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Chapter 1

Introduction

1.1 Beyond Moore

In the last three centuries, mankind has beheld industrial revolutions grow-
ing from new discoveries in science and technology. In the mid-twentieth
century, a digital revolution was witnessed with the discovery of electronics
in the form of transistors and semiconductor technology. Within a decade of
the first transistor being demonstrated, Gordon E. Moore suggested that
“the future of integrated electronics is the future of electronics itself”[1].
This statement is still applicable today and led to the well-known Moore’s
law that states that the number of transistors on a chip will double every
two years. Moore’s law has been a source of continuous innovation and
technology for many decades[2]. In the past 50 years, we have benefited
from an increasing number of electrical components in an integrated circuit
enabled by downscaling and increasing computational power.
However, such miniaturization of circuit components faces a bottleneck.
As the size limits of modern manufacturing approaches that of transistors,
devices are susceptible to quantum mechanical effects leading to charge
tunneling, increasing leakage current and cross-talk between neighboring
transistors, large power consumption, thermal dissipation etc. As the fun-
damental limits of downscaling are approached, new technologies are arising



Chapter 1. Introduction

that circumvents size limitations and promise “Beyond Moore” applica-
tions.

1.2 Spintronics

In the effort to find alternative, faster and more energy efficient electron-
ics, spin-based electronics, also known as “spintronics,” has been a focus of
research for more than two decades. In spintronics, the spin angular mo-
mentum carried by each electron is used for information storage and ma-
nipulation. Since the discovery of giant magnetoresistance (GMR) in spin
valve devices in 1988, for which the Nobel Prize in Physics was awarded to
Albert Fert and Peter Grunberg in 2007, spintronics have been a stimulat-
ing research field in both academia and industry.
The rich physics associated with the underlying mechanism of observed
magnetoresponses with external field was first observed across a multilayer
stack of alternating thin layers of Fe and Cr, constituting a spin valve
device. With varying magnetic field, the relative magnetization of the fer-
romagnets (Fe in this case) are altered, leading to a large change in the
charge resistance[3, 4]. This resistance can be stored as a bit, hence paving
the way for the downscaling of non-volatile memory elements in electronic
devices. This is how spintronics has found application in design of the mag-
netic read-heads of hard disk drives and magnetic random access memory
(MRAM)[5]. Later, GMR variation was further strengthened by adding
a thin insulating film between two ferromagnets (spin polarizer/analyzer)
leading to an even larger magnetoresponse known as Tunneling Magne-
toresistance (TMR). This is the basis of non-volatile memory and MRAM
technology.
So far, spintronics is based on the flow of spin polarized charge carriers due
to an application of charge current. Hence, the transport of spins requires
lower power compared to the flow of electrons. This idea has led to the
realization of spin transfer of torque random access memory (STT-RAM),
which is a fast and efficient way to switch the magnetization in ferromag-
netic layer by spin polarized current. Realization of STT-RAM technology

2
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n / p - Si / SiO2

Source Drain

VG (Gate) 

Thin 2D semiconducting channel

VG = 0 (ON) 

VG > 0 (OFF) 

Metal
Insulator (Oxide)

Figure 1.1: A schematic illustration of a Spin Field Effect Transistor (SFET).
This consists of a three terminal configuration with source and drain being the
injector and detector. The third terminal acts as the manipulator, that exerts an
electric field (VG > 0) across the 2-dimensional electron gas (2-deg) channel and
gradually dephases the spins that are flowing across the channel leading to a zero
detection or OFF state, which was initially an ON state before any bias (VG = 0)
was applied to the third terminal. This mimics a FET operation where the third
terminal can be thought of as the gate voltage. the idea of this sketch is adapted
from [11, 12].

supplemented by the idea of vertical stacking of conventional CMOS with
memory and logic is nowadays the state-of-art for low power consumption
and high-density non-volatile memory applications[6–10].

Driven by the success of spintronics, significant interest has been shown
in the manipulation of data stored in logic-based applications. This has
created research opportunities in the integration of memory and logic op-
erations in complementary metal-oxide semiconductors (CMOS) architec-
tures. The advantages of vertical stacking of CMOS with spin based logic
and memory, the non-volatile nature of spin states, and the effective and
faster switching of spin / magnetization states (order of GHz for ferromag-
nets and THz for antiferromagnets), laid the foundation of spintronics: in
metals[13]; semiconductors; two-dimensional materials such as graphene[14,
15]; transitional metal dichalcogenides[16]; and, very recently, in magnetic
insulators[17–19].
One of the important proposition on the possible integration of non volatile

3
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data storage with logic operation is the Datta - Das Spin field effect Tran-
sistor (SFET)[11, 12]. Fig. 1.1 shows a schematic of the operation of such
transistor. It constitutes of 3 terminal leads of source, drain and gate,
similar to the working principle of a field effect transistor. The injected
spin polarized current via source, introduces spins to the 2-Dimensional
electron gas (2-DEG) channel shown in yellow. In the channel, the phase
of the spins are disturbed by the gate channel that introduces an electron
field that results in an effective magnetic field in the reference frame of the
diffusing spins in the 2-DEG channel. This causes a spin dephasing and
no response is detected in the Drain. This is considered as the OFF state.
But if the gate voltage was not applied, the spins flow undisturbed along
the channel and is detected as a spin voltage response at the drain which
is an ON state. This proposition highlights the consideration of an electric
field manipulation of spin transport which in conventional semiconductor
system is not demonstrated. This has opened a research opportunities to
look for semiconductors with tunable electronic properties.
This thesis explores the possibilities of efficient spin injection-detection in
semiconductors and in magnetic insulators. A summary of the earlier at-
tempts of spin injection-detection is presented below.

1.2.1 Spin Injection-detection in semiconductors

The key cornerstones of semiconductor spintronics are: (i) creation of spins,
(ii) manipulation of spins across the semiconducting channel, and (iii) de-
tection of spins. In the beginning, spin injection in semiconductors was
achieved by electrical means on silicon. But the spin detection was done
optically, using a Light Emitting diode (LED) structure, where the circu-
larly polarized luminescence is produced when the injected spin-polarized
carriers recombine[21–24]. All electrical means of spin injection-detection
was realized by Appelbaum et. al. by sourcing hot electrons (with an
energy higher than the Fermi energy level, E ≥ EF + kBT ) through fer-
romagnetic thin films on Si[25]. However, hot electron approach had a
major drawback, i.e. the detection current was 10−4 times smaller than

4
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Current source Voltage Current source Voltage (Non-local)

p -type 

n -type 
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ct
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tunnel barrier 
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collector semiconductor

e-

h+

FM FM

Silicon Silicon

(1)

(2)

Silicon

injector detector

Figure 1.2: Schematic of different electrical methods for spin injection and detec-
tion in semiconductors, (a) shows spin injection by electrical means and detection
by optical LED, (b) sourcing hot electrons through ferromagnetic films into Si and
detection using the collector current. In the diagram (1) depicts the hot-electron
generation and (2) depicts the hot-electron detection, (c) electrical methods of spin
injection and detection using three (3T) terminal geometry. The broad central
electrode is used for both injection and detection, (d) spin injection and detection
using non-local (NL) four terminal method, where the spin is injected from the
ferromagnetic contact (FM) in the left and detected using the right ferromagnetic
(FM) electrode. This schematic is adapted from [20]
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the injection current. Spin injection-detection was further realized in n-
GaAs at low temperatures again by Lou et. al. In this case, they used a
non-local four terminal (NL-4T) electrical geometry for injection-detection
of spin signals[26]. This geometry ensures the detection of pure spin sig-
nals, without background charge related signals, and has demonstrated
spin injection-detection in graphene with a spin relaxation time as large
as 24 µm. The first electrical means of spin injection-detection in n-Si at
room temperature was realized by Dash et. al. by employing three terminal
(3T) electrical contacts[27]. The injector-detector consists of a ferromagnet
and a thin oxide tunnel barrier in order to prevent conductivity mismatch
problems. The various device schemes for spin injection-detection in semi-
conductors are shown in Fig. 1.2.
Since the first demonstration of spin signals in silicon at room temperature,
a lot of researchers have used the 3T geometry to detect spin voltage due
to the Hanle effect by applying a perpendicular magnetic field. This is an
effect where a coherent ensemble of spins that are injected into semicon-
ductor dephase due to applied magnetic field out-of-plane. More details on
Hanle effect is discussed in the chapter 2. There have been reports of spin
signals in GaAs[28, 29], Germanium (Ge)[30] using different spin injection
contacts (ferromagnets and oxide tunnel barrier). One of the advantages
of using the 3T geometry over NL-4T, is that it can detect spin accumula-
tion in semiconductors that possess low spin lifetime and relaxation length.
However, spin voltage obtained from 3T-geometry has its own drawbacks,
that are summarized as follows:
Importance of the junction : Spin transport / hopping, via interface
localized states that are likely to form across tunnel barrier /semiconduct-
ing interface, can lead to a large enhancement in the strength (amplitude)
of the Lorentzian Hanle responses[29]. Such enhancement in spin signals,
deviating from the linear spin injection theory and anomalous scaling of the
spin signals with junction resistance, has led to considerable debate about
the origin of the spin signals. It is possible that either a more thorough
theoretical understanding about the signals are missing or the signals do
not originate from spin accumulation[31–33].

Impurity assisted tunneling magnetoresistance (iaTMR) : Tx-

6
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Δμ 

Δμ 

Semiconductor

localised states

IDC

SC

- -+

FM/AlOx

VDC(a)

(b) (c)

Semiconductor
FM

FM

B

Figure 1.3: (a) Displays two major issues with spin injection-detection using three
(3T) terminal geometry. The issues essentially arises across the spin injection-
detection interface of a ferromagnet (FM) / AlOx on semiconductor (SC). (b)
shows the spin transport/hopping via localized states that eventually lead to
anomalous increase of detected spin voltages (adapted from [34]) (c) shows the
influence of local magnetostatic stray fields on spin accumulation.

operena et al. showed a new kind of magnetoresistance that occurs across
tunnel barriers that are grown with impurities[31, 35]. They report the
appearance of a Lorentzian magnetoresistance with both in- and out-of-
plane applied magnetic field. This kind of magnetoresistance is shown to
occur not only with ferromagnetic contacts but also with non-magnetic
contacts. This has created a huge amount of controversy within the 3T
community about the origin of spin signals. However, it is to be noted
that this kind of magnetoresistance occurs only when the tunnel barriers
are grown with defects. In the same paper, Txoperena et al. did not find
any spin signals with magnetic field across well oxidized tunnel barriers.
Other groups performed experiments across well oxidized Cu/SiO2/n-Si
and CoFe/Ta/SiO2/n-Si junctions[36]. These studies did not find any such
iaTMR effects but did observe Hanle effects. Moreover, Jansen et al. argued
that the spin injection devices that use thermally driven Seebeck tunneling
are not compatible with iaTMR theory[37, 38].
Interface roughness : In theory, by applying magnetic effects in-the-
plane of transport should not affect the spin accumulation as it points in

7
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the direction of the spin quantization axis. However, it has been shown
that interface roughness across the ferromagnetic / tunnel barrier can in-
duce local magnetostatic stray fields in the plane, that partially dephase
the spin accumulation leading to a Lorentzian lineshape with an in-plane
magnetic field. This is known as the “inverted Hanle effect”[34].
Junction limited spin lifetime: In many experiments, the spin lifetime
is reported to be smaller than expected from theory. This raises questions
on the reported spin lifetimes observed with 3T geometry. Is it the spin
lifetime of the bulk semiconductor, limited by spin injection contacts, or
the spin lifetime of interface states that is observed? The presence of an
inverted Hanle effect would indicate that the spin lifetime is limited by
magnetostatic fringe fields.
Electric field induced new spin transport phenomena : Due to
all the longstanding issues of three terminal (3T) geometry regarding the
origin of the detected signals, the realization of the proposition of Datta-
Das spin field effect transistor (SFET) is still elusive[11]. Not only the spin
detection signals but also the added functionalities and tailoring properties
required to achieve that, is missing in the conventional semiconductors.
This requires an extensive study and research on different material systems
for an investigation on the tunability of the spin transport parameters with
electric field and to unravel the mysteries and intricacies of spin transport.

