction of possible band structure modifications tak-
ing place according to experimental optical spectroscopy and KPFM measurements
respectively. (¢) DOS of unirradiated (left), lightly irradiated (middle) and highly ir-
radiated (right) KTO calculated from first-principles DFT calculations. (d) Change
in vacuum level (top left), fermi level (top right) and work function (bottom) cal-
culated from surface potential calculations by including the oxygen vacancies. (e)
Band diagrams for unirradiated, lightly and highly irradiated samples obtained by

combining experimental observations and theoretical calculations.

by an initial increase in it, suggesting possibility of two kind of charge carriers
(electrons and holes) in the system. To verify this, Hall measurements were done
using Quantum Design Physical Property Measurement System (PPMS). Linear
curves of Hall resistance as a function of magnetic field in Fig. 3.6(b), however,
clarified the existence of only one type of charge carriers. Similar to optical data, two
distinct regions were seen in KPFM plot. Upto 10 minutes of bombardment, there
was an anomalous increase in work function while above 10 minutes, work function

monotonically decreased as expected. All the measurements on bombarded samples



Chapter 3

were done immediately after bombardment to avoid ageing effect.

Figure 3.9(a) and (b) show the cartoon depiction of the possible band
structure modifications taking place according to the experimental results. Fig-
ure 3.9(a) shows the band diagrams for the unirradiated, lightly irradiated and
highly irradiated KTO samples where the band gap decreases on increasing the
bombardment time. Optical property measurements shown in Fig. 3.7(c) suggest
that with short irradiation time there is a small change in band gap, followed by
a sharp decrease in it with further increase in irradiation time. Accordingly, our
middle band diagram (Fig. 3.9(a)) mimic this situation through the introduction
of defect states between conduction band and valence band. Figure 3.9(b) shows
the possible band line-up of the unirradiated and irradiated samples based on our
KPFM observations. Figure 3.9(b) (middle) shows several possible band structure
reconstructions that can explain the increase in work function as we have seen for
lightly irradiated samples. We have shown three most probable scenarios (i) move-
ment of fermi level (Ep) towards valence band (VB) with no change in vacuum level
(Ey) (ii) movement of Er towards VB as well as movement of Ey away from conduc-
tion band (CB) and (iii) movement of Er towards the CB accompanied by a larger
shift of Ey away from the CB. For highly irradiated samples we have presented two
of the possible cases where we show that the decrease in work function can be due
to (i) movement of Er towards CB accompanied by shifting of Ey downwards or (ii)

movement of Er towards the VB along with a larger downward shift of Ey .

3.3.3 DFT based theoretical band structure calculations

To identify the band structure as a function of oxygen vacancies out of these sev-
eral possible combinations, DFT based theoretical band structure calculations have
been performed.[17, 18, 19, 20] Here, we used Perdew-Burke-Ernzerhof (PBE) [21]
exchange-correlation functional and projector augmented wave (PAW) basis set as
implemented in Vienna Ab initio Simulation Package (VASP) [22, 23] to calculate
DOS and work function of the KTO slab. For the bulk cubic unit cell of the KTO,
4 x 4 x 4 Gamma centered K- mesh was used. The surface of KTO was constructed
as 2D slab by considering periodic boundary condition along z and y directions
and a 20 A° vacuum region separating two repeating regions along z (001) direc-
tion. 2D slab geometry of thickness 15.9 A° was created with 2x2x4 supercell of
80 atoms. The (001) surface of KTO was studied in this present calculation. For
oxygen vacancy calculation, 4.1%, 20.8%, 37.9% and 50% of oxygen vacancy was
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created in the supercell. It was found that oxygen vacancy created electron donat-
ing point defect in the structure (Fig. 3.9(c)). Figure 3.9(c) shows DOS for
unbombarded (no oxygen vacancies), slightly (4.1% oxygen vacancies) and heavily
(20.8% oxygen vacancies) bombarded systems. This figure suggests the DOS as well
as band gap remain similar (very small reduction) with slight bombardment in com-
parison to unbombarded system where as the band gap significantly collapses for
heavily bombarded system. This calculation further strengthened our claims based

on experimental (optical) observations.
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Figure 3.10: (a) Top view of (0 0 1) surface of KTO. (b), (¢) and (d) present the
electronic charge distribution of unirradiated, lightly irradiated and highly irradiated
KTO samples respectively, where yellow color represents positive and dark green

represents negative charge.

To understand the non-monotonic behavior of the work function (¢ = Ey—FEp)
as a function of oxygen vacancies and identify the possible band line-up out of sev-
eral possibilities shown in Fig. 3.9(b), we have theoretically calculated change
in vacuum level (AEy), fermi level (AEr) and work function (A¢) as a function
of oxygen vacancy (Fig. 3.9(d)). These values were extracted from the theoret-
ical calculations performed on 2D KTO slab. We considered a finite thickness of
2D KTO for the work function and vacuum level calculations. Due to this finite
size, there might be a quantum size effect error.[24] These calculations showed a

significant effect of surface dipoles with oxygen vacancies, leading to an anomalous
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change in vacuum level as well as fermi level. The work function extracted from
the calculations as a function of oxygen vacancy showed qualitatively very similar
non-monotonic behavior (Fig. 3.9(d)) as observed experimentally. Combining all
the results of theoretical simulations with our experimental observations, we pro-
posed the band line-up of lightly and heavily irradiated samples in Fig. 3.9(e).
Upon light bombardment, Er moves downwards due to formation of localized de-
fect states near CB and band gap modifications. Also, there is an upward shift in
Ey due to surface reconstruction. In case of highly bombarded samples, there is an
upward movement of Er indicating n-type of charge carriers in the system and Ey

also moves slightly downwards as shown in Fig. 3.9(e).

To further investigate this non-trivial behavior in work function, we also plot-
ted charge density isosurface (Fig. 3.10). Figure 3.10(a) shows the top view of
(0 0 1) surface of KTO and Fig. 3.10(b, c, d) represents the charge density of
pure KTO slab, 4.1% oxygen vacant and 20.8% oxygen vacant slab. The yellow and
green color isosurface correspond to positive and negative values, respectively. An
interesting pattern was found in charge density plot for these vacancies. In pure
slab, charge density was equivalently distributed on all surface atoms. For the 4.1%
vacancy, positive charge was completely depleted and charge density was very lo-
calized. However, positive charge isosurface had a strong presence on 20.8% oxygen
vacant slab (Fig. 3.10(d)) and the charge distribution was very similar to the
unbombarded KTO slab. Depletion of charge density at 4.1% vacancy, increases the
dipole moment of the surface and plausibly the high dipole moment plays a crucial
role to increase the vacuum potential and hence, work function at low percentage
vacancy. While smoothing of electron charge density for higher percentage vacancy

decrease dipole moment, hence work function.[25]

3.4 Conclusion

In conclusion, we realized single terminated steps and terraces surface of KTO (001)
oriented substrates, by using high temperature annealing followed by hot DI water
etching. The technique is non-corrosive and results in uniform steps throughout
the sample surface. Also, we prepared oxygen vacant electron doped conducting
surface of KTO via Ar™ irradiation. Density functional theory indicates that these
conduction electrons have Ta 5d character and could be a good hunting ground

for Rashba effect and other emergent phenomena. Optical spectroscopy along with
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KPFM measurement clearly indicates two distinct effects of irradiation, where in
the initial slight irradiation process (upto 10 minutes in our case), a small change in
band gap with an anomalous change in work function was observed. Longer expo-
sure to Ar™ produces sharp decrease in band gap with a usual monotonic decrease
in work function as a function of increasing irradiation time vis-a-vis charge carrier
density. DFT calculations suggest a significant effect of surface dipole and modifica-
tion of electronic DOS specially a non-trivial change in vacuum level due to oxygen

vacancies upon Ar" irradiation.
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Chapter 4

Two dimensional electron gas at
the polar-polar interface of

insulating oxides LaVO3 and
KTa03

4.1 Introduction

In recent times, the urge of attaining new functionalities in modern electronic devices
has led to the manipulation of spin degree of freedom of an electron along with
its charge.[1, 2] This has given rise to an altogether new field of spin-electronics or
”spintronics”. It has been realized that momentum dependent splitting of spin-bands
in an electronic system, the ”"Rashba effect”, might play a key role in spintronic
devices.[3, 4, 5] The Rashba effect is important not only because it might have
tremendous potential for technical applications, but also because it is a hunting

ground of emergent physical properties.[6, 7, 8, 9, 10, 11, 12, 13, 14]

Semiconducting materials such as heterostructures of GaAs/GaAlAs and
InAs/InGaAs have already been explored for the manifestation of the Rashba
effect.[15, 16] As discussed in chapter 1, another potentially rewarding class of ma-
terials for realization of this effect is ”oxides”.[17, 18] The benefit of using oxides for

spin based electronic devices is that they manifest a wealth of functional properties
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like magnetoresistance, superconductivity, ferromagnetism, ferroelectricity, charge
ordering etc. which can be coupled with the Rashba effect to achieve emergent phe-
nomena if a suitable interface or superlattice is designed.[19, 20, 21, 22] In addition
to this, simple cubic structure of perovskite oxides makes them easily usable for
fabrication of heterostructures for device applications.[17] Also, in recent times ox-
ide thin films and interfaces with strong spin-orbit coupling are predicted to exhibit
topological phases owing to their non-trivial spin-structures and electronic states

which may add further dimensions to the field of ”oxide spintronics”.[23]

So with the aim of realizing Rashba spin-splitting in oxides and explore its
rich physics for fundamental and device applications, we fabricated an epitaxial het-
erostructure of two perovskite oxides of LVO and KTO. LVO is a 3d Mott-insulator
and KTO is a 5d band insulator. However, the strong spin-orbit coupling of KTO
makes it a potential candidate for realization of Rashba spin-splitting.[24, 25] In
this chapter, we show the emergence of conductivity at the heterointerface of these
insulating oxides when the film thickness is more than 3 monolayers (ml). We
performed a detailed thickness dependent study of the electrical properties of the
heterostructure by varying the LVO film thickness. A reasonably high carrier mobil-
ity of around 600 cm?V~'s™! was measured at the interface with varying thickness
of the LVO film. The fabrication of the two dimensional conducting channel at the
interface of LVO-KTO oxide heterostructure along with the structural and electrical

transport properties is discussed in this chapter.

4.2 Experimental Detalils

4.2.1 LVO thin film growth

Thin films of LVO were grown on (001) oriented Ta-terminated KTO single crystals.
For Ta-termination, method of high temperature annealing followed by DI water
etching was employed as discussed in the last chapter.[26] The KTO (001) single
crystals were annealed at an optimized temperature of 650°C for two hours in air
under ambient conditions. Two substrates were annealed at one time with one kept
upside down at the top of other with a gap of 60 pum using two sapphires on the
sides. This was done to avoid K vacancies. To anneal, the substrates the ramp rate
was kept 300°C/hour while heating and it was kept 250 °C/hour while cooling down

to room temperature. The annealing accumulated KO particles on the surface of
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the substrate which were removed by etching with deionised (DI) water heated at

60°C giving us TaO, terminated step and terrace like structure.

TaO:

r—
©
O

TaO:

Figure 4.1: Schematic of LVO-KTO heterostructure.