1.2.2 Spin Hall effect and Magnonics

The last decade has witnessed a significant enhancement in the field of spin
orbitronics. Generation of spin current in non-magnetic materials by ap-
plying an electric charge current in a non-magnetic metal, is the spin Hall
Effect (SHE)[39–42]. Such generation of spin current in nonmagnetic ma-
terials, relies on the intrinsic spin-orbit interaction. Demonstration of SHE
and inverse-SHE (generation of detectable charge voltage from spin cur-
rent) assisted in the spin transport phenomena in magnetic insulators. The
transfer of information as a spin current generated from the excitation of the
quantized spin waves (magnons) across a magnetic insulator necessitates an
external stimulus, where charge current injection is not possible[17–19, 43].

8
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By engineering an interface with ’heavy’ normal metals on magnetic insu-
lators, it has been shown that it is not only possible to inject and detect
current in a magnetic insulator, but also the spin information can be carried
over long distances (orders of a micron) via excitation of magnons. This
observation led to a branch of spintronics called ’magnonics’ that deals with
the transport of spin current in magnetic insulators via magnons. Addi-
tionally, it is also demonstrated that locally the spin current from magnetic
insulators can be detected in the normal metal by Spin Hall Magnetore-
sistance (SMR) and Spin Seebeck effect (SSE). The former have been suc-
cessful in probing the magnetic ordering in a magnetic insulator[44–50] and
the latter bears the information of magnons in a magnetic insulator[51–
53]. Such local techniques provide understanding on the magnetic ordering
and orientations by electrical transport even without employing a non-local
contacts.

1.3 Complex Oxide thin films and bulk

The strongly correlated interplay of lattice, spin and orbital degrees of
freedom in complex oxide materials, has given rise to tunable physical
properties, both in bulk and in thin film heterojunctions, including mag-
netism, electronically rich two- dimensional electron gas (2DEG), high Tc-
superconductivity, ferroelectricity and multiferroics[54–57]. The general
chemical formula of complex oxide perovskite materials is ABO3, where A
is a metal (generally metals with smaller atomic number), B is a heavy
transition metal (3d-5d electron systems) and O3 is the oxygen octahedron
around the transitional metal B. Hence, this class of complex oxides is of-
ten called transition metal oxides or correlated oxides with a crystalline
structure of a perovskite. The materials belonging to this class of oxides
are generally insulating but can be made semiconducting / conducting by
chemical doping. An introduction to the materials that have been investi-
gated for spin transport in this thesis, is presented below.

9
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1.3.1 Undoped and doped SrTiO3

SrTiO3 (STO) is an insulator with a band gap of 3.2 eV and a conduction
band dominated by d-orbitals derived from Ti4+. Doping Nb5+ at the Ti4+

site results in an n-type semiconductor, Nb-doped SrTiO3 (Nb:STO), with
unconventional charge transport characteristics[58–60]. The electric field
modulation of εr in semiconducting Nb:STO provides a useful means of
tuning charge transport when a metal is interfaced with it[61–63].
Bulk STO is reported to have a large value of spin-orbit coupling (SOC),
typically around 10 meV[64–66]. The breaking of inversion symmetry at the
surface of STO results in a Rashba spin-orbit coupling that can be tuned
with electric field[67]. This kind of SOC is found in the 2-dimensional elec-
tron gas (2DEG) formed between LaAlO3 (LAO) and STO[55]. 2DEG is
desirable for spintronic applications as it offers the tunability of Rashba
SOC and the realization of Datta and Das Spin polarized field effect tran-
sistors (SFET)[11]. However, growing research in the field of 2DEG, has
demonstrated magnetism and different magnetic textures across such in-
terfaces that are detrimental to spin transport[68–70]. On the other hand,
doped STO, especially, Nb-doped STO, a commercially available substrate,
has shown promising spin transport properties. The strategic advantages of
selecting this material are: (i) the conduction band is populated by Ti 3d-
orbitals, that are more localized compared to s and p-orbitals and serves as
the core of spin-orbit coupling; (ii) the Rashba spin-orbit coupling arising
at the inversion broken symmetry can be modulated by electric field; and
(iii) the strong tunability of dielectric permittivity with temperature and
electric field, this happen because STO is a quantum paraelectric material.
The dielectric permittivity increases to around 30,000 at 4K and thereby
saturates due to setting in of quantum tunneling and suppressing a ferro-
electric ground state[66, 71]. As a consequence of the increasing dielectric
permittivity in STO, the donor levels in Nb:STO remains activated even
at low temperatures as the donor binding energy near the conduction band
is inversely proportional to the square of the dielectric permittivity[58].
Hence, Nb:STO experiences an absence of carrier freeze out at low tem-
peratures. This also enhances electron mobility at all temperatures that
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are important for realizing spins with longer spin lifetime. However, the
commercially available single crystalline substrates of Nb:STO are often
prepared with iron (Fe) impurities that limit the spin lifetime in Nb:STO.
Spin injection-detection across the semiconducting interface of Nb:STO was
shown for the first time using 3T geometry by Han et al.[72]. They em-
ployed a CoFe/MgO spin injection contact on Nb and La-doped STO and
found that the spin lifetime decreases with increasing doping concentration.
Increasing doping concentration increases the density of scattering centers
in the Nb:STO crystals and the displaced Ti4+ acts as magnetic centers.
This limits the spin lifetime in Nb:STO introducing additional dephasing
of spins. Moreover, spin lifetime in Nb:STO is larger than in La:STO as La
is a heavier atom compared to Nb. This results in additional spin dephas-
ing due to increasing spin-orbit interaction. However, the study of Han et
al. did not address the tunability of the Schottky interface formed by the
spin injection contacts and large room temperature dielectric Nb:STO (εr
∼ 300)[72].
Engineering of a Schottky interface with spin injection contacts lead to
unconventional charge transport characteristics. Maximum voltage drop
across the Schottky interface and, due to high εr compared to tunnel bar-
rier (AlOx), its bias modulation, allows tunable charge and spin transport
properties at the interface of Nb:STO. Kamerbeek et al., demonstrated a
bias dependent modulation of spin transport properties across the interface
of Nb:STO at room temperature, using a spin injection contact of Co/AlOx

(1.1 nm)[60, 73]. Bias dependent modulation of Rashba Spin orbit fields
brought about by the built-in electric field across the interface of Nb:STO,
leads to a bias dependent modulation of spin lifetime from 2 to 17 ps. The
spin lifetimes reported by Han et al. (65 ps) and Kamerbeek et. al. (2-17
ps) are very low[73]. Moreover, whereas Rasbha spin orbit field limits the
ratio between in-plane and out-of-plane spin accumulation voltages to 0.5,
a bias dependent modulation of the anisotropy of the spin transport pa-
rameter varies the ratio from 0.25 to 0.75. This indicates the presence of
an additional anisotropic spin transport. The tunneling anisotropic magne-
toresistance (TAMR) is as high as 1.6% at room temperature and it displays
bias dependent modulation across the Schottky interface of Co/Nb:STO us-

11



Chapter 1. Introduction

ing 3T geometry.
The aforementioned observations suggest an opportunity to tune the Schot-
tky interface of Nb:STO with a spin injection contact that leads to a bias
dependent modulation of both spin injection and TAMR properties. This
would expand the discussion beyond discrepancies of the origin of the spin
signal using 3T geometry and offers an opportunity for research in the
direction of new electric field induced spin transport properties.

1.3.2 Manganites and SrMnO3

The rare earth manganites with a chemical formula Re1−xAxMnO3, where
Re is the rare earth element that is chemically doped in the sites of A and
Mn3+/4+ being the transition element that bears the unpaired d-orbitals,
leading to magnetism.
The popular material for spintronics amongst the rare earth manganites
is La0.66Sr0.33MnO3 (LSMO), due to its ferromagnetism extending above
room temperature (in bulk) and half metallicity. The ferromagnetic ex-
change and metallicity in LSMO, is governed by a Double Exchange (DE)
mechanism postulated by Zener[74]. One of the interesting magnetore-
sistance features in LSMO (also observed in other hole doped rare earth
manganites), around the Curie temperature resulting from the DE mecha-
nism, is the colossal magnetoresistance (CMR)[75]. CMR results in a large
decrease in the magnetoresistance with applied magnetic field. The magne-
toresponse is largest at the Curie temperature (Tc). Besides the observation
of CMR, such materials, especially thin films, have shown tunable magnetic
properties due to the possible entanglement of strain and chemical doping.
The Mn atom consists of 3d-orbitals, that split into five-fold degenerate
levels of t2g (lower level) and eg (excited level) orbital states due to crystal
field splitting and Hund’s rule. The orbital occupation depends on the Mn
valence state (3+/4+) and chemical doping in manganites. For the rare
earth manganites, La1−xSrxMnO3 family, the first member of the family
is LaMnO3 (xSr = 0), is an antiferromagnetic insulator, due to a superex-
change interaction between Mn3+ eg orbitals, as postulated by Goodenough
and Kanamori[76–80]. With increasing chemical doping (xSr), a mixed va-
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lence state of Mn develops (both Mn3+ and Mn4+) leading to an increasing
DE mechanism. The hopping of electrons via O-2p orbitals leads to in-
creased conductivity and hence the material becomes metallic with xSr ∼
0.33. On further increasing xSr, increasing superexchange interaction medi-
ated by Mn4+ t2g orbitals finally lead to another antiferromagnetic ground
state SrMnO3.

SrMnO3 : SrMnO3 (SMO) in bulk is stable in two crystalline forms,
Cubic SMO (C-SMO) and hexagonal (H-SMO) SMO. H SMO is in general
stoichiometric at room temperature but increasing temperature by heating
leads to loss of its stoichiometry. Both H and C -SMO are antiferromag-
netic insulators below room temperature with Neel temperatures ranging
from 260 K (C-SMO) to 290 K (H-SMO), the saturation magnetic moment
being 2.6 ± 0.2 µB. Ideal C-SMO has a space group Pm3m[81]. The mag-
netic ordering is G-type, i.e. both intra and inter-planes are anti-parallel
aligned, i.e. antiferromagnetically. This kind of ordering is quite in con-
trast with the antiferromagnetic insulator LaMnO3 (LMO) (the left end in
the phase diagram in Fig.) LMO exhibits A-type ordering, i.e. the intra-
planes are antiferromagnetically coupled and the inter-planes are coupled
ferromagnetically. The orbital ordering of Mn3+ induces an anisotropy in
the magnetic ordering in LMO and is stabilized by Jahn-Tellar distortion.
On the other hand, no Jahn Tellar distortion takes place in SMO due to
orbital occupation in stable t2g orbitals of Mn4+. This makes the G-type
ordering in SMO very stable in bulk.
SrMnO3 thin films, however, show more opportunities to tailor magnetic

properties assisted by growth and lattice strain with the underlying sub-
strate. It is well known from orbital physics of the manganites, that with
the introduction of strain, the orbital occupation and the magnetism asso-
ciated with such occupation is affected. The bond angle between Mn-O-Mn
in an ideal cubic SMO is 180o allowing superexchange interaction as postu-
lated by Goodenough. However, with decreasing bond-angle from linearity,
i.e. by canting, a ferromagnetic superexchange is induced as postulated by
Goodenough and Kanamori[76–80]. Ferromagnetic exchange is strongest
with a bond angle of 90o. This already shows the versatility of the mag-
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Figure 1.4: Schematic showing the strain induced different magnetic and ferroelec-
tric (FE) order in a nominal antiferromagnetic insulator : SrMnO3. This schematic
is sketched from the experimental findings and ab-initio calculations presented in
[82, 83].

netic exchange affected by orbital and lattice degrees of freedom and can be
engineered across thin film hetero-structures by introducing lattice strain
(epitaxial strain) from the substrate. A tensile strain is shown to induce
larger antiferromagnetic exchange and a compressive strain induces a weak
ferromagnetism or a change in the magnetic ordering in SMO films. Such
kinds of tunable magnetic ordering are observed in hole-doped manganite
thin films and in SrMnO3[82, 83]. This is sketched in Fig. 1.4.
Researchers have used detection methods such as magnetic exchange bias
observed in magnetization measurements using Superconducting Quantum
Interference Device (SQUID), to show the existence of brownmillerite and
perovskite features in SrMnO3 in a single film due to the competing in-
teractions of DE mechanism due to Mn3+ in brownmillerite and superex-
change mechanism due to Mn4+ in perovskite[84]. Additionally, Maurel
et al have shown with muon spectoscopy technique that with strain, the
G-type antiferromagnetic order can be transformed to A-type[82]. Fur-
ther interesting features such as interfacial spin glass is observed at the
LSMO/SMO interface. The exchange bias is attributed to spin glass like
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features at the interface between the magnetic moments of total compen-
sated SMO and ferromagnetic uncompensated LSMO at the interface[85].
It has been shown by other researchers that this exchange bias is driven by
the Dzyaloshinkii-Moriya interaction (DMI) due to the oxygen octahedral
tilting across the G-type SMO and LSMO. Researchers have also pointed
out exchange biasing across ferromagnetic SrRuO3 (SRO) and SrMnO3 su-
perlattices due to the hybridzation of Ru-O-Mn bonds, leading to a reduc-
tion of the effective magnetization[86, 87]. SRO on the other hand, due to
its multi-axial magnetic anisotropy and larger tendency of a perpendicular
magnetic anisotropy (PMA) due to the compressive strain from the sub-
strates, has been investigated to be a potential candidate for observation
of topologically non-trivial magnetic features like skyrmion, bubbles and
skyrmion-bubble by magnetotransport[88, 89]. Hence, the integration of
SMO with SRO is interesting as it alters the hybridization of Ru-O bonds
in SRO alone to Ru-O-Mn bonds at their interface[90, 91]. The presence
of a G-type AFM (SMO) is highly favorable to reduce any magnetostatic
dipolar interaction and additionally, an exchange bias driven DMI across
SRO-SMO interface.

1.4 This thesis

In this thesis, an exploration of the applicability of three terminal (3T)
geometry on the semiconducting platform of Nb:STO is presented. The
work includes a selection of different doping concentrations of Nb-doped
SrTiO3 and the development of a tunable Schottky interface where the
built-in electric field is tailored with applied bias and temperature. This
gives rise to different magnetoresistive effects that are controlled by the
electric field, demonstrating a new approach to tune the spin transport
signals across the Schottky junction using 3T geometry.
The next part of the thesis deals with the growth and characterization of the
antiferromagnetic SrMnO3 thin films for magnon based spin transport and
integration with the ferromagnet SrRuO3 for investigation of topologically
non-trivial features in magneto-transport measurements.
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The thesis is arranged as the following:

• Chapter 2 deals with the theoretical concepts that aided the devel-
opment of (i) spin injection-detection across semiconductors, (ii) Hall
transport and a brief history of the Anomalous Hall Effect (AHE),
and (iii) spin Hall effect assisted Spin Hall Magnetoresistance (SMR)
and the Spin Seebeck Effect (SSE).

• Chapter 3 deals with: (i) the development of a Schottky interface
across Nb:STO and the characterization of charge transport charac-
teristics by thermal assisted emission and quantum tunneling; (ii)
an electrostatic modelling using the classical Gauss theorem for the
charge distribution across the Schottky interface performed to ex-
tract the bias dependent modulation of the built-in electric field; (iii)
Electric field induced new spin transport phenomena of Tunneling
Anisotropic Magnetoresistance (TAMR) observed across the Schot-
tky interface of Ni and Nb:STO; and (iv) a further investigation into
the Schottky dependence of TAMR by fabricating and characterizing
an exchange biased Co-CoO interface with Nb:STO.

• Chapter 4 deals with: (i) spin injection-detection across a predom-
inantly Schottky interface with Ni and an ultrathin tunnel barrier
of AlOx (7 Å- thick) on low doped Nb:STO (0.01 wt%) and (ii) the
evolution of magnetoresistance lineshapes due to the convolution of
Hanle and TAMR signals and the creation of a new spin transport
parameter.

• Chapter 5 deals with: (i) growth of antiferromagnetic SrMnO3

(SMO) thin films on SrTiO3 (STO), and (ii) characterization of the
thin films using bulk magnetic measurements (SQUID) and interface
sensitive spin transport measurements by Spin Hall Magnetoresis-
tance (SMR) and Spin Seebeck effect (SSE).

• Chapter 6 presents (i) an investigation of altering magneto-transport
properties in thin films of SrRuO3 (SRO) grown on SrTiO3 sub-
strates by anomalous Hall effect, (ii) Magnetic properties and charac-

16



1.4. This thesis

terization using SQUID magnetization and magnetotransport across
SRO/SMO interface. Finally a ’closing remark’ section is also added.
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Chapter 2

Theoretical concepts

In this chapter, theoretical concepts are discussed. The chapter is divided
into two parts: theoretical concepts that are used to understand (i) spin
injection signals across a semiconducting interface and (ii) spin and mag-
netotransport signals across heterostructures. As already mentioned in the
last section of Chapter 1, this thesis explores :

• spin injection-detection across a semiconductor interface by driving
the spin polarized current from a ferromagnetic contact.

• spin injection using a normal heavy metal to inject spin accumula-
tion at its edges that exerts a torque on the magnetic moments in a
ferromagnetic/anti-ferromagnetic insulator.

Finally, this chapter also includes the mechanism behind the observation
of the anomalous hall effect in ferromagnetic metals and, more specifically,
correlated oxide metals.

2.1 Creation of spin in non-magnetic materials

From the view of spin density of states in different materials, the materials
that exhibit spin polarization possess an asymmetry in the spin densities of
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states at the Fermi energy level (EF ). This is true for 3d-transition metals
like Ni, Co, Fe where there is a difference in the spin up and spin down band
structures in the localised d-bands giving rise to a finite spin polarization
defined as:

P (EF ) =
N↑(EF )−N↓(EF )

N↑(EF ) +N↓(EF )
, (2.1)

where N↑ is the spin-up density of states and N↓ is the spin-down density
of states. The asymmetry is due to an exchange interaction that brings
about a spontaneous magnetization in these materials. Such materials are
called ferromagnets. Other than ferromagnetic materials, the materials that
possess a symmetric band structure at the Fermi energy level (EF ) do not
exhibit spontaneous magnetization and are called non-magnetic materials.
They have no spin polarization.
The important criterion for an efficient spin injection is to harness the
spin polarization from a ferromagnet into a non-magnetic material when
both materials are in proximity to each other. The spin split density of
states in a ferromagnet, shown in Fig. 2.1(a), at the Fermi energy level can
determine the transport of spin associated with an electron. The charge
transport from a ferromagnetic metal to a non-magnetic material (metal
or a semiconductor) take place via delocalized s and p bands. Spin related
information is determined by the localized d-bands at the Fermi energy
level.

2.1.1 Spin injection from ferromagnet to non-magnetic ma-
terials

Since a ferromagnet is spin polarized, a current applied to the bilayer sys-
tem consisting of a ferromagnet and a normal metal (NM)/semiconductor
(SC) drives the spin polarization into the NM/SC creating a spin imbal-
ance at the both side of the interface. This spin imbalance is called spin
accumulation in the NM/SC which exponentially decays with respect to the
thickness of the non-magnetic layer to restore equilibrium, i.e. N↑(EF ) =
N↓(EF ). The extent of the decay in spin accumulation in a non-magnetic
system is called the spin relaxation length λs. In a diffusive regime, λs
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Figure 2.1: (a) Simplified band structure of a ferromagnetic metal, where the 3d-
band are more localized compared to the 4S-band, that displays a free electron
like model, the exchange splitting in the 3d-bands results in a spontaneous mag-
netization and an asymmetry in the spin up ↑ and spin down ↓ states leading to
spin transport with different Fermi velocities. (b) The electrochemical potential
difference of spin up ↑ and spin down ↓ states in the ferromagnetic metal and spin
accumulation (∆µ) in the normal metal. The spin accumulation diffuses into the
normal metal with a characteristic length λs. The figure (a) and (b) are adapted
from the thesis of Alexander M. Kamerbeek, from University of Groningen, 2016[1].
(c) Shows a simplified cartoon of spin injection, where a charge current drives the
spin polarized states into normal metal, where the spin accumulation exponentially
decays in the normal metal.
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is related to the spin diffusion coefficient Ds by spin lifetime τs given by,
λs =

√
Dsτs. Defining the current density for this process as[1, 2]:

J↑,↓ = −
σ↑,↓
e
∇↑,↓, (2.2)

where the charge current density is defined as Jc = J↑ + J↓ and spin current
density is defined as Js = J↑ - J↓. σ↑(σ↓) represents the spin conductivity
of up (down) spins. The diffusion equation is given by:

∇2µs =
µs
Dsτs

, (2.3)

where µs is given by µs = (µ↑ - µ↓)/2, called as the spin accumulation
due to injection of spin polarized electrons at the FM/NM interface. Eq.
2.3 can be solved with appropriate boundary conditions and charge cur-
rent conservation, ∇(J↑ + J↓) = 0. This gives rise to the solution of spin
accumulation ∇µs given by:

µs = Ae(−x/λs), (2.4)

The spin polarization across the FM/NM interface is given by,

PJ =
PFM

1 +RNM/RFM
, (2.5)

where RNM = λNMs /σNM and RFM =λFMs /σFM . Hence, from Eq. 2.5,
the spin polarization PJ across the junction between FM/NM is equal to
the intrinsic spin polarization of FM i.e. PFM only when RNM ≤ RFM .
This is true for normal metals but for semiconductors, RNM ≥ RFM . This
increases the possibility of spins to flip back into the ferromagnetic metals
giving rise to a conductivity mismatch problem.