Then, the thin films of LVO were grown on the Ta-terminated K'TO substrates
using PLD. Various growth conditions like the substrate temperature, oxygen par-
tial pressure and laser fluence were optimized. Firstly, we identified the substrate
heating temperature to be 600°C. This was influenced by the fact that there were
chances of K vacancies at higher temperatures. As heating of the substrate and
its bombardment with the ablated species of the target material can cause oxygen
vacancies, a partial pressure of oxygen is to be maintained in the deposition cham-
ber during growth. We chose the oxygen partial pressure of ~1x107% using the
previous optimized results for LVO-STO system and keeping in mind the tendency
of formation of LaVOy, at higher oxygen partial pressures.[27, 28, 29] Then keeping
the substrate temperature and oxygen partial pressure constant, we varied the laser
fluence from 0.6 J cm=2 to 4 J cm 2. It was found that all the samples grown above
1 J cm~2 laser fluence were conducting. But the mobility value was maximum for
the laser fluence value of 4 J cm™2. So we chose 4 J cm™? as the laser fluence for
our thickness dependent study. LVO films of different thickness were grown at these
optimized conditions. Fig. 4.1 shows the schematic of the LVO-KTO heterostruc-
ture. The thickness of the films was controlled using reflection high-energy electron
diffraction (RHEED) technique. The RHEED oscillations of the specular spot, for

10 ml, 8 ml, 4 ml sample, as a function of number of unit cells are shown in Fig.
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4.2(a). Figure 4.2(a) right panel shows the RHEED pattern of the 10 ml sample
before and after the film growth. The RHEED oscillations and the RHEED pattern
clearly shows the layer-by-layer growth of the LVO films.

4.2.2 Structural analysis

Further structural analysis of the thin films was done using X-ray diffractometer
(XRD) (Bruker, Discover 8). Figure 4.2(b) shows the XRD plot of 40 ml sample.
LVO film (001) and (002) peaks can be clearly seen along with the substrate peaks
suggesting crystalline growth of the film over the substrate. In addition to this the
presence of Laue fringes further determines the quality of the growth. Inset of Fig.
4.2(b) shows the rocking curve of the KTO substrate depicting the high quality
and crystallinity of the sample.

—
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Figure 4.2: (a) RHEED oscillations for 4, 8 and 10 ml LVO-KTO samples and
RHEED pattern for 10 ml sample before and after growth of LVO film. (b) X-ray
diffraction pattern of 40 ml sample showing crystalline film growth of LVO on KTO.

4.2.3 Film oxidation states

As vanadium (V) can have multiple valence states and a small change in the doping
electrons can modify the V spin states, we performed X-ray photoelectron spec-
troscopy (XPS) measurement on the freshly prepared LVO thin films to know the
oxidation states of V. XPS measurement of the core level spectrum were carried
out with a non-monochromatic Mg K, x-ray source having photon energy 1253.6
eV, the hemispherical analyzer operated at a constant pass energy of 20 eV and

the pressure of analyzing chamber was maintained at ~ 1x10~° mbar throughout
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the measurement. All the spectra obtained were calibrated to a C 1s peak at 284.2
eV.[30]

2
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Figure 4.3: (a) Core level X-ray photoemission spectrum of V 2p collected with Mg
K, x-ray source having 1253.6 eV photon energy (b) Fitting of V 2p3/, peak using

the convoluted function (Lorentzian function convoluted with Gaussian function).

Core level XPS spectrum of LVO thin film is shown in Fig. 4.3(a), where
the obtained binding energy (BE) curve of V 2p core level depict the two peaks
corresponding to V 2ps/; and V 2p; /2 at 516.0 and 523.6 eV BE respectively. As we
used the non-monochromatic Mg K, x-ray source, this always gives Mg K,3 4 signal
in XPS spectrum which needs to be subtracted from raw data. The spectrum shown
in the Fig. 4.3(a) is Mg K,3 4 signal subtracted spectrum from the raw data of V 2p
core level. There are several reports available in the literature for XPS peak position
of the V3T species ranging from 515.15 eV to 516.3 eV [31, 32, 33, 34] and our result
fall well within the reported range. We have further analysed V 2ps/, core level
spectrum by fitting it with the convoluted function. The shape of peak is defined
by a Lorentzian function convoluted by a Gaussian function with full width at half
maximum (FWHM) representing the lifetime and resolution broadening respectively.
In the Fig. 4.3(b), fitting of the V 2p3/, peak is shown, where black open circles
are the experimental data, blue solid line is the fitted spectrum, red dashed line is
V3F contribution in the spectrum, magenta solid line shows the error in the fitting
and the violet solid line depicts the Shirley background used for the background
subtraction. We have deliberately omitted the V 2p;/, part while fitting, since V
2p1/2 peak overlaps with tail part of the O 1s peak and that makes the fitting of
whole V 2p spectrum more complicated. As shown in the Fig. 4.3(b), V 2p;/,

peak is fitted well with a single peak and this confirms the presence of the single
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valence state of V3.

Hence, combining XRD, RHEED and XPS measurements we confirmed that
high quality LVO films were epitaxially formed on the KTO substrate.

4.2.4 Transport measurements
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Figure 4.4: (a) Temperature dependent 2D resistivity and (b) 3D resistivity for
LVO-KTO samples with varying LVO thickness.

Next, to check whether we heterostructure formed was conducting, we per-
formed temperature dependent resistivity measurements using PPMS by Quantum
Design as discussed in chapter 2. The temperature dependent resistivity measure-
ments were done for different samples of varying thickness. Figure 4.4 shows the
temperature dependent resistivity for all the samples, where panel (a) shows the
two dimensional resistivity (pep) for conduction parallel to the interface and panel
(b) shows the three dimensional resistivity (psp) normalized by the film thickness.
It was found that the sample having LVO thickness 2 ml was insulating. The 3 ml
sample although conducting at room temperature exhibited an upturn near 30 K.
All other samples with LVO thickness more than 3 ml were conducting down to 1.8
K. In contrast to the wide range of values found for (p3p), the same data plotted
as (p2p) showed that the data for all conducting samples essentially collapsed to
a narrow range of (psp) values. This was in accordance with the electronic recon-
struction phenomena of formation of 2DEG at the oxide heterointerface and was an
evidence that LVO films itself were insulating and that only the interface formed the
conducting channel.[35]. In addition to this, for further confirmation, we deposited
LVO film on one half of the substrate by covering the other half with a hard mask
inside the PLD deposition chamber. Then after the growth, to know about the
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origin of conductivity, the resistance was measured in three different configurations
as shown in Fig. 4.5. In the first configuration (Fig. 4.5(a)) the resistance of
the LVO film was measured by making electrical connections at the top of LVO
film surface using silver paint and at the interface by ultrasonically wire-bonding
the Al wire. In the second configuration (Fig. 4.5(b)), the resistance across the
interface was measured by making all electrical connections at the interface using
wire bonder. In the third configuration, all the electrical contacts were made on the
bare KTO substrate part to know the resistance of the substrate (Fig. 4.5(c)). It
was found that out of the three cases only interface was conducting. Neither the
film nor the substrate was conducting individually. This confirmed that the origin
of conductivity was formation of interfacial two dimensional electron gas only and

not oxygen vacancies formed in the film or the substrate.

(a) Electrical connections (b) Al electrical connections © All electrical connections
made between LVO upper surface made at made at KTO surface
and LVO-KTO interface LVO-KTO interface
Insulating Conducting < Insulating

(L (L (((

Figure 4.5: Schematic of connection geometry for measuring resistance (a) across

the LVO thin film (b) at the LVO-KTO interface (c¢) at the KTO substrate.

After confirming the conductivity of the interface, we performed Hall mea-
surements on all the samples to calculate the charge carrier density and mobility
of the samples. Figure 4.6 shows the Hall resistance of all the samples as a func-
tion of magnetic field at 1.8 K. The linear dependence of Hall resistance showed
that the interface had only single type of charge carriers. Charge carrier density
was then calculated from these measurements. Figure 4.7(a) and (b) shows the
charge carrier density and mobility, for the conducting samples, calculated at 300
K and 1.8 K. It can be seen that above 3 ml of LVO, once the interface becomes
conducting, the charge carrier density and mobility are independent of LVO thick-
ness. This was again in accordance with the electronic reconstruction mechanism
for formation of 2DEG where after achieving the critical thickness to avoid polar
catastrophe, increasing the thickness of the film does not add further carriers at the
interface.[28, 35] Figure 4.7(a) inset shows the Hall resistance of 4 ml LVO-KTO.
~14-1

We obtained carrier mobility of around 600 cm?V at 1.8 K in our samples as
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Figure 4.6: Hall resistance for all the samples measured at 1.8 K. The linear depen-

dence of Hall resistance suggests single type of carriers in the system.
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Figure 4.7: (a) Charge carrier density and (b) mobility of all the samples measured
at 300 K and 1.8 K. Inset of (a) shows the Hall data for 4 ml sample at 1.8 K.
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shown in Fig. 4.7(b).

4.3 Conclusion

In conclusion, we realized a high quality thin film new interface of two polar-polar
perovskite oxides LVO and KTO. The heterostructure made out of two insulating
oxides was found to be conducting showing realization of 2DEG at the interface.
The linear Hall resistance of all samples depicted presence of single type of charge
carriers and a fairly high mobility of around 600 cm?V ~ts~! was observed at this new
heterointerface. The high mobility 2DEG at the interface of heterostructure made
of polar oxides having strong spin-orbit coupling and broken inversion symmetry
are potential candidates for realization of Rashba type spin-splitting and can be
extremely useful as a channel material of future generation spintronic devices. Such
oxide heterostructures open up new opportunities in the field of oxide electronics

and are a hunting ground for exploring rich physics.
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Chapter 5

Planar Hall effect and anisotropic

magnetoresistance in polar-polar
interface of LaVO3-KTaO3 with

strong spin-orbit coupling

5.1 Introduction

In the past, oxides have been used in conventional semiconductor technologies and
devices. Materials like polycrystalline or amorphous oxide thin films with a large
band gap have been widely used as capacitors and gate insulators etc. In recent
decades, however, a number of emergent functionalities such as high temperature
superconductivity, colossal magnetoresistance and multiferroics have been discov-
ered. They attracted a great deal of attention for unique electronics applications
along with emerging physics only realized in oxide materials. Strong electron corre-
lation in charge, spin, and orbital degrees of freedom in correlated oxides is believed

to be the origin of observation of such effects.

In condensed matter physics, more recently, the role of topology has become
an area of intense research. It has led to the discovery of several new phenomena and
multiple electronic phases opening up new fields to explore.[1] The term ”topology”

is used to describe or classify the properties maintained for a continuous deformation
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in a given space. Thus, a topological state is intrinsically stable against any kind of
perturbations favoring other states, producing novel functionalities which are suited
for storing and processing information as a state variable. For example, in topo-
logical "insulators”, where the bulk bands have non-trivial topology in momentum

space, give rise to a symmetry protected ”conductive” surface state.

In recent times, oxide thin films and interfaces with strong spin-orbit cou-
pling are also predicted to exhibit topological phases owing to their non-trivial
spin-structures and electronic states.[2, 3] Oxide systems having Rashba type spin-
slitting are potential candidates for observation topological characteristics because
of the presence of linear dispersion relation at the crossing point of two spin
bands and hence, two spheres with spin arrangement having opposite chiralities.
Anisotropic magnetoresistance (AMR) and planar Hall effect (PHE) which are rel-
ativistic magnetotransport phenomenon observed in magnetic systems have now
also been observed in topological systems and give evidence of the topology of the
system.[4, 5, 6, 7] Also, such phenomena are theoretically predicted in systems with
the Rashba-Dresselhaus type spin-splitting.[8, 9] Experimental observation of such
phenomena in oxide heterostructures and their theoretical understanding may add

further dimensions to the field of ”oxide spintronics”.

So, after observing the emergence of electrical conductivity at the interface of
insulating LVO and KTO, in this chapter we focus on the magnetotransport proper-
ties of the heterostructure. As spin-orbit coupling is an important parameter for the
realization of Rashba effect, we calculate the spin-orbit coupling strength of LVO-
KTO and show that it is the highest among all other perovskite oxide heterostruc-
tures reported so far. We also show topological chiral anomaly via observation of
PHE and oscillations in longitudinal AMR in our LVO-KTO system. A theoretical
modelling using Rashba spin-split energy spectrum could predict our observation of
2 fold oscillations in AMR and PHE at low applied magnetic fields. The appearance
of an additional periodicity in AMR above 8 T magnetic field suggests a possible
complex and rich physics arising from the interplay between chiral nature of the
band structure, relativistic 2 dimensional itinerant electrons and strong spin-orbit
coupling present in the system. We observe a B? dependence of AMR and PHE

amplitudes which we are able to capture within our theoretical model.
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5.2 Experimental Details

5.2.1 Out-of-plane magneto-transport measurements: Ob-
servation of weak antilocalization in magnetoresis-

tance

We adopted weak antilocalization to probe spin-orbit coupling strength in our LVO-
KTO system.[10, 11] Weak localization (WL) and weak antilocalization (WAL) are
basically quantum interference phenomena of electrons. When the temperature is
sufficiently low, constructive interference of electron waves results in an increased
probability of back scattering events, leading to an extra resistivity added to the
classical term. This is weak localization. Spin-orbit coupling however, allow the
electron spin to flip, resulting in change of sign of the constructive interference
to destructive one, and hence, a decrement in the resistivity. This is known as
antilocalization.[11] Both the effects are destroyed when magnetic field is applied,
yielding a negative magnetoresistance for WL and a positive magnetoresistance for
WALL.[12] Therefore, WAL can be used as a sensitive probe of spin-orbit coupling.
WAL has also been used to detect spin-orbit coupling in a wide range of systems

from metals,[10] semiconductors[13, 14, 15], to graphene.[16]

For these measurements, we applied magnetic field normal to the sample plane
carrying current as shown in Fig. 5.1(a) and measured the longitudinal resistance
as a function of magnetic field. The contacts for these measurements were made by
ultrasonically wire bonding aluminum wires on the 4 ml LVO-KTO sample. The
low temperature (1.8 K) magnetoresistance measurements revealed the presence of
strong spin-orbit coupling in the system. A sharp dip at 0 T with positive MR at low
fields was observed in the MR data as shown in Fig. 5.1(b). This is a signature
of WAL and hence spin-orbit coupling present in the system.[11, 12] Theory has
been developed by lordanskii, Lyanda-Geller, and Pikus (ILP theory) to describe
the weak-antilocalization in magnetoconductance for the materials with strong spin-
orbit coupling. So we converted the MR data to magnetoconductance as shown in
Fig. 5.1(c). The expression of the magnetoconductance developed by ILP theory
is given by [17, 18]
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Figure 5.1: (a) Schematic of the connection geometry for magnetoresistance (Ryy)
measurements for magnetic field applied out-of-plane. (b) Magnetoresistance plot of
4 ml sample as a function of magnetic field. (¢) Magnetoconductance plot showing
weak anti-localization due to high spin-orbit coupling along with the fitting done
without the Kohler term (black line) and the fit including the Kohler term (cyan
line). (d) Comparative plot of Bso vs. gate voltage for STO and KTO based

systems.

where, B is the applied magnetic field, B, (h/4el}) and Bso (h/4elgo) are
two characteristic magnetic fields related to phase coherence length (/4) and spin-

precession length (Isp), ¢ is the digamma function and G, (e?/7h) is the quantum
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Figure 5.2: Magnetoresistance plot showing transition from positive to negative MR

on varying the angle between the normal to the sample plane and magnetic field.

2.

m?

conductance. The ILP theory was derived for the magnetic field region B< h/2el
where [,, is the mean free path of the carriers.[12, 17] For the present sample h/2el?,
was estimated to be 0.3 T. However, we were able to fit our data upto 1 T as
shown in Fig. 5.1(c) fitting with black line. The last term with Kohler coefficient
Ay accounts for the orbital magnetoconductance having B? dependence. Figure
5.1(c) fit with cyan line shows the magnetoconductance data for 4 ml sample using
full equation 1. A high value of Bgo ~ 4.4 T corresponding to a spin-precession
length of 6 nm was obtained from the fitting. Phase coherence length of 70 nm
and magnetic field strength corresponding to inelastic scattering B,=0.03 T was
obtained for our system. These values of phase coherence length and B, were in

excellent agreement with the previous report.[12]

Then we compared the spin-orbit coupling strength obtained in our case with
that measured for other perovskite oxides. Fig. 5.1(d) shows the Bgo of STO
and KTO based systems as a function of applied gate voltage from the literature
compared with our sample.[12, 19, 20, 21, 22, 23, 24] The figure clearly suggests
that our LVO-KTO interface had the highest Bso among all reported STO and
KTO systems.
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Interesting results were obtained when we varied the angle between the normal
to the plane and the magnetic field as shown in Fig. 5.2. We observed a transition
from positive to negative MR when the magnetic field was landed in the plane of
the sample carrying current. This kind of in-plane negative MR is usually observed
in topological systems. This was strange for an all oxide system and indicated the

presence of topological Rashba spin-split bands in our system.
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Figure 5.3: (a) and (b) Schematic of measurement geometry for Ry, and Ry respec-
tively wit magnetic field applied in the current carrying plane of the sample. (c¢) and
(d) Angle dependent Ry, and Ryx measured at 1.8 K for 14 T and 3 T. Blue line
is the fitted curve. (e) and (f) Applied magnetic field and angle dependent contour

plots for normalized Ry and Ryy.

5.2.2 In-plane magnetotransport measurements: Observa-
tion of planar Hall effect and anisotropic magnetore-

sistance

Next, we performed in-plane magnetoresistance measurements by applying magnetic

field in the plane of the sample carrying current and measured the longitudinal and
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transverse magnetoresistance as shown schematically in Fig. 5.3(a) and (b) respec-
tively. Usually, PHE and AMR are observed in magnetic systems and are associated
with the crystalline anisotropy of the system.[4, 5] Also, recently some topological
systems have been reported to witness in-plane AMR and PHE [6, 7], the origin
of which is anisotropic spin flip transition probabilities arising from broken time
reversal symmetry. Theoretically, it has been predicted that the systems with the
Rashba-Dressalhaus type of spin band splitting in presence of magnetic impurities
may also exhibit in-plane AMR and PHE.[8, 9] Although theoretically predicted, ex-
perimental realization of such phenomena in the 2DEG systems with high spin-orbit
interaction is not well explored. Considering the large spin-orbit coupling obtained
for our system, we expected interesting in-plane AMR and PHE, as well as their

evolution as a function of the applied magnetic field.
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Figure 5.4: (a) Ryx and Ry data for 3 T and (b) for 14 T. (c¢) The red markers
(white background area) show the low magnetic field region where AMR has two
fold symmetry and blue markers (green background) show high field region where
AMR has four fold symmetry. Circles represent the PHE amplitude as a function of
magnetic field and squares represent R2=% i.e. absolute value of magnetoresistance

R, for ¢=90° as a function of magnetic field.
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For these measurements, with magnetic field (B) applied in the sample plane,
simultaneous measurements of longitudinal magnetoresistance (Ryy) and transverse
resistance (Ryx) were made while varying the in-plane angle between [ and B. For
the first set of experiments, Ry, and Ry, were measured at 1.8 K by varying the
magnitude of applied magnetic field. On scanning the angle between B and I,
Ry and Ry, were found to show oscillatory behavior. Upto 8 T, we obtained 2
fold periodic oscillations in R, it slowly changed to 4 fold oscillations above 8 T.
Figure 5.3(c) shows the Ry, behavior at 3 T and 14 T. The behavior of normalized
R, on varying the applied magnetic field is shown in the contour plot presented in
Fig. 5.3(e), where R2™ = (R - Rsymm)/(Ro - Rsymm)- Rsymm = Rmin + (Rmax
- Ruin)/2 and R, is minimum value of Ry, Rpax is maximum value of Ry, and
R, is the value of R, at 0°. The low field behavior of R, is very similar to that

observed in topological insulator systems such as Biy_,Sb,Tes thin films.[6]

We observed oscillations in the planar Hall resistance value as a function of
in-plane angle between B and [, with minima at 45° and maxima at 135° repeated at
180 interval. Field dependent measurements were also performed at 1.8 K. Figure
5.3(f) shows the contour plot of field dependent Ry as a function of angle between
B and I at 1.8 K. It was seen that, on decreasing the magnetic field, the amplitude
of oscillations decreases but the nature of oscillations remains same throughout.
Figure 5.3(d) shows the planar Hall resistance for 14 T and 3 T field. It is clear
that the two-fold periodicity is maintained even for high fields.

Two to four fold transitions in AMR have been reported in STO but these tran-
sitions are much complicated and irregular.[25, 26, 27, 28] Such transitions in STO
were explained in terms of Liftshitz transitions arising from the topological change
in Fermi surface in presence of intrinsic magnetization of STO. The mechanism of

such a transition for our system is not currently understood.

In addition to this, in topological materials, PHE originates from the Adler-
Bell-Jackiw (ABJ) chiral anomaly and nontrivial Berry curvature and is regarded as
an evidence of the Dirac/Weyl cones in the band structure.[6, 29, 30, 31, 32, 33, 34] In
contrast, metals and semiconductors with trivial band structure, are not expected to
show PHE. PHE and AMR in topological systems can be mathematically represented
as,[31]

RPHE — A RMIralgin () cos (D) (5.2)

Ry = RI7% + ARM™lcos%(0) (5.3)
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where, AR is the chiral contribution to the PHE resistance (Rx) and
R?79 is the absolute value of longitudinal magnetoresistance (Ry) for ¢=90°. It
was theoretically shown that the amplitude of PHE and AMR of such topological

materials should follow B? dependence.[31]

The angular dependence of PHE and AMR of our system was found to be very
similar to that observed for topological systems as shown in Fig. 5.4(a) and (b).
To illustrate this, we plotted the amplitude of PHE (left axis) and AMR (right axis)
as a function of applied magnetic field in Fig. 5.4(c). We found that the amplitude
of both PHE as well as AMR exactly followed a B? dependence upto 9 T magnetic
field. For larger fields, both deviated from B? dependence. It is worth noting that
above this field, AMR no more follows cos?(¢) dependence (Fig. 5.4(b)). At the
same time, although the two fold symmetry of PHE was retained above 9 T, the

amplitude of PHE no more remained B? dependent.
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Figure 5.5: (a) Rashba energy-split bands showing spin-texture at a particular en-
ergy and the allowed electronic transitions. (b) Total probability and individual

probabilities for different allowed electronic transitions between the bands.