2.1.2 Conductivity mismatch issue

For an efficient spin injection, the most obvious solution to avoid the con-
ductivity mismatch issue as shown in Eq. 2.5, is by increasing the resistance
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in the ferromagnets using ferromagnetic semiconductors such as (Ga,Mn)As
or by doping semiconductors by magnetic impurities as in dilute magnetic
semiconductors (DMS). Though spin injection has been realized in these
materials, due to Curie temperatures being very low, room temperature
investigation of spin injection has not been realized.
However, Rashba and Fert et al., independently proposed a different so-
lution to this issue by inserting a resistive barrier at the interface of a
ferromagnetic metal and a semiconductor, where the modified equation for
polarization PJ as described in Eq. 2.5 is given by[2–4]:

PJ =
PFMRNM + PBRB
RFM +RNM +RB

, (2.6)

where PB being the spin polarization that is associated with the resistive
barrier and RB being the resistance of the barrier.

2.1.3 Spin dependent tunneling

So far, spin injection from a ferromagnetic metal to a normal metal (NM)/
semiconductor (SC) is discussed on the basis of utilizing the spin polarized
electron from a ferromagnetic (FM) source to create a non-equilibrium spin
accumulation in a non-spin polarized interface (NM/SC) when both mate-
rials are in close proximity, i.e. at the junction of FM-NM. For an efficient
spin injection, i.e. to avoid back flip of the spins into the ferromagnetic
source, the indispensability of a large barrier resistance at the FM-NM in-
terface has been demonstrated. This large barrier resistance is provided by
an oxide tunnel barrier namely, AlOx, TiOx (amorphous and crystalline),
crystalline MgO etc. In this section, tunneling transport is discussed that
provides a strong foundation to the design of efficient spin injection con-
tacts on NM/SC.
Spin transport across a FM-NM junction (as discussed in the earlier sec-
tion) was treated classically (Boltzmann transport equation) by Valet and
Fert for a current perpendicular to the device plane geometry (CPP)[5].
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This is in the case of spin valve structures that were designed to exhibit
a change in the electrical resistance due to the relative orientation of the
spin polarization from two ferromagnetic (FM1 and FM2) electrodes with
a normal metal NM (nonmagnetic spacer) in between. This kind of mag-
netoresistance observed with applied magnetic field is called Giant Magne-
toresistance (GMR)[6, 7]. The conduction of the spin polarized electrons
from FM1 to FM2, depending on their orientation, is described by the cur-
rent flow in a two-channel model suggested by Mott in 1936[8]. This par-
ticular device structure was later modified by replacing the nonmagnetic
spacer from a normal metal to an insulator (oxide) where it was shown
almost three decades ago by Tedrow and Meservey that a tunnel current
in a heterostructure of a ferromagnet/insulator (I)/superconductor remains
spin polarized. The change in the electrical resistance for a FM1/I/FM2
structure was later described by Julliere as:

TMR =
∆R

R↑↑
=
R↑↑ −R↑↓

R↑↑
, (2.7)

where R↑↑ indicates the resistance due to the parallel states in FM1 and
FM2 and R↑↓ indicates the resistance due to anti-parallel states in FM2
with respect to FM1. This change in the electrical resistance is measured
with an applied magnetic field and is attributed to the change in the tunnel-
ing current due to the transport of electrons from an occupied/unoccupied
spin density of states from FM1 to occupied/unoccupied spin density of
states in FM2. This is known as the tunneling magnetoresistance (TMR).

The tunnel barrier between the two ferromagnetic contacts FM1 and FM2
preserves the spin polarization due to elastic scattering of the wave func-
tions that are incident and transmitted from the tunnel barrier. For a
metal/insulator/metal case, where the wavefunctions are considered to be
separate due to different electrochemical potential, the current density
across such a junction is given by:

J =
2e

2π2h

∫ ∞
0

dEx[f(E)− f(E + eV )]

∫ ∫
d2kD(Ex, V ), (2.8)
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where f(E) and f(E+eV) are the two Fermi functions for electrons in the left
and right side of the metallic contacts as shown in the Fig. The difference
in the electrochemical potential for the two metallic sides is given by µ1 - µ2

= eV. The solution for the wavefunction at the tunnel region is due to the
superposition of the wavefunctions at the two metallic sides. The solution
has an exponential decay with increasing barrier thickness, i.e. ∝ exp(-x/d).
D(Ex, V) is the function at the tunnel barrier which has been approximated
as a slowly varying potential U(x) due to WKB approximation around the
turning points 0 and d. Upon application of a bias voltage V on the tunnel
barrier, the potential is written as:

U(x, V ) = U(x, 0)− eVx
d
, (2.9)

The transition rate of the electrons that are transported from M1 to M2
(according to the figure) is given by the Fermi Golden Rule:

w12 =
2π

h̄
T 2ρ(E2)δ(E2 − E1), (2.10)

2.1.4 Magnetic tunnel contacts on semiconductors

The crucial milestone in spintronics is its ability to integrate with semicon-
ductors for a SFET operation that is discussed in the first chapter. In this
section, the spin injection and detection using a tunnel contact is described.
This method was used earlier in spin injection-detection in silicon (Si) and
other conventional semiconductors[9–11], which has been used to describe
the results for Nb-doped SrTiO3 (Nb:STO) in chapter 4.
Let us consider a metal-insulator-semiconductor (MIS) junction as shown
in Fig. In the case of interest here, the metallic contact is used as the
ferromagnetic electrode with an oxide tunnel barrier (AlOx) as an insula-
tor. The semiconductor is Nb:STO. For a general case, let us consider a
simplistic picture as in Fig. and formulate the detectable spin signal. As
already discussed previously, the tunnel current between a ferromagnet and
normal metal is spin polarized, so introducing the tunnel conductances for
the majority and the minority spin carriers to be G↑ and G↓, respectively.
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With the application of a bias V, which is the difference between the spin
averaged potential in the ferromagnet (VFM ) and the semiconductor (VSC)
in the linear transport regime, both the charge current and the spin current
are given by[12]:

I = GV − PJG
∆µ

2
, (2.11)

Is = PJGV −G
∆µ

2
, (2.12)

where I is the charge current I = I↑ + I↓, and Is is the spin current Is =
I↑ - I↓. The tunnel conductance G is the total conductance of the majority
and minority carriers G = G↑ + G↓, ∆µ and PJ are spin accumulation
and spin polarization as described in Section 1.1.1. Phenomenologically,
establishing the relation between spin accumulation and spin resistance
(RNM ) in semiconductors which is given by:

∆µ = 2IsRNM , (2.13)

Reshuffling the eq. 2.11, 2.12 and 2.13 we have for spin accumulation:

∆µ =
2RNMRB

RB + (1− P 2
J )RNM

PJI, (2.14)

where RB is the tunnel resistance as discussed in Section 1.1.2 i.e. RB

= 1/G. If RB ≥ RNM , the spin accumulation is small compared to the
tunnel resistance avoiding the conductivity mismatch problem. Hence, spin
accumulation is given by : ∆µ = 2RNMPJ I.
And, the spin voltage developed across the FM and nonmagnetic metal /
semiconductor junction is given by:

∆V = PJ/2∆µ = P 2
JRNMI (2.15)

The spin resistance of the channel is given by RNM = ρλNM . Hence, the
spin amplitude (S-RA) detected is rearranged to the following form:

S −RA =
∆V

J
= P 2ρλ (2.16)
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In the case of semiconductors, such as Nb-doped SrTiO3 studied in this
thesis, with an upper estimate of resistivity (as it changes with different
doping concentration), ρ = 0.05 Ωcm, λ = 90 nm, P = 0.35, we estimate
a S-RA = 5.5 Ωµm2. λ, the spin relaxation length is given by λ =

√
Dτ ,

where D is the diffusion coefficient and τ = spin lifetime. D is calculated
from the band structure calculation of SrTiO3, where N(E) the density
of states = 0.615 states/Ry.cel and the electron mobility (µ) is connected
with the Einstein’s relation, nqµ = q2N(E)D, where, n is the doping con-
centration, q is the electronic charge. With an electron mobility at room
temperature, ranging from 1 - 10 cm2/Vs, we extract a D = 0.2 cm2/s.
A larger D value observed experimentally is accounted for, because of the
possible increase in the effective mass in Nb:STO by a factor of 2.5 and
hence D = 2 cm2/s[13].
The strength of the spin voltage response (S-RA) is an important consider-
ation nowadays, especially with a three terminal (3T) detection method as
it projects the origin of spin signal, as spin accumulation from semiconduc-
tors or spin accumulation in the localized states across the semiconductor
interface with oxide tunnel barrier. This also raises questions on the com-
pleteness of spin injection theory leading to longstanding issues with spin
injection using 3T geometry. Moreover, a unique feature in the magnetore-
sponse lineshape is observed that is new to such a spin injection interface.
In order to understand such signals, different magnetoresponses that are
generally observed are discussed below.

2.1.5 Hanle Effect

The Hanle effect refers to the dephasing of the coherent ensemble of spins
by applying a transverse magnetic field. This effect was first observed by
Wood and Ellett in 1924[12, 14], in their experiment where they observed
a diminishing degree of polarization of mercury vapor fluorescence, which
they regained by turning the apparatus by 90o. Interpretation of these ob-
servations was later provided by Hanle. Relevant to our work, the Hanle
effect is a standard test to prove the existence of spin accumulation in non-
magnetic materials.
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∆µ ≠ 0

∆µ = 0

M

Δµ

FM

SC

B

FM

B

∆V

FWHM ≈ 1/τ

Figure 2.2: Lorentzian lineshape of the spin voltage with the magnetic field applied
out-of-plane. The spin voltage carries the information of the spin accumulation
at the semiconducting interface (SC), that precesses along the direction of the
magnetic field resulting in the de-coherence of the accumulated spins, hence leading
to zero accumulation with increasing magnetic field strength.

The Hanle effect is observed across various nonmagnetic systems including:
metals; two-dimensional materials such as graphene[15, 16]; and conven-
tional semiconductors like Si[9], GaAs[10, 17], Ge[11] etc. A decade ago,
the observation of the Hanle effect in new material systems integrated with
magnetic tunnel contacts, was a first step towards the reporting of spin ac-
cumulation in such systems. Over the years, however, the reported signals
especially across an oxide tunnel barrier and semiconducting junction and
its strength seemed to mimic a Hanle response with magnetic field origi-
nating from localized states rather than from bulk semiconductor bands.
The dynamics and transport related to such signals also deviates from the
generic Hanle effect. In this thesis, however, we have restricted our discus-
sion to the Hanle effect which will be discussed further in Chapter-4.
As already discussed above, with injection of spin polarized current from
magnetic tunnel contacts into a semiconductor interface, a non-equilibrium
spin accumulation is formed, whose orientation is similar to the sponta-
neous polarization in ferromagnetic contacts. In general, that is always
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parallel to the plane of transport (owing to the in-plane magnetization of
the ferromagnetic transitional metals). With an application of a transverse
magnetic field, i.e. out-of-plane to the plane of transport (B⊥), the accu-
mulation spins at the semiconductor interface (∆µ) starts to precess along
the magnetic field direction with the Larmor frequency, ωL = gµBB⊥/h̄,
where g is the Lande g-factor, µB is the Bohr magneton and h̄ is the re-
duced Planck’s constant. This results in a systematic reduction of the spin
accumulation with increasing magnetic field strength, resulting in a decay
of the spin accumulation with a Lorentzian lineshape. It is presented as
follows:

∆µ(B) =
∆µ(O)

1 + (ωLτ)2
(2.17)

The expression for spin dynamics in nonmagnetic conducting materials in-
cluding one-dimensional (1-D) lateral diffusion in the plane of the transport
is given by:

S(x1, x2, t) =
1√

4πDt
e−[(x2−x1−vdt)2/4Dt]e−t/τssin(ωLt) (2.18)

where the equation describes the spin polarization detected at point x2 at
time t and injected at point x1 at time t=0. The spins move across the
semiconducting channel in x-space with a drift velocity vd and diffusion
constant D. Integrating this equation over time gives a steady state solu-
tion.

Spin Injection-detection using three terminal (3T) geometry: In
the case of 3T contacts, as shown in (a) in the Fig. above, the injection and
detection are the same contacts. So, the lateral dimension of the contact is
integrated over. The solution produces a Lorentzian function if the contact
dimension is larger than the spin diffusion length. Hence, the steady state
solution to Eq. 2.18 is given by[12]:

Sy(z) =
1√
2

√
1 +

√
1 + (ωL.τ)2

1 + (ωL.τ)2
(2.19)
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It is to be noted that the equation above accounts for the spatial homo-
geneity, i.e. the diffusion can occur in z-direction and the spin relaxation
time τ is homogenous in that direction. Hence, the spin relaxation time is
not limited to the tunnel interface. (This is deduced from the Lorentzian
function in Eq. 2.17). It has been shown earlier that the lifetime extracted
from Eq. 2.17 is smaller than the spin lifetime extracted from Eq. 2.19.
Hence, the spin lifetime extracted from just the Lorentzian function is a
lower bound estimation.

Out-of-plane Spin accumulation : With further increase in the out-
of-plane magnetic field (B⊥), the in-plane magnetization in the ferromag-
net, starts to rotate in the out-of-plane direction resulting in the increasing
out-of-plane spin accumulation in the semiconducting interface. This gives
rise to an upturn in the spin voltage response. On reaching the saturation
magnetization value in the ferromagnet, the spin voltage response also sat-
urates, shown by the flat line. Hence, the overall equation to describe the
spin voltage response is given by:

∆V = ∆Voutcos
2(θ) +

∆Vinsin
2(θ)√

2

√
1 +

√
1 + (ωL.τ)2

1 + (ωL.τ)2
(2.20)

where, θ(B) is the precessional angle of the accumulated spins in the di-
rection of the magnetic field. The angle θ is a function of the out-of-plane
magnetic field, which denotes the orientation of the magnetization, whose
relative direction with the magnetic field defines the orientation of the ac-
cumulated spins. ∆Vout is the spin voltage in the out-of-plane direction,
i.e. the out-of-plane spin accumulation and ∆Vin defines the amount of
dephasing of the spin accumulation due to the Hanle effect. In theory,
without any additional scattering like spin-orbit interaction or additional
magnetic contribution in the semiconductors in the plane of the transport,
the ratio of ∆Vout and ∆Vin should be equal to 1. This also defines the
spin accumulation lifetime ratio τin and τout equal to 1. Hence, in Eq. 2.20,
the first term indicates the spin accumulation in the out-of-plane direction
and the second term due to the Hanle spin dephasing.
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Figure 2.3: Spin voltage response with an externally applied magnetic field in
the out-of-plane direction. When the magnetic field is zero, the magnetization of
the ferromagnet is in the in-plane of the transport, with increasing field strength,
magnetization rotates in the direction of magnetic field with an angle θ with the
magnetic field. This give rise to a parabolic response of the spin voltage with the
magnetic field. Finally, when the magnetic field reaches the saturation field of
the ferromagnet, Ms, the spin voltage is then a flat line as the magnetization is
collinear to the magnetic field.
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2.1.6 Tunneling Anisotropic Magnetoresistance (TAMR)

The working principle of Giant Magnetoresistance (GMR) and Tunneling
Magnetoresistance (TMR) relies on the relative orientation of the magne-
tization of the two ferromagnetic electrodes. Gould and coworkers, showed
that replacing the ferromagnetic metal with a ferromagnetic semiconduc-
tor such as GaMnAs and using gold as the detector also results in spin
dependent magnetoresistance when the applied magnetic field is rotated
with respect to the different crystalline orientation[18, 19]. This is called
as Tunneling Magnetoresistance (TAMR) and has been observed with dif-
ferent ferromagnetic metals[20], where the detector not necessarily have to
be a ferromagnetic electrode.
TAMR arises due to spin-orbit coupling and specifically for the interfaces
used in this work, the Rashba spin orbit coupling at the interface induces
an electric field out-of-plane that modulates the Rashba spin orbit field
(an effective magnetic field) parallel to the spin quantization axis. Hence
the SOC has different impact on rotating the magnetic field out-of-plane
resulting in the spin resolved densities of states, that is expressed as a spin
dependent shift in the band structure given by [1]:

∆E↑↓ = ±wBR.M (2.21)

The equation indicates that the energy shift disappears when the magneti-
zation is perpendicular to the spin-orbit field and otherwise it has a finite
value. The TAMR responses are one of the main consideration in this thesis
and plays a dominant role in the measured spin voltage (or spin resistance)
across the Schottky interface of Nb:STO that is discussed in chapter 3 and 4.

2.2 Hall transport

Hall transport characteristics originate from the correlation of the elec-
tronic band structures in conducting/semi-conducting materials with the
magnetic field. This idea was developed from the fundamental electromag-
netism concept, that a current carrying channel in a conductor, when placed
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Figure 2.4: Ordinary Hall transport in a conducting slab of dimensions (l x w x
t) with situations: (a) with zero magnetic field, (b) non-zero transverse magnetic
field elading to accumulation of opposite charges along the edges leading to a
finite transverse voltage that essentially do not depend on the resistivity of the
conducting slab.

in a magnetic field that is out-of-plane (oop) to the plane of conduction,
generates a voltage in the transverse direction to the channel of conduc-
tion. This was observed for the first time by Edwin H. Hall in 1879. It
provided an elegant way to determine carrier concentration in conductors
thereby assisting in the birth of semiconductor physics and hence solid-state
electronics.

2.2.1 Ordinary Hall Effect (OHE)

Let us consider a rectangular bar of a conducting material where the current
I flows along the length l of the bar in the presence of an externally applied
magnetic field B pointing out-of-plane (oop) to the current flow. Within
the framework of Boltzmann transport, current density (J) applied along
the length of the bar (as shown in the x-direction) is proportional to the
drift velocity (v) of the charge carrier (q) and charge carrier density n and
the geometry of the bar (thickness x width, i.e. w x t). Also, according to
Ohm’s law, J = σE, where E is the electric field and σ being the conductivity
of the rectangular bar. Under the influence of a magnetic field B, the charge
carriers experience a Lorentz force that results in a deflection of one type
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of charge carriers (i.e. positive or negative) over the other. This creates a
charge accumulation along the width w of the bar generating a transverse
electric field Ew. Balancing the forces on the charge carriers due to electric
field and magnetic field at equilibrium,

qEw = qvB, (2.22)

The potential difference due to the transverse electric field is the Hall Volt-
age VH and the generation of transverse voltage in a rectangular slab due to
charge accumulation in the transverse direction under an applied magnetic
field oop is called the Hall effect. VH is given by:

VH = −
∫ w

0
Ewdw = −Eww (2.23)

The Hall resistivity ρxy (transverse resistivity), is given by (VH/I) x (w
x t)/l , that is:

ρxy = − 1

nq
B (2.24)

where, 1/nq is the Hall coefficient (RH). This is a crucial parameter to un-
derstand the carrier concentration in a conductor and also the minus sign
indicates the type of carrier, i.e. whether it is a positive charge carrier that
is deflected (Eq. 2.24 is negative) or a negative charge carrier (Eq. 2.24
is positive). This effect is more pronounced for extrinsic semiconductors
where it is important to know about the type of doping and also the car-
rier concentration that gives rise to degenerate semiconductors that will be
discussed in this thesis.
From Eq. 2.24, a linear dependence of the transverse resistivity is ex-
pected by sweeping the magnetic field oop, where the slope is the ordinary
Hall coefficient. However, certain materials that possess localized d-orbitals
exhibit interesting and both fundamentally and technologically important
transverse resistivities that is not explained by the framework of the Lorentz
force or classical Boltzmann transport. Hence, the former contribution to
the transverse resistivity is termed as the Ordinary Hall Effect (OHE). The
latter contributions to transverse resistivity originate from the spontaneous
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magnetization in ferromagnetic materials called the spontaneous Hall effect
or the Anomalous Hall Effect (AHE).

2.2.2 Anomalous Hall Effect (AHE)

As already mentioned above, ferromagnetic materials with broken time re-
versal symmetry give rise to an anomalous transverse current which is dif-
ferent from the OHE. This is called the anomalous Hall effect (AHE) whose
origin for different materials is still debated. In this thesis, the mechanism
responsible for the observation of the AHE in ferromagnetic SrRuO3 (SRO)
is discussed in Chapter 6. Here, I present a brief introduction to the mech-
anism and the debate that surrounds it.
In the early twentieth century, different researchers have indicated that in
transitional ferromagnetic metals e.g. Ni, a monotonic linear dependence
of transverse resistivity is observed at low magnetic fields that seems to sat-
urate at a high magnetic field[21]. Earlier, the mechanism was attributed
to spontaneous magnetization and its dependence on magnetic field. This
leads to an additional contribution to the transverse resistivity as given by:

ρxy = RHBz +RsMz (2.25)

Karplus and Luttinger (KL) pointed out that scalable spin-orbit coupling
arising from localized d-orbitals in transitional ferromagnetic metals, can
lead to asymmetric scattering of spin polarized stationery states transverse
to the current direction[22]. This is due to the origin of the anomalous
velocity v that is the same as the drift velocity in the conductivity tensor in
the Drude model, where the spin-orbit interaction is perpendicular to both
electric and magnetic field. The Anomalous Hall coefficient Rs scales with
the resistivity of the metal (ρ) as Rs ∝ ρ2. This agreed with experimental
data for Ni and Fe where the exponent was 1.42 and 1.94, respectively. So
far, this mechanism of explaining AHE in ferromagnetic metals is regarded
as the intrinsic contribution to AHE. Here the magnitude of Rs and ρ is
strongly dependent on temperature.
While the experimental data seems to agree with the above mechanism,
still there were aspects that was not completely explained. Smit pointed

41



Chapter 2. Theoretical concepts

out that the spin-orbit interaction resulting in the transverse current, in
the case of a periodic potential, can change the charge distribution but is
not sufficient to scatter a moving electron[23]. It can only accelerate an
electron in the transverse direction when the periodicity of the crystal is
disturbed, i.e. assisted by a chemical impurity in the form of doping. This
disturbs the equilibrium between the force exerted by a periodic spin-orbit
coupling and electrostatic force giving rise to a non-zero current perpendic-
ular to the direction of the current flow. This is called the skew scattering
process, which an electron experiences due to inelastic collision with the
impurities present in the ferromagnetic materials that changes the trajec-
tory of the electron by asserting a change in their linear momentum. This
gives a clearer picture for the scaling of the Anomalous contribution in the
transverse resistivity where Rs ∝ ρ2 for a temperature higher than the De-
bye temperature.
Thereafter, in an effort to unify both concepts from the KL mechanism and
the effect proposed by Smit, Luttinger suggested that the average anoma-
lous velocity arising both from spin-orbit coupling in the periodic crystal
and due to skew scattering from impurities: (i) scales inversely with the
concentration of the impurity giving rise to Rs being proportional to ρ of the
sample and (ii) as already indicated in the KL mechanism, the anomalous
velocity being independent of scattering yields the transverse resistivity ρxy
to be proportional to square of ρ[24]. This gives us a picture for the con-
tribution to the transverse resistivity, where (i) Rs scales linearly with the
resistivity of the sample at low impurities and (ii) with moderate impurities,
ρxy should scale with the ρ2 due to spin-orbit interaction that accelerates
the scattered electrons with increasing impurity concentration. Here the
concept where Rs does not scale with the resistivity of the sample indicates
that Rs is insensitive to the scattering due to ordinary impurities and spin-
orbit interaction plays the dominant role to accelerate the electrons in the
transverse direction. Hence, the contribution to the anomalous Hall effect
is believed to originate from skew scattering as for condition (i) and from
intrinsic deflection of the spin polarized carriers inferred from condition
(ii). Therefore, for transitional ferromagnetic metals, the contribution to
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the transverse resistivity can be summarized as:

ρxy = RHBz +Rskews (ρ)Mz +Rints ρ2 (2.26)

With the discovery of more and more new materials in the form of alloys,
complicated compounds with complex crystallographic structures, the idea
of intrinsic deflection and skew scattering for the anomalous Hall effect was
not sufficient. This was due to increasing doping and increasing impurities
in the sample thereby increasing the resistivity even more such that the
quantity h̄/EF τ is no longer negligible, where EF is the Fermi energy of
the materials, τ being the scattering time and h̄ being the reduced Plank
constant. In these cases, Berger pointed out that an electron undergoes
a side jump scattering with side jump (∆w) of about 0.1 Å[25]. The side
jump scattering of the electron is along the transverse direction to the
current flow and is projected parallel to the length of the channel (direction
of the current flow). This is due to the electrons undergoing scattering
due to impurities or phonons and Rs being proportional to the square of
the resistivity of the sample. Hence, with the overall contributions to the
anomalous Hall effect, the transverse resistivity of a sample is given by:

ρxy = RHBz +Rs(ρ)Mz +Rints ρ2 (2.27)

where, Rs(ρ) is related as aρ + bρ2. The first term is due to the skew
scattering mechanism and the second term due to the side jump mechanism.

2.3 Spin Pumping and Spin Hall effect

In new age spintronics, pure spin current is created, manipulated and de-
tected across a normal metal/magnetic insulator interface. These effects
provide information about magnetic insulators (magnetization, magnetic
anisotropy etc.), the interface of a normal metal with magnetic insulator,
and the amount of detectable charge resistance.

43



Chapter 2. Theoretical concepts

2.3.1 Spin Pumping

This is the process of generating pure spin currents by magnetization dy-
namics. It gives valuable information by generating spin currents from a
magnetic insulator to an adjacent normal metal. The process is initiated
as the magnetization ~M is brought into precession by an effective magnetic
field or by microwave radiation. The equation of motion is given by Landau,
Lifshitz and Gilbert[26–28].

d ~M

dt
= −γ ~M × ~H +

α

Ms

~M × d ~M

dt
(2.28)

The first term describes the precessional motion of the magnetization dy-
namics along the effective magnetic field ~H, with γ being the gyromagnetic
ratio. The second term gives the damping of the magnetization towards
the direction of the magnetic field called Gilbert damping. α is the Gilbert
damping parameter and Ms is the saturation magnetization. The preces-
sional magnetization once connected to a conducting material (heavy metal
for example), the energy is dissipated in the heavy metal leading to an in-
crease in α. Dissipation in the energy can be expected due to the interaction
of the magnetic moment in the insulator with the conduction electron in
the normal metal, leading to an effective pumping of the spin current in the
normal metal. The amount spin current pumped into the normal metal de-
pends on the magnetic insulator/normal metal interface that is quantified
by a parameter called spin mixing conductance, G = Gr + iGi that related
to the spin current Js as:

| ~Js|~σ =
h̄

e
(Gr ~m×

d~m

dt
+Gi

d~m

dt
) (2.29)

with ~m being a unit vector along the magnetization direction and σ defin-
ing the spin polarization direction of the injected pure spin current in the
normal metal. The imaginary part of G (Gi) results in the spins pumped
in the direction of the precessional motion and is an order of magnitude
lower than Gr and hence neglected[29–31].
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2.3.2 Spin Hall effect

From the ordinary Hall effect and anomalous Hall effect we understand
that the magnetic field (external) acts as a scatterer of charge and spin.
In a more relativistic phenomena, the spin-orbit interaction that is more
intrinsic to materials, can also act as a scatterer of spins as they experience a
force due to an applied electric field. The moving electrons gain momentum
transverse to their initial flow directions. When a charge current is applied
along the direction of the material as shown in the spin orbit interaction
causes an accumulation of spin-up electrons at one side of the material and
spin down on the other side. This induces a spin current Js which is called
the Spin Hall effect (SHE)[32, 33]. The SHE is a conversion of a charge
current to a pure spin current. The charge and spin current in the material
are related by:

~Js = θSHE~σ × ~Je (2.30)

where σ is the spin polarization and θSHE is the spin Hall angle. The recip-
rocal effect is called the inverse spin Hall effect (ISHE) which is conversion
of pure spin current to charge current. This is related by:

~Je = θSHE~σ × ~Js (2.31)

Similar to AHE, the origin of SHE can also be intrinsic or extrinsic. In-
trinsic results from the electronic band structures of the material itself,
whereas extrinsic originates from the scattering caused by defects in the
crystal lattice that leads to skew scattering and side jump.
Nowadays SHE and ISHE are widely used to create and detect spin cur-
rents. The use of Pt and Ta on magnetic insulators to extract and transport
spin current across the insulators have been successfully shown in ferromag-
netic and antiferromagnetic insulators. Use of Pt, Ta for spin Hall effect
is suitable because of high spin-orbit coupling and is called Heavy Met-
als. The two commonly used techniques to extract information about the
magnetization and spin current in magnetic insulators (MI) are Spin Hall
Magnetoresistance (SMR) and Spin Seebeck Effect (SSE).
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Figure 2.5: A cartoon interpreting the mechanism behind observation of Spin Hall
Magnetoresistance (SMR) across a heavy metal, Pt in this case and a magnetic
insulator (in green). The mechanism consists of two essential points, (a) Injection
of spin current in magnetic insulator by spin Hall effect (SHE) in Pt, that is
application of a charge current (Je) in Pt leads to a spin accumulation with a spin
polarization σ at the Pt edges. (b) Detection of the spin current in Pt due to
a relative alignment of σ in Pt and effective magnetization (M) in the magnetic
insulator results in a magnetoresistance in Pt due to inverse SHE.

2.4 Spin Hall Magnetoresistance

The magnetoresponse observed due to the relative orientation of the spin
accumulation because SHE in the heavy metal and the magnetization of
the underneath magnetic insulator is Spin Hall Magnetoresistance (SMR).
This kind of magnetoresistance also occurs across metallic interfaces, but
demonstration of SMR across magnetic insulators is quite remarkable for
the following reasons: (i) Study of pure spin current phenomena in magnetic
insulators and (ii) Effective information of magnetic ordering and magnetic
anisotropy 1.
SMR is a direct consequence of SHE and ISHE occurring simultaneously.

A normal metal with relatively high spin-orbit coupling strength like heavy
metals Pt, Ta is interfaced with a magnetic insulator (MI) collectively re-

1Albeit, point (ii) has a caveat, SMR gives information about surface magnetization.
Or, if the average magnetization of the magnetic insulator is equivalent to the surface
magnetization. This becomes more significant for thin films as the interface roughness and
defects can alter the magnetic ordering at the interface, especially incase of manganites.
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Figure 2.6: SMR signals obtained from local transport techniques. A hall bar of
Pt is patterned on top of a magnetic insulator, Top panel: SMR signals observed
for longitudinal contacts. The black solid line shows the sinusoidal oscillations in
an angular dependent magnetoresistance (ADMR) measurements, where the angle
α is between applied current and magnetization M(B) direction. The red dashed
lines shows an ADMR response that is opposite in phase due to relative orientation
of the applied current and antiferromagnetic Neel vector. Bottom panel: SMR
signals with transverse contacts showing a sin2(α) behavior with a ferromagnetic
insulator (solid black line) and an antiferromagnetic insulator (red dashed line).

ferred to as Pt/MI hybrids in this thesis. By applying a charge current
across a Pt layer, a spin accumulation is induced with a spin polarization σ
transverse to the applied current and spin current ( ~Js) injected normal to
the magnetic insulator. The spin current in the Pt exerts a torque to the
effective magnetization in the magnetic insulator via spin mixing conduc-
tance, by losing part of the angular momentum of the polarized electrons
in Pt (~σ). The part of the angular momentum that is transferred depends
on the relative orientation of ~σ in the Pt and ~M in the magnetic insulator.

47



Chapter 2. Theoretical concepts

• ~σ ‖ ~M ; spins are reflected in Pt without flipping.

• ~σ ⊥ ~M ; spins are absorbed in the magnetic insulator resulting in spin
flip process.

The spins that are reflected keep their spin polarization direction resulting
in a net spin current flow in the Pt and a detectable charge current due to
ISHE. Hence, the angular rotation of the Pt/MI hybrids results in ’OFF’
and ’ON’ states in the observed magnetoresistance due to SMR. Thus, it
is possible to gain control of the spin current in the magnetic insulator
and determine the magnetic ordering. This kind of mechanism has success-
fully demonstrated magnetic ordering in Yttrium Iron Garnet (YIG)[34],
Nickel Ferrite (NiFe2O4)[35], and CoFe2O4[36], where the SMR responses
with angular rotation results in similar observations as discussed. However,
these are ferro (ferri) magnetic insulators where magnetization follows the
external magnetic field. In these cases of antiferromagnetic materials, the
magnetization orients perpendicular to the magnetic field after a spin flop
field. Therefore, the angular rotation leads to an opposite phase in the
magnetoresistance. This will be further discussed in the next section. In
this section, we assume the magnetic insulator to be ferromagnetic (such
as in YIG).
The strength of the SMR signals depend on the spin mixing conductance
across the interface of the Pt and the magnetic insulator. Optimal thick-
ness and growth of Pt on magnetic insulator can generate SMR signals for
a Hall bar fabricated Pt bars on magnetic insulator. SMR signals generated
in longitudinal and transverse contacts in Pt are given as follows:[37]

ρlong = ρ+ ∆ρ0 + ρ1(1−m2
y) (2.32)

ρT = ∆ρ1mxmy + ∆ρ2mz (2.33)

ρlong and ρT are the longitudinal and transverse resistivities. ρ is the resis-
tivity of Pt. mx, my and mz are the magnetization components in x, y and
z direction. ∆ρ0, ∆ρ1 and ∆ρ2 are given by:

∆ρ0

ρ
= −θ2

SHE

2λ

dN
tanh

dN
2λ

(2.34)
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∆ρ1

ρ
= θ2

SHE

λ

dN
Re(

2λGrtanh
2 dN

2λ

σ + 2λGrcoth
dN
λ

) (2.35)

∆ρ2

ρ
= −θ2

SHE

λ

dN
Im(

2λGitanh
2 dN

2λ

σ + 2λGicoth
dN
λ

) (2.36)

θSHE , λ and dN are the spin-Hall angle, relaxation length and thickness of
Pt respectively. G is the spin mixing conductance, an interfacial parameter
which is a complex quantity and is given by: G = Gr + i Gi. The spin
mixing conductance describes the transfer of angular momentum through
the interface, where more spins are absorbed in the magnetic layer due to
higher spin mixing conductance. G is sensitive to the interface of Pt/MI
hybrids. Gi is seen as an ’effective field torque’ acting on the magnetization
of the magnetic insulator and Gr is the ’in-plane’ or ’Slonczewski’ torque
resulting in an in-plane torque perpendicular to M[26].
In general, from ferromagnetic resonance (FMR), spin transport studies in-
volving spin absorption technique, spin valves structures, estimation of the
spin relaxation length (λ) and spin-Hall angle (θSHE) of Pt and observation
of SMR signals can give an estimation of Gr. Gi is always one order lower
than Gr and hence neglected in the case of Pt/MI hybrids.