5.3 Theoretical modelling

The observed two fold oscillations in the AMR and PHE as well as low field B?
dependence of AMR and PHE amplitude on application of an in-plane magnetic
field could be intuitively understood on the basis of electronic transitions which take

place between the Rashba-split energy bands. In LVO-KTO system, due to broken
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inversion symmetry at the interface and subsequently developed electric field, the
relativistic electrons in 5d orbitals of Ta experience a pseudo magnetic field in the
conduction plane and hence may lead to Rashba spin-splitting. The occurrence of
a significant spin-orbit interaction has already been reported in the literature, from
ARPES measurements in a single crystal of KTO.[23]. The presence of a Rashba
spin-splitting, that relies on the additional presence of an electric field, was also seen
in this material, for a Fermi wave vector (~0.2 A™! to 0.4 A™!) at a carrier density
of ~2x10' ecm~2. On the other hand, our system is not just KTO but its interface
with LVO (a polar material). Hence, like KTO, the interface, for a (measured)
carrier density of 1.02x10' ¢cm™2 at a (calculated) Fermi vector of 0.3 A™1, is not
only endowed with a non-zero spin-orbit coupling, but is also expected to exhibit
a prominent Rashba effect in view of a substantial, polar-polar interface-generated

electric field. Our analysis presented below, is based on this premise.

In our system, the degenerate energy parabola of electrons is Rashba split
into two parabolas as shown in Fig. 5.5(a). Application of an external magnetic
field in the conduction plane further adds a Zeeman splitting term. The external
parabola is called the majority band and the internal parabola is called the minor-
ity band. Depending on the propagation vector k, spin of the electron, Rashba
strength parameter o« and the direction and magnitude of the external applied
magnetic field, the electrons can make transitions between majority-to-majority
(or minority-to-minority) i.e. intra-band transitions and majority-to-minority (or
minority-to-majority) i.e. inter-band transitions. Each allowed transition results
in back-scattering of the conduction electrons and hence, contributes to increase in
resistance. The energy eigen values for the spin bands can be calculated by solving

the Hamiltonian, which in the absence of magnetic field, can be written as[8]:
H = ¢e(k) — a(oky, — oyky) (5.4)

where, €(k) is free electron energy, o, are the Pauli spin matrices, and
k, and k, are the wave vectors in x and y direction. The electronic transition
probability between the bands can be calculated using the eigen vectors for each
band and finding the transition matrices. The eigen vectors used for the majority
and minority bands are:

1 1

1 1
—= and —=
Zez@k: _Zezalc

respectively, where, 6 is the angle between k-vector and x-axis. The allowed
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transitions between different bands (T3, Tq4, T3, Tos4) having finite probability
are shown with arrows in Fig. 5.5(a). Using the above eigen vectors, matrix
elements for the transitions between the Rashba-energy split bands (1,2,3 and 4)

were calculated to be:

(1 oy [2) = f2(k) — f-(k = 24) (5.5)
Loy [3) = f2(k) = f+(k = 24) (5.6)
(1 oy[4) = f2(k) + [+ (k) (5.7)
(2loy[3) = =f2(k = 24) = f(k = 24) (5.8)
(2loy[4) = —f2(k = 24) + f1(F) (5.9)
(Bloy [4) = =fi(k = 24) + [ (k) (5.10)
where,
_ Lk 4 (=)rsin(®) — (+)ircos(®)

f(+7—)(k?) =l

. (5.11)

V2 + k2 + (—)2rksin(®)

and f* is its complex conjugate, k is wave vector, A is the split in the Rashba-
energy bands, ¢ is the angle between applied current (/) and magnetic field (B), o
is the Pauli-spin matrix and r=(up * B)/a. Knowing these matrices the transition
probabilities were calculated as shown in Fig. 5.5(b). It can be clearly seen
that the prominent transitions followed a cos? ¢ dependence in agreement with our

experimental data while the other transition prbabilities were low.

Apart from this, we were also able to capture the behavior of Ry, and Ry, using
our theoretical model. For that, imagine that a B-field is applied in a direction which
is also coincident with the above x-axis (which however is distinct from the x-axis
in the laboratory frame i.e., the frame of the planar sample, along which the current
is applied). The present x-y-frame then defines the principal coordinate system,
in the sense of Taskin et al.[6] The corresponding Zeeman term contains the x-
component of the Pauli spin which does not affect the term proportional to ky, in Eq.
5.4. However, the Zeeman coupling, being off-diagonal in the o,-representation, can
cause a spin-flip thereby triggering a reversal in k.. Interestingly, these momentum-

reversal transitions are akin to Drude scattering that is ever present, albeit small,
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as a 'residual’ resistivity [35]. Now, when the B-field is not too large (<8 T, in our
experiments), the additional transition probabilities due to the Zeeman interaction
can be calculated from the 'Golden Rule’ of perturbation theory, thus yielding a
quadratic dependence on B, which have to be supplanted to the residual Drude
resistivity parallel to x-axis. The perpendicular component however retains only

the residual part, for reasons mentioned earlier. The detailed analysis is discussed

S e XV s
.93)/ x//// xJ/§3)/*x

Figure 5.6: (a)Schematic for the direction of propagation of carriers and applied

below:

(a) z

magnetic field. (b) Schematic presenting the laboratory frame of reference and the

frame of reference of the applied magnetic field.

For our system, the total Hamiltonian can be written as:

H=H,+V (5.12)

where considering Fig. 5.6(a),

H, = e(k) — a(oxky — oyky) (5.13)
o = ughkE/mc*
V = —ug|Bal(oxcos¢ — oysing) (5.14)

H, is the unperturbed Hamiltonian, V is the perturbation.

The eigenvalues of H, are:

2= e(k) F ak = h*k?*/2m F ak (5.15)

k= k2 + k2

The corresponding eigenfunctions known as minority Rashba-band and major-
ity Rashba-band are respectively given as:[8]
1 1 1 1

ETYy = — and|k™) = — 5.16
)= 5| = 5| (5.16)
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Here,

ky k
costy, = " and sinf, = ?y (5.17)

Now referring to Taskin et al. supplementary notes[6], when a resistivity
anisotropy is induced by an in-plane magnetic field B, along x’-axis (Fig. 5.6(b)),

the resistivity tensor may be written in a diagonalized form:

Ee|l (R 0 ) (i (5.15)
E, 0 Ry \jy

Here, Ey and jy are along Ba while £y and j,» are perpendicular. Here,
unlike Taskin et al., we provide explicit expressions for R and R with reference to
the Hamiltonian in Eqgs. 5.12-5.14.

Computation of R, This part is the simplest because in this geometry, the

electric field E is applied along y’-axis (Ey ) and the current j is also measured
in this direction (j,-). Hence, the magnetic field, being normal to y’-axis, has no
influence on R, , thereby making the Rashba physics irrelevant. Then we take R

to be the simple Drude contribution R,, which we do not calculate. So,

R, =R, (5.19)

Computation of R Now, both the electric field £, and the current j,- are

along the direction in which the in-plane B4 field is applied. Therefore, in addition
to the residual Drude resistivity R,, the strong presence of the spin-orbit interaction

via the Rashba effect comes into play.

Because Ba couples to oy via the Zeeman interaction (Eq. 5.14), it causes
transitions between the majority and minority Rashba bands which are the eigen-
states of the unperturbed Hamiltonian H, (Eq. 5.16). These transitions are like
’spin-flip’ scattering processes which, in turn, cause momentum reversal (from k to

-k) thereby causing resistance. In first order perturbation theory,

R = Ro +yug [Bal* [ (£ ox [E7) |2 (5.20)

~ being a constant, where from Eq. 5.16,

1 1 1
ET) = — and [k~ =

1
— 0.21
V2 \ it V2 \ et (5:21)
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In Eq. 5.20, the Drude contribution R, is added. The bar denotes an average
over all k’-directions. Now,

1 , 01 1
<E/_| oy |E/+> i <1 —ie_lek’) ‘
2 1 0) \ —ie
1 _,l'eiek/
== (1 —ie‘wk’> = —icost,
2 1
Therefore,
— 1
| (K" oy [E7T) |2 = cos20 = 5 (5.22)
Substituting,
Ry =R, + 21 B3 (5.23)

2

Following Taskin et al., the transformation from the principal axes to the film

(i.e. laboratory axes) is effected by

Ey cos¢p —sin R 0 cos sin »
_ ¢ ¢ I ¢ o) (7 (5.24)
E, sing  coso 0 R, —sing coso Jy

By setting j,=0, in confirmation with our experimental results, we get,

Ex
Ry = 5= R, + (R — Ry)cos*$ (5.25)
Ey ,
Ry = — = (R) — Ry)cospsing (5.26)

X

From Eq. 5.23 and 5.19,

R = Ro + %ug B2 cos’p (5.27)
Ry = %,uQB B3 cospsing (5.28)

In Eq. 5.27, R, is expected to be small.

With the parallel and perpendicular (’diagonal’) components in hand we can
transform back to the laboratory frame a la Taskin et al.[6] Since the residual Drude

resistivity cancels out from the difference between the parallel and perpendicular
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components, the dominant contribution to the resistivity arises from the Rashba
effect. Further, following Taskin et al. [6], Ry ~(cos® ¢), while Ry, ~ (cosg
sing), both being proportional to B2, in conformity with our data shown Fig. 5.3.
Here, ¢ is the angle between the applied magnetic field and the direction along
which the current is measured. As we mentioned earlier, beyond 8 T, there is a
substantial departure in the (cos® ¢)-behavior of R, as well as its B? dependence,
a theoretical understanding of which requires going beyond the Golden Rule of
perturbation theory and perhaps also the simple Rashba effect, implemented in this
paper.

In the present system, we speculate that it might be due to the relativistic
character with strong spin-orbit coupling of the carriers in the system. Our observa-
tions suggest a detailed theoretical model of such systems is essential and it would
have to contain ingredients of low dimensionality, relativistic electrons, localized
magnetic moments and strong spin-orbit coupling. Further evolution of the Fermi
surface with electrostatic gating and in-plane magnetic field can be explored which
we plan to do in a follow-up study to build up a complete understanding of the

mechanism. [36]

5.4 Conclusion

In conclusion, we realized a high mobility two dimensional electron gas at a new in-
terface of two polar-polar perovskite oxides. We observed a high spin-orbit coupling
in the system. The magneto-transport measurements showed signature of in-plane
anisotropic transverse and longitudinal magnetoresistance as a consequence of strong
spin-orbit coupling and Rashba spin splitting. The observed nature of the AMR and
PHE at low magnetic field showed very similar behavior as observed in topological
materials having Weyl-fermions due to ABJ chiral anomaly. The observed features
of PHE and AMR at low magnetic field could be understood from our phenomeno-
logical theory with Rashba-spin splitting. The high field four fold AMR warrants
an elaborate theoretical analysis. Such a model system may open up an avenue
for in depth understanding of the physical properties of low dimensional relativistic
electrons in oxide materials with strong spin-orbit coupling. Such detailed under-
standing might play an important role in the design of new materials for spintronic

applications.
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Chapter 6

Defects, conductivity and

photoconductivity in Ar™
bombarded KTaOj

6.1 Introduction

Light is an important stimuli which can tune the electronic configuration and
hence the physical properties of a system.[1, 2] The illumination of STO-based
systems with ultraviolet/visible light has been demonstrated to enhance the elec-
trical conductivity by several orders of magnitude.[3, 4] It has also been observed
that the oxygen vacancies present in these systems play a substantial role in their
photoresponse.[5, 6, 7, 8, 9, 10] Hence, understanding the creation of oxygen vacan-
cies and the dependence of the photodynamics of a system on it may give further
insight to the electronic states as well as the device performance of oxide based

system.