2.5 Spin Seebeck Effect

Coupling of charge current and heat was first discovered by Thomas Seebeck
in 1821. Due to the difference in the conduction potential in a metal cre-
ated by a temperature gradient, an electric voltage develop across hot/cold
junction, known as the Seebeck Effect. Apart from the charge transport,
electron spin also couples to heat and the collective study on the interaction
of spin with heat is called as spin caloritronics[38].
The spin analogue to Seebeck Effect is known as the Spin Seebeck Effect
(SSE) or the Spin dependent Seebeck Effect (SdSE). Both the terminolo-
gies vary depending on material and hybrid material systems. SdSE is
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Figure 2.7: A cartoon showing the mechanism behind observation of Spin Seebeck
Effect (SSE) in Pt. The pure spin current developed in the magnetic insulator due
to creation of a thermal gradient leading to an electrochemical potential difference
in the magnon accumulation and is transmitted into the Pt via spin mixing con-
ductance. The resulting spin current in Pt is detected as a charge voltage due to
inverse SHE.

dependent on conduction electrons, where the SSE involves transfer of in-
formation via spins or spin waves / magnons in a magnetic insulator. The
spin current generated due to the transfer of angular momentum due to
heat gradient across a magnetic insulator and the adjacent normal metal
where the signals are detected via spin pumping and spin transfer torque.
As shown in the Fig. above, due to temperature gradient normal to the
Pt/MI junction, the electrochemical potential difference between the magnon
population in the magnetic insulator, i.e depleted of magnons at the hot
end and accumulation of magnons at the cold end (at the interface of Pt
and insulator), creates a net spin current in the insulator that is transferred
to the normal metal via spin mixing conductance. In the normal metal due
to larger spin Hall effect, the spin current is detected as a charge voltage
due to iSHE. This kind of geometry that are realized for the detection of
spin Seebeck voltage is Longitudinal Spin Seebeck effect (LSSE) where the
temperature gradient is parallel to the generated spin current.
Theoretical description related to the microscopic origin of SSE have been
proposed by Xiao et al., and Adachi et al.[39, 40], by means of scattering
and linear response theory. Considering the effective magnon temperature
to be Tm in the insulator side and eletron temperature to be Te in the
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metallic side, the spin current pumped from insulator to metal scales with
the difference of Tm and Te. Hence this is a non-equilibrium spin pump-
ing where the spin current is pumped into normal metal when Tm greater
than Te, as for the other cases the spin current is cancelled out by the
thermal spin noise. Hence at low temperatures, gigantic increase in the
SSE signals are reported for Pt/ YIG[41], Pt/ Cr2O3[42] systems due to
magnon-phonon mediated process. For the same reason, In transverse SSE,
where the temperature gradient is along the magnetic channel, for exam-
ple, in case of non-local (NL) detection of spin currents shown for Pt/YIG
hybrids, phonon mediated process gives rise to dominant contribution to
SSE. The phonon mediated process becomes more prominent for metallic
ferromagnet / Pt heterostructures, but for Pt/ MI hybrids, especially for
LSSE cases, magnon-phonon mediated process are dominant mechanism
for SSE signals.

2.6 Exchange interactions

In this section, a brief discussion on different magnetic exchanges that are
present in complex oxide materials, especially in manganites are discussed.
One of the major energy term that predominates in the total energy of
a magnetic material is the Heisenberg exchange. In general terms, the
coupling of the magnetic moment of site i with the site j in a 1D Ising
model is given by Heisenberg exchange, that is written as :

Hexc = −
∑
ij

Jij ~Si. ~Sj (2.37)

Jij is the exchange coupling constant that denotes the coupling integral

between the spins ~Si at site i and ~Sj at site j. In case of ferromagnets,
the sign of the Jij is positive and for antiferromagnets the sign is nega-
tive. Hence it is quite apparent that the overall Eq. 1.36, becomes positive
incase of antiferromagnetic alignment that aids an antiparallel alignment
between spins at i-site relative to j-site. This in particular, also reduces the
total energy in case of antiferromagnets resulting in an energy minima for
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Figure 2.8: (a) Superexchange interaction in SrMnO3 where the oxygen 2p-orbital
mediates an antiferromagnetic exchange between Mn4+ ions. (b) Double exchange
interaction where the oxygen 2p-orbital mediates a charge transfer by establishing
a ferromagnetic interaction between Mn3+/4+ ions in La0.33Sr0.66MnO3 (LSMO).

antiferromagnets. Hence it is clear that the antiferromagnetic materials are
non-responsive to any magnetic perturbations owing to their stable state
configurations.
Transition ferromagnetic metals posses a direct overlap of 3d-orbitals result-
ing in a spin dependent split of densities of states and fulfilling the Stoner
Criterion. The kind of exchange is called the direct exchange. In man-
ganites, the exchange is dominated by the interference of the 2p-orbitals
from the O2+ within the 3d-orbitals from Mn3+/4+. Kramers was the first
to introduce an exchange coupling for magnetic ions that is mediated by
a non-magnetic ion. This was to introduce the magnetic interaction in
MnO, where an antiferromagnetic ground state is established without a
direct exchange between Mn orbitals. The theory was modified by Goode-
nough, Kanamori and Anderson and is known as superexchange mechansim.
The set of rules that underlines the mechanism is known as Goodenough-
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Kanamori-Anderson rules (GKA rules[43–47]. It is as follows :

• The exchange interaction of two half-filled orbital is strong and anti-
ferromagnetic if both orbitals are coupled two one another by 180o.

• If the overlap of two half orbitals are 90o to one another, the exchange
interaction is weak and ferromagnetic.

• The overlap of a half filled orbital with an empty (or doubly occupied)
orbital is weak and ferromagnetic.

The antiferromagnetic exchange and ordering usually predominates with
superexchange. The exchange coupling constant can be determined from
the second order perturbation theory, and is proportional to a charge trans-
fer hopping integral given by :

Jij ∝ −
t2ij
U

(2.38)

where U is the Coulomb energy and t is the exchange integral of the two
orbitals at i and j site. It is written in the form as follows :

tij = 〈ψi
∣∣H ′∣∣ψj〉 (2.39)

where H’ is the perturbation energy of the electron in the orbital ψj induced
by ψi. In Fig. 2.8(a), the schematic of superexchange interaction is shown
for SrMnO3 where the exchange is mediated by O2− - 2p orbitals between
Mn4+ ions.
Another kind of interaction that involves hopping of electrons is the double
exchange (DE). This kind of interaction is mediated by O2− -2p orbitals
between mixed valence state of Mn3+ and Mn4+. This is predominant
with increasing Sr concentration in La1−xSrxMnO3 (LSMO). This is shown
in Fig. 2.8(b). This interaction leads to a ferromagnetic exchange where
by increasing xSr, results in a magnetic transition from antiferromagnetic
LaMnO3 (superexchange via O2− between Mn3+ ions) to ferromagnetic
LSMO. Such exchange interactions will be discussed in more detail in the
perspective of probing the magnetic ordering in SrMnO3 thin films as dis-
cussed in the chapter 5.
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2.7 Antiferromagnetism

Antiferromagnetic materials were mentioned to be ’interesting and useless’
by Louis Neel in his Noble lecture in 1970. A zero net magnetization and
a stable order system requires a larger energy and magnetic field to re-
spond. Despite such an inauspicious start, significant advancements have
been achieved in the last two decades in the field of antiferromagnetic spin-
tronics.

In spintronics, for a long time antiferromagnets have been used as a pas-
sive element in the read heads of magnetic tunnel junction, where it pins
the magnetization state of the ferromagnetic hard layer by exchange bias,
creating a strong uniaxial anisotropy across the interface. However, clever
experimental strategies where the non-responsive behavior of antiferromag-
nets are not being influenced by magnetostatic stray fields is currently an
active field of study. Another useful property that was exploited in the
last decade is the study of the magnetization dynamics at THz frequen-
cies, that are ultrafast in nature[48] and can facilitate faster processing of
information. The reorientation of the magnetic sublattices at the cost of ex-
change energy in antiferromagnets is larger than overcoming the magnetic
anisotropy energy in ferromagnets, and larger energy is required larger fre-
quency dynamics.

One of the key requirement in antiferromagnetic spintronics is the electri-
cal control of the magnetic ordering in antiferromagnets. This was demon-
strated in metals like CuMnAs, FeRh which are collinear antiferromagnets.
An interesting feature of such materials is the lack of inversion symme-
try in the bulk crystal that leads to an effective electric control of the
magnetic ordering via inverse Spin Galvanic effect (iSGE)[49]. This leads
to anisotropic magnetoresistance (AMR) responses with a magnetic field
applied in the plane of the transport. Further, spin pumping, where the
electrical control of the antiferromagnetic order parameter, Neel order ~L =
~M1 - (- ~M2), comprising of the sum total of the magnetization of each mag-

netic sublattices was actively exploited[50]. It was theoretically shown by
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2.7. Antiferromagnetism

Brataas and the coworkers, that effective spin pumping is achieved across
a normal metal that is interfaced with antiferromagnetic insulator either
with compensated or uncompensated moments[51]. Further, electrical con-
trol of spin waves (magnons) was demonstrated in an antiferromagnetic
insulator α-Fe2O3, where by reorientation of the magnetic sublattices with
increasing magnetic field resulted in a spin flop transition of such uniaxial
antiferromagnets[52, 53]. With increasing magnetic field, the Neel vector
~L orients perpendicular to the direction of the magnetic field during spin
flop transition. This was already discussed, in the section 2.4, where this
leads to an opposite phase in the ADMR signals due to SMR. It has been
pointed out for certain materials like Cr2O3[42], the spin flop transition is
observed with the magnetic field applied perpendicular to the easy axis.
However, when the magnetic field is applied in the easy plane, no spin flop
like transition is observed from the electrical response.