In this chapter, we discuss photoresponse of conducting surface of (001) KTO
single crystal which is realized by Ar™ bombardment through the creation of oxygen
vacancies.[10, 11, 12, 13] The time evolution of photoresponse to a daylight illu-
mination lamp can be described with a bi-exponential function for all the samples
having different charge carrier densities. The amplitude of photoresponse strongly

depends on the charge carrier density whereas the response time is independent of

80
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it. The dynamics of a sample with charge carrier density 4x10'* cm~2 has been
studied under 633, 532 and 405 nm laser light illumination. Under 405 nm laser
light, the photoresponse can be described with a bi-exponential function whereas it
follows a single exponential function when illuminated with monochromatic light at
532 and 633 nm. The defect states are calculated from the photoconductivity relax-
ation. The Fermi level position in Art bombarded samples is probed using KPFM
measurement technique and is found to be always positioned inside the KT O band
gap even under the laser light illumination. This founding may contradict the ob-
servation of electrical conductance in our samples down to 2 K. However, the hint
to resolve this apparent contradiction is provided by AFM images visualizing the
appearance of strip like structures, which are suggested to be interconnected oxygen
vacancies formed along some preferential crystal orientation. To reconcile KPFM
and electrical conductance measurement, we suggest that the KTO surface exhibits

large patches of non-conducting regions intercalated with conducting paths.

6.2 Experimental Details

Single crystals of both sides polished KTO (MTI Corporation) with orientation (001)
were bombarded with Ar™ for different duration of time using the reactive ion etch
mode in the SI500 system (Sentech) to realize the conducting surface. The flow rate
of 100 SCCM of Ar, 80 mTorr pressure, -530 V bias voltage and rf power of 225 W
were used during bombardment.[12] Three different Ar" irradiation times (20, 30
and 40 minutes) were used to prepare the samples with different charge carrier densi-
ties. The transport measurements were performed with the help of physical property
measurement system (PPMS). To perform these measurements, first the gold elec-
trodes were deposited on the sample surface and then ohmic contacts were made by
using ultrasonic wire bonder. The Hall measurements were performed for all samples
at room temperature in dark. The conductivity measurements were performed for
all samples at room temperature in dark, under daylight and monochromatic light
(wavelengths, 633, 532 and 405 nm) illumination. The KPFM measurements were
performed using conducting tip (Model: SCM-PIT) to probe the position of Fermi
level under different conditions: in dark, after Art bombardment and under light
illumination. The morphology of the samples was checked with the help of AFM
(Bruker Multimode 08) in tapping mode.
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6.3 Results and Discussion

After bombarding the samples with Ar™ ions, the electrical conductivity of the
samples was checked. The transport measurements suggested that all samples were
conducting down to 2 K as shown in Fig. 6.1(b). An average sheet charge carrier
density (defined as charge carrier density per unit area) of 3.3x10'3, 4.0x10* and
1.7x10% ecm™? was estimated from the Hall measurements at performed at room
temperature in dark for 20, 30 and 40 minutes of bombardment respectively. Inset
of Fig. 6.1(b) shows the Hall measurements performed at room temperature for
the sample with charge carrier density 4x10 cm™2. The linear behavior of p,,
suggested the existence of only one type of charge carriers, i.e, electrons in our

case.[12]

6.3.1 Photoresponse under daylight illumination

Then, the photoconductivity measurements were performed on all the samples. Fig-
ure 6.1(a) shows the schematic of measurement geometry. Prior to exposure to
daylight lamp illumination, the samples were left in dark for long time until their
resistivity value saturated. Figure 6.1(c) shows the percentage change in resistance
with time under the daylight lamp illumination. The largest photoresponse (~40%)
was reached for a sample with the lowest charge carrier density. The percentage
change in resistance was defined as

AR) = B - o, 100

where Ry is the sample’s saturated resistance value reached in dark.

Figure 6.1(c) suggests that the amplitude of the photoresponse increases with
the decreasing charge carrier density. Figure 6.1(d) shows the change of resistance
normalised to its value after 40 minutes of illumination and suggests the response
dynamics remain independent of carrier density. Then, to explore more about the
nature of the photoresponse, we tried fitting our data. The photoresponse dynamics
of any sample could not be described with a single exponential function. As an
example, we have illustrated this fact in Fig. 6.1(e) for a sample with the carrier
density 4x10'* cm~2. The red solid line represents the single exponential fit curve.
The photodynamics however, could be described with a bi-exponential function
(black solid line):

R = Ael71/™) 4 Bel7t/m) (6.1)
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Figure 6.1: (a) Schematic of conductivity measurement geometry on Ar* bombarded

KTO single crystals. (b) Sheet resistance as a function of temperature for all the

samples bombarded with Art for different duration of time. Inset shows the Hall

resistance as a function of magnetic field at room temperature for the sample with

charge carrier density 4x10' cm™2. (c) Percentage change of resistance to daylight

illumination. (d) Normalized change of resistance vs. time. The percentage change

of resistance is normalized to its value after 40 minutes illumination. (e) Fitting with

single and bi-exponential functions of normalized percentage change in resistance for

the sample with charge carrier density 4x10'* cm™2. The red and black lines are the

fit curves for single and bi-exponential functions respectively. (f) Response times

(fast and slow) as a function of charge carrier density.

where A and 7, are the relative weight and response time related to one component

respectively. B and 7o are the relative weight and the response time of the other

component respectively. Earlier work on photoresponse of STO had also demon-

strated slow and fast excitation dynamics, one from defect centers within band gap
to conduction band (CB) and the other from the valence band (VB) to CB.[14] From

our experimental observations, we could also associate one component (71) as the

fast dynamics component (7¢) with the excitation of electrons from the defect states
formed in the band gap near the CB edge due to Ar™ bombardment to the CB and

the other component (73) as slow component (7,) with the excitation of electrons
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from the defect states as well as bulk VB to CB. Other phenomena such as forma-
tion of excitons etc. in the presence of photons with a band of wavelengths, might
also be taking place which slows down the response process. Figure 6.1(f) displays
the response (fast and slow) times as a function of charge carrier density suggesting
that both fast and slow components of response were independent of carrier density
of the samples. This essentially suggested that the dynamics of the photocarriers is

identical in all the samples.

6.3.2 Photoresponse under laser light illumination

After studying the photoresonse of oxygen vacant KTO samples under daylight
illumination, we performed a detailed study of the photoresponse of the sample with
charge carrier density 4.0x10** cm~2 under monochromatic laser light illumination of
different wavelengths. This sample was chosen intentionally, since the sample with
the lowest charge carrier density had strong aging effect (turned insulating after
some time) and the sample with the highest charge carrier concentration had small
amplitude of photoconductivity. In contrast, the sample with charge carrier density
4x10' ecm~2 was stable and has significant photoconductivity effect. To study the
effect of monochromatic light on this sample, we used three different wavelengths
(M\): 405, 532 and 633 nm which correspond to 3.02 eV (near the band gap of the
KTO), 2.33 eV and 1.95 eV (lower than the band gap of the KTO), respectively.

Figure 6.2(a) shows the percentage change of the resistance of the sample
under the illumination with laser light at 405, 532 and 633 nm wavelengths and
at different light intensity, suggesting a stronger response for 405 nm compared to
532 and 633 nm. Figure 6.2(b) shows that the percentage change of the resis-
tance (AR) increases with the laser power for illumination with 405 nm wavelength,
whereas much weaker power dependence is observed for the illumination with the
laser light at 532 and 633 nm. This behavior could be understood in the following
way: the energy of the 532 and 633 nm laser lights are lower than the KTO band gap.
Therefore these lasers can only excite the electrons from the defect states formed
within the band gap to the CB edge. Since the electrons are only being excited from
the defect states to the CB edge, the effect for 532 nm laser light is small. And it is
even smaller for 633 nm as compared to 532 nm since the energy of 633 nm is smaller
than 532 nm. It can only excite the electrons from the defect states near the CB to
the CB edge. On the other hand, since the energy of the laser light of wavelength

405 nm can promote electrons from the defect states formed within the band gap as



6.3 Results and Discussion 85

LI T LI LI LI f 103 ! I ! I !
(a) _Illlllllllllll:llll]'613]3|Illll_ (21 5é2nr:'] I I _— () 5
Ofp  405nm ﬁ”m EiIs {| 510 - 532nm -
r C i _
C o 1| £ y=Aexp(t/Ts2) 1| 3
?'10: — 532nm | = 4l Z 101
S F - . % e | 633nm =
r - — 82.6uW b
g-20F 3 Pl o 100
C C ] 3 T T T
E g : ©10% [ b5nm !
_30:'— :'_ R 6 82mW __: (d)1 LI I LI I LI I LI I LI I_ 2 ------------- --A.A
40: ] ] Flo 17 7OTW | & [ 405m 1l 10 | 7]
- 1111 L1l 111 111l 111l 111 9_6 __ ')
0 5 10 0 . 5 10 14 y=Bexp(t/r) 4| <& 101 |
Time (min) @ e T
(b) 40 T T T T T T q — 0 T
I I I ] 10 NN T
A /] 0 2 4 6 8
30 405nm/ - Laser Power (mW)
,o\ : (e)1 ] (h) LI LELELIL) LU LELELIL
> + R 05nM:y=Aexp(-t /s 103_ Crystallln(L: _
¥ 20 11 & LAO-STO [7]
& ] 0‘6 + B exp(-t /‘ts)_' Li‘n(q)og?rhgug
Y G | stnm;y=Aexp<-t o | 5 AoFR._LAOSTOL
r— < S L
0 ﬁ—-l 1 1 R 0 | © LAO- STO(11bqf ....... @
0 2 4 6 8 0 2 4 6 8 10 10 ||||||]|||||||| LR
Laser Power (mW) Time (min) 350 400 450 500 550
Wavelength (nm)

Figure 6.2: (a) Percentage change in resistance for the sample with charge carrier
density 4x10** cm~2 under illumination of different wavelength lasers and varying
laser power. (b) Percentage change in resistance with varying laser power. (c) and
(d) Single exponential fitting of normalised percentage change in resistance under
illumination of 532 and 405 nm laser lights respectively. (e) Bi-exponential fitting
of the response under illumination of 405 nm laser light. The black line is the bi-
exponential fit curve and red line is the fit curve of the response for 532 nm laser
light. (f) and (g) Response times as a function of laser power of wavelengths 633, 532
and 405 nm respectively. (h) Response time of Ar™ bombarded surface conducting
KTO as a function of the wavelength of illuminated laser light. This present sample

is compared with that of reported conducting STO based interfaces.

well as from VB to the CB, the photoresponse amplitude keeps on increasing with
the increase in the laser intensity due to large number of available electrons to be
excited. The photoresponse gets saturated at a fixed laser intensity (6.82 mW) sug-
gesting the balance between the excited and relaxed electrons. Further increasing

the laser intensity does not increase the photoresopnse.

Similar to daylight illumination, the photoresponse under monochromatic light
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illumination at wavelengths 633, 532 and 405 nm was fitted with single and bi-
exponential functions. It was found that the response under 633 and 532 nm laser
lights could be well fitted with single exponential function. The single exponential
fitting for 532 nm (or 633 nm) laser light is shown in Fig. 6.2(c), but the photore-
sponse under 405 nm laser light illumination could not be fit with a single exponen-
tial function as can be seen in Fig. 6.2(d). However, it was perfectly fit using the
bi-exponential function in Eq. 1.[9] Figure 6.2(e) shows the bi-exponential fitting
of the response under 405 nm laser light. Fitting analysis (black line) suggested us
that the response time under 405 nm laser wavelength had two components. One
component was found to be same as that for 532 nm laser light (Fig. 6.2(f) and
(g)) which we termed as the fast response (7f: Ty=Ts32m). Its contribution to the
photoresponse at 405 nm is shown in red in Fig. 6.2(e). This fast response comes
from the promotion of electrons from defect states produced near to the CB edge
to the CB. The other component termed as slow response (75) comes from defect
states all along the band gap as well as bulk VB to the CB. Figure 6.2(f) suggests
that for 633 nm, the photoresponse is faster than that of 532 nm. Figure 6.2(f)
and (g) summarize that the response times for illumination with A=405, 532 and
633 nm are all independent of laser intensity. In Fig. 6.2(h), we compared the
response time of Ar™ bombarded KTO sample with that of the reported STO based
low dimensional conducting systems and it clearly indicates similar photoresponse

time scales for both the systems.[1, 7, 9]
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Figure 6.3: (a) Multiexponential curve fitting of the relaxation data when the light
(405 nm) is turned off. (b) Defect density of states obtained from photoconductivity

relaxation.

We then used our photoconductivity relaxation data to calculate the defect
states distribution, as suggested by S. A. Studenikin et al.[15] To analyze the relax-

ation data, Laplace transform method was used[15, 16, 17] which gives rise to the
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following expression for the effective density of states:

N, ve B g
kT (ve=B/KT 4 1/71;)2

9(E) (6.2)
Where v (=102 s7!) is the attempt to escape frequency([18], N; is the defect density

and 7; is the characteristic time scale of the photoconductivity relaxation.

Following the same analysis, the relaxation data was first fitted (see Fig.
6.3(a)) to estimate the relaxation time and then the effective density of states
(g(E)) was simulated (see Fig. 6.3(b)). This suggested us that the defect density
of states was formed at about one-fourth of the band gap from the VB and had
a peak like distribution with a maxima at 0.87 eV above the VB. The hole traps

concentration was also calculated using following equation[17, 18]

Ntotal:/g(E>dE

that came out to be 1.43x10' cm™2.

Then, the effect of laser light (532 and 405 nm) at a fixed power on the work
function of this sample was studied with the help of KPFM at room temperature
using conducting tip (Model: SCM-PIT-V2).[19] The KPFM measurements were
performed at laser power of 7.7 mW since the maximum photoresponse was observed
at this laser power. The work function of the sample was measured first in dark and

then under illumination with the laser light of different wavelengths.

Figures 6.4(a-c) show the KPFM images of the bombarded sample with
carrier density 4x10'* ¢cm™=2 obtained in dark and under illumination of laser light
A=405 and 532 nm respectively. The change in the contrast of KPFM images
depicts the change in the work functions of bombarded and illuminated samples.
To visualize the change of the work function for each wavelength more clearly, the
corresponding laser lights were turned on in the middle of the KPFM scans. The
sharp contrast of KPFM images in both panels in Fig. 6.4(d) signals the change
in the work function upon excitation with laser light. Figure 4(h) shows the line
scan of the work function along the arrows marked in Fig. 6.4(a) and (d) in
corresponding color. The scan line presented in black dotted line in Fig. 6.4(h) is
the work function of bare KTO.

From KPFM results, the work function of an unbombarded KTO was found
to be 5.5 eV (black dotted line in Fig. 6.4(h)) and the work function of the
bombarded KTO was calculated to be 5.25 eV.[19, 12] Hence, for Art bombarded
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KTO, the Fermi level moved towards the CB edge by 0.25 ¢V from the middle of
the band gap but it remained in the band gap.[12, 20, 21] This is confrontational
to the fact that the sample was conducting down to 2 K (see Fig. 6.5(a)) with
electrons being the charge carriers, suggesting that the Fermi level should reside
in the CB (schematically depicted in Fig. 6.5(b)), rather than in the band gap.
Figure 6.5(c) depicts the schematic of KPFM measurement on Ar™ bombarded
KTO. The KPFM measurements performed under laser lights of wavelengths 532
and 405 nm suggest the work functions to be 5.22 and 5.20 eV respectively. Thus
the excitation with laser lights shifts the Fermi level towards CB by several tens

meV. However, the Fermi level never lies inside the CB.

To explore about this non-trivial phenomenon, we performed controlled KPFM
experiment on three different types of STO systems. We took pristine STO, Ar™
bombarded conducting STO and Nb-doped STO. For pristine STO, KPFM measure-
ment suggested that the Fermi level was lying at the center of the band gap (E,=3.2
eV). For Art bombarded STO, KPFM results showed that the Fermi level moved up
by 0.25 eV and hence, it was still in the band gap. This was similar to what we had
observed for Art bombarded KTO (Fig. 6.5(d)). But for a uniformly chemical
(Nb) doped conducting STO, KPFM measurements revealed that the Fermi level
had moved upward by 1.7 eV which suggested that the Fermi level was lying in the
CB. These observations suggested that the non-agreement between transport and

KPFM measurement was special for Ar™ bombarded conducting samples.

The discrepancy observed in the transport and KPFM measurement of Ar™*
bombarded KTO could be brought into the agreement if interconnecting narrow con-
ducting patterns were formed on KTO sample, keeping a considerable amount of area
insulating. A possible surface morphology is schematically shown in Fig. 6.4(c).
Creation of such patterned oxygen vacancies had already been observed on STO
samples.[22] As illustrated in the picture, if macroscopic measurements like conduc-
tivity are performed then the presence of insulating islands in between conducting
paths might be hindered suggesting the sample to be completely conducting. But
at the same time, when local measurements such as KPFM are performed then the
intermedia of both the regions come into picture and an average effect is observed.
In particular, for the KPFM measurements of such sample, where the conducting
parts try to bring the Fermi level into the CB, the insulating parts try to keep it in
the mid gap. The average observed result is that the Fermi level still resides in the

band gap but moved up towards the CB.
We also performed the AFM of the unbombarded and bombarded samples to
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Figure 6.4: (a-c) KPFM images of bombarded, illuminated with 532 and 405 nm

2 respectively. (d) KPFM

KTO samples with charge carrier density 4x10* cm™
images: Top and bottom, where light (532 and 405 nm) is shinned in the middle of
scan in dark. (e-g) The schematic band diagram of bombarded (in dark), illuminated
with 532 and 405 nm wavelengths as observed from KPFM respectively. (h) Work
functions of KTO sample for different cases (a-c) along the arrow shown in the

KPFM images. The black dotted line shows the work function of bare KTO.

look carefully at the surface topography. We found strip like patterns on the bom-
barded surface along (100) and (010) crystallographic directions, as can be seen in
Fig. 6.5(f). The strips form a zig-zag pattern on the bombarded KTO. While, the
surface of unbombarded KTO is smooth and has no pattern (Fig. 6.5(e)). These
results suggested that conducting channels had been formed along some preferential
directions ((100) and (010)) due to defect formation upon Ar* bombardment. These
channels were interconnected but had non-conduction areas in between. When bulk
property, such as transport is measured, it suggests that the sample is conducting.
But a local measurement such as KPFM, that can also look into the non-conducting
regions give the information about the percolating conducting channels. On anneal-

ing the bombarded KTO in air, the patterns formed vanish and the surface becomes
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smooth similar to the bare KTO, as can be seen in Fig. 6.5(g). It had also been
reported in case of Ar™ bombarded STO that oxygen vacancies are formed along
some preferential direction.[22] The KPFM measurements under laser lights sug-
gests that upon shinning the light, the charge carriers are pumped to the already
conducting channels from the defect states created beneath them and contribute in

the photoconductivity.
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Figure 6.5: (a) Temperature dependent sheet resistance for the sample with charge
carrier density 4x10' ecm™2. (b) According to conductivity measurement schematic
band diagram shows Fermi energy lying in conduction band. (c) Schematic of KPFM
measurements on Ar™ bombarded KTO single crystal. (d) Schematic band diagram
drawn with KPFM results. Topographic AFM image of (e) Bare KTO (f) After Ar*
bombardment (Scan angle-45°) and (g) After annealing bombarded KTO in air.

6.4 Conclusion

In conclusion, we found that conductivity created on the surface of Ar™ bombarded
KTO through oxygen vacancies is not uniform. Defects are created along some
preferential crystal directions and are connected to each other producing conducting
channels on the surface. Photoconductivity measurements under daylight as well as
laser light with wavelengths 633, 532 and 405 nm suggest that the photoresponse
consists of two processes having two time scales: one is promotion of electrons from
defect states created along the preferential directions on the surface of bombarded
KTO and another is that from the VB as well as defect states to the CB. The defect

2nm

-2nm
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states calculated from the slow relaxation data show a peak like distribution with
maxima at 0.87 eV above the VB. Predominant photoconductivity occurs mainly in
the already conducting channels. Our observations demand a detailed and advanced
surface as well as structural study of this interesting polar material that may hosts

low dimensional conducting electron with strong spin-orbit coupling.
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Chapter 7

Electrostatic memory in KTaO5

7.1 Introduction

As discussed in the previous chapters, transition metal oxides have gained a lot of
interest in the past few years because of their prospective applications and imple-
mentation in the emerging field of spintronics.[1, 2, 3, 4] The discovery of 2DEG at
the interface of perovskite oxides LAO-STO in 2004 and possibility of realization
of Rashba type spin splitting in such oxide heterointerfaces drew great attention
towards this class of materials for spintronics based devices.[5] Also, observation of
novel phenomena like giant magnetoresistance, superconductivity and anomalous
Hall effect etc. in these oxides made them the most suitable candidates for such
applications.[6, 7, 8, 9, 10] In addition to all this, their credibility was further en-
dorsed by the fact that their conductivity can be tuned over a wide range and these

structures can be scaled even to nano dimensions.[11, 12]

In the present day scenario, the advancement in technology has further eased
down the process and has enhanced the usability of oxides. Recently, researchers
have used atomic force microscopy (AFM) to write nano-electrical domains on
the oxide heterostructures.[13, 14] This has extended their applicability to nano-
electrostatic storage devices. Charge writing on LAO-STO interface has been
reported.[15, 16, 17, 18] Other heterointerface such as LVO-STO has also been tried
for charge writing and has shown similar results as LAO-STO.[19] Some other oxide
thin films have also been tried for electrical domain writing over the years.[20, 21, 22]

Realizing electrostatic memory on the surface of oxides with strong spin-orbit cou-
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pling like KTO may open up new possibilities in terms of additional degrees of

freedom to control in the field of nano-electrical storage systems.

In this chapter, we have realized the writing and erasing of ”electrostatic mem-
ory” on the surface of conducting KTO using a biased conducting AFM tip. The
written signal (phase difference between written and unwritten region) on KTO
is around 3 times more than previously studied systems among perovskite oxides.
Kelvin probe force microscopy (KPFM) measurements suggest writing pattern ei-
ther accumulates or depletes electrons at the written region from the surrounding
electron sea or re-distributes oxygen vacancies in the system depending upon the
sign (positive or negative) of applied voltage on the tip. Magnetic force microscopy
detects the appearance of a magnetic field when charge writing was done in a dipolar
configuration. This may open up opportunities in the field of nano-electric devices

for magnetic sensor applications.

7.2 Experimental Details

For the current study of exploring charge writing on KTO, we took oxygen vacant
KTO (001) single crystals prepared by bombarding them with Ar™ ions as reported
in previous chapter.[23] The samples were conducting due to the formation of oxygen
vacancies at the surface of the single crystal. Two different samples S1 and S2
were used, one bombarded for 20 minutes and the other for 5 minutes. The room
temperature two probe resistance and charge carrier density of the samples were 30
kQ and 2 M and 5x10* cm™2 and 1x10'® cm™2 respectively.

7.2.1 Electrical domain writing

Conducting AFM tip (SCM-PIT-V2) having Ptlr coating was then used to induce
extremely small electrically active charge domains on the surface of KTO using
Bruker Multimode-8 AFM. The structures were written by scanning the tip in con-
tact mode over an area of 2um x 2um. DC bias was applied to the tip (Vy,) and
the samples were grounded as shown in Fig. 7.1(a). Then the written structures
were read by scanning the tip over an area of 6um x 6um using electrostatic force
microscopy (EFM) mode of AFM. In this mode, the written structures are read
by applying zero, positive and negative bias to the tip. The charge present on the

sample exerts coulombic force of attraction or repulsion on the biased tip depending
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Figure 7.1: (a) Schematic of the writing geometry with biased AFM tip. (b)-(c)
Schematic of the motion of tip when negative charge written on sample is read
using positive or negative tip bias. (Below) AFM images of the phase change on

reading with positive and negative tip bias applied.

on the nature of charge and the polarity of the tip reading voltage (V). This in
turn changes the amplitude, phase and resonant frequency of the tip and the surface

charge is detected by observing change in any one of these parameters.

Reading with zero bias always yields a darker contrast in the EFM phase
image of the written region. This happens because the charge present on the sample
induces charge of opposite polarity on the tip which results in bending of the tip
due to coulombic forces of attraction between the tip and the written region. This
observation reveals the presence of charge on the surface. In our case, we got similar
darker contrast in the region written with -8V tip bias. The nature of the charge
is detected by alternating the polarity of the reading voltage. In our case, reading
with positive voltage, yielded a darker contrast in the phase image (Fig. 7.1(b))
indicating the presence of negative charges in the written region. Reading with
negative voltage, repelled the tip and gave a brighter contrast in the phase image
confirming the presence of negative charges in the written region (Fig. 7.1(c)). It
was observed that it was not possible to write charge on bare KTO sample which is

completely insulating but once the sample was made oxygen vacant and had mobile
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Figure 7.2: Phase change vs. tip writing voltage plot for oxygen vacant KTO samples
and other STO based samples. (Inset) EFM phase images of sample S2 with charge
written using -6V, +6V and read by -2V.

charge carriers, writing electrical domains was possible. Figure 7.2 shows the phase
vs. tip bias voltage plot for S1 where charge was written using Vy;, in the range of
+ 10V in steps of 2V and V,. is -2V. It was observed that there was an asymmetry
in the phase change of the written region with respect to the polarity of the writing
voltage which was in accordance with the observations in earlier reports.[16] We also
tried to write on the other KTO sample (S2) which had less charge carrier density.
But it was observed that the amount of the charge carriers had no effect on the
writing ability. The phase change of the written region for writing voltage of -6V

was almost same (13°) in both the cases as shown in Fig. 7.2.

The phase change in the written region of KTO was compared with some other
perovskite oxides based systems like Ar™ bombarded oxygen vacant STO, interface
conducting heterostructures of LVO-STO and LAO-STO. It was found that KTO
has much larger phase change in comparison to any other perovskite oxide based

systems for the same writing voltage of £ 6V as shown in Fig. 7.2.
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Figure 7.3: (a) (Bottom panel) Phase image of region written with +5 V and erased
using -0.4 V. (Upper panel) Line profile of the phase image along the blue arrow. (b)
(Upper panel) EFM phase image showing continuous writing and erasing in boxes
of decreasing dimension: (Left image) after 3 cycles, (Right image) after 5 cycles.
(Bottom panel) shows the phase response of the written region as a function of

number of cycles of writing and erasing.

7.2.2 FErasability of written domains

The beauty of writing charge on KTO samples by AFM tip was that we could also
erase the charge simply by applying opposite polarity voltage to the tip. It was found
that the written structures on KTO could be erased and rewritten a number of times.
Another observation was that due to the asymmetry in the response of the sample
corresponding to the polarity of the writing voltage, very less magnitude of negative
bias was required to erase the region written with positive voltage. For example,
only -0.4V was required to erase the region written with +5V. By identifying the
erasing voltage the written structures could be erased as required. Figure 7.3(a)
shows the EFM phase image of a 6pum x 6um square written using +5V and erased
region of 2um x 2um using -0.4V. Top panel shows the line profile of the phase
image along the blue arrow. It can be clearly seen that the erased region has the
same phase as the unwritten region. Figure 7.3(b) top panel shows the shows the
EFM image of consecutively written and erased boxes of decreasing dimension: (left
image) boxes written with +5V and erased with -0.4V after 3 cycles, (right image)

after 5 cycles. Lower panel shows the phase response of the written region as a
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funtion of number of cycles of writing and erasing. The topmost smallest box in the
EFM phase image is written and erased for 5 times and yet shows the same phase
change as the box written for the first time. The ease of writing and erasing the

written structure is a crucial thing for any memory devices.
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Figure 7.4: (a) Surface potential image of bombarded KTO S2 with no charge
written region. (lower panel) its band diagram showing the movement of fermi level
(E}) towards C.B. due to presence of oxygen vacancies. (b) and (c) Surface potential
image of S2 with positive charges and negative charges written using +6V and -6V
respectively. (lower panels) Band line-up showing movement of fermi level (Ej)

towards V.B. for +6V and towards C.B. for -6V written regions.

7.2.3 Surface potential changes in written regions

Also, to probe the surface potential changes in the written nano-electrical domain re-
gions, we performed KPFM measurements. Figure 7.4 shows the surface potential
images of unwritten bombarded KTO (52), KTO having regions written with +6V
and -6V. The surface potential of the region written with +6V was found more and
that of the region written with -6V was found to be less than the unwritten region
indicating the presence of localized positive and negative charges in the two cases
respectively. KPFM measurements were also used to estimate the work function
changes in the written regions. The position of the fermi level in the sample was
determined by firstly calibrating the work function of tip w.r.t standard sample of

gold (work function 5.1 eV). Then, using contact potential difference (CPD) value
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obtained from surface potential image, work function of KTO sample was calculated
using equation @gqmpe = P + CPD. Lower panels in the Fig. 7.4 (a)-(c) show the
band line-up of the unwritten and written regions. The work function calculated for
unwritten region was 5.78 eV which is accordance with the previous reports.[23] The
fermi level of the region written with +6 V moved towards valence band (V.B.) and
the calculated work function of 6.22 eV confirmed the presence of positive charges
(or electron depletion) in the written region. The fermi level for -6 V region moved
towards conduction band (C.B.) similar to the n-doped systems and had the work
function of 3.40 eV confirming the presence of localized negative charges accumu-
lation in the written region. There are two possible mechanisms which had been
proposed for the charge writing phenomenon in STO based systems. Where one
mechanism suggests the adsorption of Ht and OH™ ions over the written regions,
the other suggests the formation and re-distribution of oxygen vacancies depending
on the polarity of the writing tip bias.[17, 24, 25] In our KTO case, the work function
behavior appears very similar to that reported for STO charge writing case where
an enhancement in local conductivity had been observed under the application of
negative bias and the work function is found to decrease.[25, 26] In our case, we
have also seen that charge writing is possible only for the reduced samples. These
observations suggest that the possible origin of charge writing in KTO might be

formation and re-distribution of oxygen vacancies.

7.2.4 Emergence of magnetic field from electrical domains

Then to check the possible emergence of magnetic field, the normal conducting
tip was replaced with magnetic tip (model: MESP) for reading the phase change.
The charges were written in two different configurations (monopole and dipole). In
monopole configuration, a square was written with -8 V applied to the tip and then
the written region was read as a function of time using a magnetic and non-magnetic
tip separately with no tip bias applied. In dipole configuration, two rectangles of
lpm x 2um each were written in contact with each other using -8 V and +8 V as
shown in Fig. 7.5 and were read as a function of time using magnetic and non-
magnetic tip. Several continuous scans were run for about 140 minutes and phase
change was monitored for each scan. It was observed that for dipole configuration,
while reading with non-magnetic tip, the interaction for positive and negative charge
region was attractive. The attractive forces were due to induction of opposite po-

larity charge on the tip. The phase change in this case simply decayed with time as
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Figure 7.5: (a) and (b) Time dependent phase images of the nano-electrical domains
written in dipole configuration read by using a non-magnetic and magnetic tip re-
spectively. (c) and (d) Time dependent phase images of the nano-electrical domains
written in monopole configuration read by using a non-magnetic and magnetic tip

respectively.

shown in AFM images of Fig. 7.5(a).

On the other hand, when dipole configuration was read with magnetic tip,
the nature of interaction of the negative charge region, which had dark contrast
(referring attractive interaction between tip and written region) in the beginning
turned brighter (repulsive) with time. The contrast completely flipped after 40
minutes and then decayed with time. The time evolution of the phase change is
shown in Fig. 7.5(b).

This was really surprising and to explore more, when we read the monopole
configuration (i.e. charge written with only -8V) using both non-magnetic and
magnetic tips, we found no phase polarity change even with magnetic tip. The
phase simply decayed with time in both the cases as shown in AFM phase images of

Fig. 7.5(c) and (d). The normalized phase change of the negative charge region for
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Figure 7.6: (a) Normalized phase change vs. time plot for the negative charge region
of monopole and dipole configuration read using non-magnetic and magnetic tips.
(b) Schematic presentation of possible mechanism behind repulsion of magnetic tip

by charge written in dipole configuration.

Figure 7.7: Time dependent phase images of dipole configuration written on Ar™

bombarded STO and read using magnetic tip.
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the above four cases is plotted as a function of time in Fig. 7.6(a). It can be seen
from the figure, when the dipole configuration is read using magnetic tip (D-MT
case), the polarity of the phase measured at the center of the negative charge region
flips from negative to positive and then decays. While, for the other three cases:
dipole configuration read using non-magnetic tip (D-NMT), monopole configuration
read using magnetic and non-magnetic tip (M-MT and M-NMT respectively), the

phase simply decays towards zero.

A possible explanation of this observation can be a flow of electrons on the
surface of the sample with dipole configuration of nano-electrical domains with the -
8 V region acting as the source of electrons while the +8 V region as the sink. Then
in between 48 V and -8 V written regions, a net electric current may flow that
produces a magnetic field which will exert a repulsive force on the magnetic tip and
not on the non-magnetic tip. We have tried to present this situation schematically in
Fig. 7.6(b). No repulsive force is experienced in the monopole configuration even
on using magnetic tip because in this case, electric charge is flowing equally in all
directions producing no net current and hence magnetic field. But typically, the flow
of charge carriers from the -8 V region to +8 V region should subside within a few
picoseconds and result in a fixed space charge layer with no further charge transfer
between the two regions. Also, the current and hence the magnetic field might be
too small to exert any significant force on the magnetic tip. Another possibility
that might explain the observed experimental results is the oxygen vacancy re-
distribution on writing with opposite polarity voltage. This may produce a net

magnetic moment resulting in repulsion of the magnetic tip.

To further check if this phenomenon is common to other perovskite oxides
as well, we did similar experiment on Ar™ bombarded STO by writing in dipole
configuration and reading with magnetic tip. Surprisingly, no flip in the polarity of
the phase of the -8 V written region was observed. The phase simply decays over
time as shown in Fig. 7.7. This suggests that the flipping of the polarity of the
phase is a unique property of KTO and might be related to the interplay between
the strong spin orbit coupling of KTO and the defect-redistribution.

Figure 7.8 shows the pincode of Institute of Nano Science and Technology
(INST), Mohali (160062) written in binary form of KTO single crystal by applying
opposite polarity writing voltage for 0 and 1.
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Figure 7.8: Pincode of INST (160062) in binary form written on KTO using tip bias
voltage of opposite polarity for 0 and 1.

7.3 Conclusion

In conclusion, we have written nano-electrical domains on the surface of oxygen
vacant conducting KTO. The written signal on KTO is around three times more
than that reported in other perovskite oxide systems. KPFM measurements reveal
that charge writing is predominantly electron accumulation or depletion process due
to re-distribution of oxygen vacancies. Magnetic force microscopy could detect the
generation of a magnetic field produced in absence of an external voltage, when
charge writing was done in a dipolar configuration. A control experiment on STO
suggest that this generation of magnetic field might be unique for KTO. Our obser-
vations may pave a way for spin-charge based nano-electronic devices and sensor for

magnetic nano-structures.
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Chapter 8

Summary and Future Scope

8.1 Summary

Transition metal oxides are the potential candidates to be explored for enhanced
properties and greater integrability for future generation electronic devices. The
vast spectrum of exotic properties of oxides even make them interesting for realiz-
ing and understanding the different physical phenomena fundamentally. This thesis
work is a step towards the realization of an all-oxide spin-transistor. In this thesis,
we have focused on perovskite oxide (KTO) with strong spin-obit coupling and have
realized its conducting interface with other perovskite oxide (LVO) which can be
used as a channel material of the spin-transistor. This interface is found to host
many emergent phenomena like Rashba spin-splitting, highest spin-orbit coupling,
anisotropic magnetoresistance and planar Hall effect which not only open opportu-
nities for devices with enhanced properties but also make this interface a hunting
ground for exploring the physical phenomena and building up our understanding

about these processes.

Since this thesis mainly deals with oxides and their use in spintronics, in first
chapter, we have introduced the different properties of oxides which make them the
suitable candidates for future generation electronic devices. We have also given an
overview of the spitronics, its basic principle-the Rashba effect and explained about
the functioning of a spin-transistor in this chapter. Also, we have briefly touched on
the thin-film growth technology and discussed how it can be used to make all-oxide

spintronic devices. We have also introduce the formation of two dimensional electron
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gas at the interface of oxides and discussed their possible mechanisms. Then, we
have focused on the properties of KTO which is the key player of this thesis work
and have discussed the work done on KTO in the past. In the second chapter,
we have discussed the different experimental techniques used for the completion of
thesis work. The detailed working of pulsed laser deposition technique which was
used to grow the heterostructures of LVO-KTO is explained. The various growth
parameters and their optimization is discussed in this chapter. Also, RHEED- the
technique to monitor the thickness and quality of the films is described. We have also
discussed the basics of surface and structural characterization of the samples done
using AFM and XRD respectively. Other than these, the electrical and magneto-
transport measurements by physical property measurement system are discussed.
Also, other measurement tools like DPSS lasers and the source meters are introduced

in this chapter.

As the foremost step to make thin film heterostructures is the substrate prepa-
ration, in the third chapter, we have discussed the procedure to prepare the KTO
substrates. To realize the conducting interface between two insulating oxides, the
terminating layer of the substrate plays a crucial role. Hence, we have discussed an
indigenously developed non-corrosive method of attaining single (TaO;) termina-
tion of the KTO substrate. Using the high temperature annealing method followed
by DI water etching, we have shown that we were successful to attain the singly
terminated KTO substrates. Also, as the oxygen vacancies modify the electronic
band structure of the oxides greatly, in the second part of the chapter, we have
discussed the effect of oxygen vacancies on the band structure of KTO. For this
study, we have intentionally created oxygen vacancies in the KTO single crystals by
Ar™ ion bombardment and studied their effect on the work function and band gap
of KTO. Through our experimental optical spectroscopy measurements and KPFM
measurements along with first principle DF'T based theoretical simulations, we have
presented a band line-up of the KTO single crystals showing the effect of oxygen

vacancies.

In fourth chapter, we have discussed in detail the fabrication of oxide het-
erostructure of LVO-KTO. The growth parameter optimization and the variation of
the electrical properties of the heterostructure with the variation of the thickness
of the LVO film is discussed. The interface made out of two insulating oxides is
shown to be conducting as a function of the thickness in accordance with electronic
reconstruction mechanism of the interfacial conductivity. The quality of the LVO
films is discussed using RHEED, XPS and XRD measurements.
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In the fifth chapter, we have shown the magneto-transport measurements per-
formed on the LVO-KTO heterostructure. From the out-of-plane magnetoresistance
measurements, we have shown that the interface has the highest spin-orbit coupling
strength among all perovskite oxides reported so far. The chapter also shows the
non-trivial anisotropic magnetoresistance and planar Hall effect observed for this
interface when magnetic field is applied in the current carrying plane of the sample.
These observations are generally observed for the magnetic or topological systems
and are predicted for systems with Rashba spin bands. Our theoretical model based
on Rashba spin-split bands in LVO-KTO is able to capture our experimental obser-
vations at low magnetic fields giving us evidence of presence of Rashba type spin
splitting in the system. This chapter discusses the topological characteristics of the
electronic bands of the heterostructucture and shows the signature of chiral anomaly
as observed in the topological materials having different charge carriers with opposite
chairalities. The observation of these emergent phenomena in a heterostructure of
simple cubic perovskite oxides is really exciting and open up a pool of opportunities

to be explored using this heterostructure.

The sixth chapter discusses the photoresponse of the oxygen vacant KTO under
daylight illumination and under monochromatic laser light of different wavelengths
405 nm (equivalent to the band gap), 532 nm and 633 nm (less than the band gap
of the material). The dynamics of the photoresponse of the KTO single crystals is
discussed and the response times are calculated as a function of the charge carrier
density of the samples. Using these photoconductivity measurements, the position
of the defect states in the band gap of the system is probed. It is found that the
majority of the carriers are excited from the defect states present 0.87 eV above the
valence band of the system. In addition to this, the resistivity measurements coupled
with KPFM measurements are used to know about the preferential directions of the
oxygen vacancy formation in the system. A cris-cross pattern along (100) and (010)
crystallographic directions is observed on the surface of oxygen vacant KTO samples

suggesting the creation of oxygen vacancies in these preferred directions.

Seventh chapter discusses the applicability of KTO for memory device appli-
cations. In this chapter, we have shown that nano-electrical domains can be written
on oxygen vacant KTO using conducting AFM tip. The written structures can also
be erased infinite number of times making KTO useful for storage device applica-
tions. The writing ability of KTO is found to be three times more than that of
STO. The KPFM measurements suggests that writing pattern either accumulates

or depletes electrons at the written region from the surrounding electron sea or
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re-distributes oxygen vacancies in the system depending upon the sign (positive or
negative) of applied voltage on the tip. Magnetic force microscopy detects the ap-
pearance of a magnetic field when charge writing is done in a dipolar configuration.
This may open up opportunities in the field of nano-electric devices for magnetic

sensor applications.

8.2 Future Scope

With the emerging development in the field of technology, there is a great scope to
unfold the mysteries of nature using simple systems as oxides and to utilize their
exotic properties for device applications in our daily life. As mentioned earlier, this
thesis work for the fabrication of polar-polar oxide heterostructure with insulating
oxides having strong spin-orbit coupling is the first step towards realization of an
all-oxide spin-transistor. The heterostructure LVO-KTO can be used as the channel
material of the spin transistor but further work needs to be done to explore for fer-
romagnetic oxides to be used for source and drain of the transistor. Then a detailed
study for optimization and characterization of the heterojunction of the source/drain
oxide with LVO and KTO needs to be done so as to attain the impedance matching

condition/current flow across the different heterojunctions.

Another possibility is to fabricate a heterostructure of LVO-KTO and induce
spin-polarized 2DEG at the interface by depositing another ferromagnetic oxide
above LVO which can induce ferromagnetism at the interface by proximity effect.
This scheme may cut down the number of heterojunctions to be studied for contin-

uous current flow through the device.

Another work which needs to be done in continuation of this thesis is to ex-
plore and understand the band structure of the heterostructure LVO-KTO thor-
oughly. The study of evolution of the band structure or the crossing point of the
Rashba spin bands on application of the magnetic field of increasing magnitude is
really crucial to understand the experimental results obtained for in-plane magne-
totransport measurements. The appearance of 4 fold oscillations and deviation of
PHE amplitude from B? dependence at high magnetic fields is still an unanswered
question in this thesis. The complete analysis of the band structure evolution of the
heterostructure on application of magnetic field can give the answers. Also the sig-
nature of chiral anomaly observed in our magnetotransport measurements demands

more practical explanation. The spin-texture or the Rashba spin-splitting in LVO-
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KTO can be studied using angle resolved photoemission spectroscopic (ARPES)
measurements. Also, transmission electron microscopy (TEM) measurements can
give a detailed understanding of the heterointerface and can also shed light on the

exact mechanism behind the interfacial conductivity in this heterointerface.

Further, tuning of the spin-orbit coupling strength as a function of charge car-
riers can be studied using external gate voltage and its effect on the Rashba physics
of the heterostructure can be explored which may further enhance the applicability

of this heterostructure for device applications.

Other than this, since LVO has photovoltaic properties, studying the photore-
sponse of LVO-KTO heterostructure would be really interesting. Also, the dynamics
of the charge carriers of the 2DEG at the interface of LVO-KTO can be explored

using ultrafast spectroscopy.

In addition to the LVO-KTO heterostructure, further studies should be carried
out to understand the exact mechanism behind the charge writing phenomena on
the oxygen vacant KTO samples. More experiments to determine the time scales
of the written structures should be performed. Experiments to further enhance
the efficiency and towards practical implication of the electrostatic memory devices

using oxides should be performed.

Simple cubic transition metal perovskite oxides with strong spin orbit coupling
are a store house of emergent properties which have started making their mark as
alternative materials for electronic device applications. Their further utilization can
revolutionise the entire field as they are not just alternative materials for different
applications but also, they offer a vast range of alternative mechanisms to achieve
a particular target. This increases the degrees of freedom to tune the desired prop-
erties. Hence, oxides should be utilized to their fullest as they are the future of the

next generation electronic devices.
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