The electrical response obtained from Longitudinal Spin Seebeck Effect
(LSSE) carries the information via magnon in magnetic insulators. Fig. 2.9
shows the observation of spin flop transition in uniaxial MnF2, FeF2 and
Cr2O3. The magnon in antiferromagnets essentially consist of two branches,
α and β branch that carries the information of two magnetic sublattices
with opposite chirality and carrying equal and opposite angular momenta.
In absence of magnetic field, the two modes are degenerate and hence no
electrical signal in the normal metal due to SSE[55–58]. This degeneracy is
lifted upon the application of the magnetic field. The β mode as shown in
Fig. 2.9(b) decreases linearly with field and the α mode increase linearly
with field. The splitting is estimated from the angular cone described in one
of the AFM sublattice with respect to the other as shown in Fig. 2.9(b).
With a temperature gradient and magnetic field applied, a net spin current
can be achieved in the normal metal that is detected as an electric voltage
response due to ISHE. The magnetic field dependence of the SSE voltages
provides information on the orientation of the antiferromagnetic ordering
in the magnetic insulators.
Another, useful strategy to look into such incomplete rotation of the antifer-
romagnetic sublattices is by providing an exchange bias assisted exchange
spring like rotation of the ferromagnetic moments relative to the antiferro-
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Figure 2.9: Mechanism of spin current flow in antiferromagnetic insulators by
Spin Seebeck effect. (a) With a temperature gradient ∇T applied normally to
the surface of the insulator and normal metal and an applied magnetic field H
in-plane of transport, lifts the degeneracy of the magnon modes α and β that
increases and decreases respectively with field. This give rise in a spin current
in the antiferromagnetic insulator that displays different responses with applied
magnetic field as shown in Cr2O3, MnF2 and FeF2. These are adapted from
[42, 54, 55], (b) shows the modes, with a field applied along one of sublattice
direction. The degeneracy is lifted resulting the flow of spin current. With field
applied above the spin-flop state (HSF ), one of the mode is zero and an effective
magnetization in the direction of the magnetic field give rise to a ferromagnetic
resonance thereby leading to an induced ferromagnetic behavior. (c) the frequency
dependence is shown with applied magnetic field. This curve is sketched from the
antiferromagnetic resonance measurements on uniaxial Cr2O3 presented in [56].
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magnetic moments and detection using spin polarized tunneling, i.e. tun-
neling anisotropic magnetoresistance (TAMR). This was shown across a
multilayer of Py/IrMn/MgO/Pt[59], where the exchange pinning of the Py
moments due to exchange bias produced across the interface of Py/IrMn
(AFM) is detected as TAMR response in Pt from the field and ADMR
measurements. De Jong and his coworkers have observed such TAMR re-
sponse across exchanged biased Co/CoO multilayers where the response
is detected in Au layer[60]. Such indication of TAMR responses will be
discussed in Chapter 3, where using 3T geometry, switching like responses
are observed across Co/CoO multilayer on oxide semiconductor platform
of Nb-doped SrTiO3.

2.8 Summary

Relevant to this thesis, the theoretical concepts of spin polarized tunneling
and spin injection-detection in semiconductors were discussed. The Hall
effect measurements covers a wide spectrum of phenomena, where the cor-
relation of the conduction electrons in metallic ferromagnet with magnetic
field was discussed in Anomalous Hall effect, and the detection of spin cur-
rent from magnetic insulators into normal metal by spin Hall effect (SHE)
assisted spin transport were discussed with a note on its implementation
of such techniques in antiferromagnetic materials. Essentially, these exper-
imental detection methods will be used further in the succeeding chapters.
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Chapter 3. Charge and spin transport across the Schottky interface of
Nb-doped SrTiO3 (Nb:STO)

An electric field modulation of tunneling anisotropic magnetoresistance
(TAMR) is reported at the Schottky interface of Ni and Nb-doped SrTiO3

(Nb:STO) at room temperature. TAMR response as high as 0.11% is ob-
served in the bias dependence. The variation of the applied voltage bias
leads to the modulation of the built-in electric field at the Schottky inter-
face. This is simulated from the electrostatic modelling across the Schottky
interface. Strength of the TAMR response and its modulation with elec-
tric field is strongly dependent on the large dielectric permittivity of SrTiO3

at room temperature and on the modulation of the Rashba spin-orbit field
across the Schottky interface respectively. Additionally, the interface of
Co/CoO are studied across Nb:STO. Signatures of TAMR effect governed
by the incomplete rotation of CoO moments with magnetic field applied in
and out of the plane of transport are reported. These experiments, shows
an unique method to manipulate spin states by an electric field across the
Schottky interfaces with Nb:STO.

3.1 Introduction

Modern day electronics is largely based on downscaling of the key com-
ponents in an integrated circuit to increase computational power. An im-
portant component in the circuit is a transistor (commonly known as field
effect transistor) that operates with electric field. Understanding of the
working principle of such a transistor necessitates the understanding of the
metal-semiconductor interface of a Schottky junction. Increasing function-
alities across such Schottky interfaces are always desirable and is a viable
approach to address the problems associated with transistor downscaling in
an integrated circuit[1, 2]. This is an active area of research and is expected
to yield new material devices and interfaces that can complement Si based
transistors. One idea to reduce power consumption is to integrate memory
and logic in a single device and operate it using electric field by incorpo-
rating additional functionalities in the semiconductor. In this direction,
complex oxide material systems are a compelling alternative. Complex ox-
ide materials due to the strong correlations between orbital, lattice and
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spin degrees of freedom exhibit unique and tunable electronic properties
across their heterojunctions that are absent in their bulk[3]. In this work,
tunable charge and spin transport properties of a ferromagnetic contact on
one such complex oxide interface is demonstrated.

3.2 Doped SrTiO3

SrTiO3 (STO) is an insulator with a band gap of 3.2 eV. By doping Nb5+

at Ti+4 sites, it becomes an n-type semiconductor: Nb-doped SrTiO3

(Nb:STO). Doped STO is a rich platform to study electric field depen-
dent electronic transport. The conduction band of STO is derived from
the Ti 3d-orbitals that more localized than the p-orbital derived bands of
conventional semiconductors. Moreover, with reducing temperature, STO
is driven towards ferroelectric phase transition but never becomes ferroelec-
tric due to quantum fluctuations and is rather considered to be a quantum
paraelectric [4]. As already mentioned in chapter 1, the relative permittiv-
ity εr, diverges at such critical transition at low temperatures, and records
a permittivity as large as 30,000 at 4K and 300 at room temperature [5].
These properties make Nb:STO an interesting platform for studying spin-
transport across such interfaces using ferromagnetic contacts. Considering
spin as a parameter in computing, besides its use in storage and memory
functionalities, by employing ferromagnetic contacts on Nb:STO will serve
as a new device platform for novel spintronics applications. [6]. This also
leads to a strong modulation of the built-in electric field across the Schottky
interface. Manipulation of the spin states across the interface of Nb:STO is
brought about by Rashba spin-orbit coupling (SOC) that arises at the bro-
ken inversion symmetry surface of STO[7–9]. Novel transport phenomena
exploiting Rashba SOC were recently demonstrated at such Schottky inter-
faces of Nb:STO [10–12], as also discussed in chapter 1. Recently, electric
field dependence of tunneling anisotropic magnetoresistance (TAMR) was
investigated in Schottky junctions with Co electrodes on Nb:STO. TAMR
response at room temperature as high as 1.6% was reported across the
Schottky interface of Co/Nb:STO[13]. A bias dependence of the TAMR
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signals is observed due to the modulation of the built-in electric field across
the Schottky interface of Nb:STO that in turn modulates the Rashba SOC.
A large TAMR signal across Co-Nb:STO interface was ascribed to arise
from the hybridization between the d- orbital electrons of Co and Nb:STO.
It is interesting to investigate if the TAMR and its variation with the ap-
plied bias depends on the choice of the ferromagnetic material and on the
nuances of the hybridization of the orbitals states that participate in the
tunneling process across the Schottky interface.
This chapter deals with the tailoring of charge and spin transport prop-
erties across the Schottky interface of Nb-doped SrTiO3 (Nb:STO) with
metals. A non-linear variation of dielectric permittivity of Nb:STO with
electric field and temperature facilitates an electric field control of transport
properties that will be discussed in this chapter. Moreover, the influence of
the interface for spin dependent tunneling across Schottky and Metal/oxide
interfaces will be discussed. The chapter is classified in three parts :

• Tailored charge transport properties assisted by an electrostatic mod-
elling of potential landscape across Ni / Nb:SrTiO3 interface.

• Electric field control of spin transport properties originating at the
Ni/Nb:SrTiO3 and Co/CoO/Nb:SrTiO3 interfaces.

3.3 Metal - Semiconductor interface and charge
transport

3.3.1 Schottky Barrier Height

When a metal is in an electrical contact with a semiconductor (in this case,
we deal with n-type semiconductors), the conduction and the valence band
of the semiconductors bend in energy space in order to establish a charge
transfer across the interface. The amount of charge transfer is dependent on
the barrier height that is formed across the metal/semiconductor interface
known as the Schottky Barrier Height (φSBH).
Fig. 3.1(a) shows the energy profile of the isolated metal and semiconductor

66



3.3. Metal - Semiconductor interface and charge transport

Φm 

Φs χs EC

EF

EV

EF

Metal Semicon-
ductor

Semicon-
ductor

Metal

ΦSBH
EF

EC

EV

I

V

EF
eV

Forward bias 
(eV)

EF
- eV

Reverse bias 
(- eV)

(a) (b)

(c)

Figure 3.1: (a) Energy diagram of isolated metal and semiconductor (b) Energy
diagram of a Schottky interface when a metal and semiconductor are in an electrical
contact, the potential barrier formed due to such an electrical contact is defined as
Schottky barrier whose height is shown as φSBH . (c) Rectification demonstrated
by a schematic of charge transport characteristics of an ideal Schottky diode,
insets: Shows the potential landscape of the Schottky interface due to application
of positive (forward) bias and negative (reverse) bias.

(n-type). A metal is generally characterized by its work function (φM )
which is the minimal energy required to eject an electron from its Fermi
surface /level (EF ) to vacuum. Similar phenomena that describes a semi-
conductor is called as electron affinity (χs). For n-type semiconductors, the
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Fermi energy level lie closer to the conduction band (EC) than the valence
band (EV ) facilitating electrons as the mobile charge carriers.
When an isolated metal and semiconductor are connected electrically (can
be imagined as connected via a conducting wire), both EC and EV bend
(shown in Fig. 3.1b) in order to align the Fermi energy level (EF ) causing
charge transfer. The amount of bending of the conduction and valence
energy bands is the difference between the metallic work function and the
electron affinity in the semiconductor. Hence according to the Schottky-
Mott model, the Schottky barrier height is defined as :

φSBH = φM − χS (3.1)

An analytical expression can be obtained across the metal-semiconductor
interface using Poisson’s equation that is solved using full depletion ap-
proximation that assumes that all free charges are depleted up to W, the
depletion width. The equation at the semiconductor side is written as :

d2φ(x)

dx2
= − ρ

εs
(3.2)

where φx is the electrostatic potential and ρ is the charge density and εs
is the dielectric permittivity of the semiconductor. Hence, the electrostatic
potential can be obtained by integrating twice the equation above with a
boundary conditions of E(0) = 0 and V(0) = 0 and ρ = qND in the depletion
region. Hence the equation is reduced to:

− dφx
dx

= E(x) = −qND

2εx
x (3.3)

φ(x) =
qND

2εs
x2 (3.4)

where E(x) is the electric field or the bulit-in electric field. The total poten-
tial drop at the semiconductor side is equal to the built-in potential φbi. By
applying an external voltage VAC to the junction, the potential is modified
and is related to the depletion width W by :

W =

√
2εs
qND

(φbi − VAC) (3.5)
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This is the analytical expression of the depletion width W with built-in and
external potential. However, in reality, interface states, dangling bonds and
chemical bonding across the interface largely affects the formation of the
Schottky barrier as these parameters are extrinsic and cannot be accounted
for in the energy landscape description across such interfaces.

3.4 Device Patterning and Fabrication Details

Single crystalline Nb:STO substrates with 0.05 wt% doping concentrations
were obtained from Crystec GmbH. SrTiO3 (STO) is a layered perovskite
structure, consisting of SrO and TiO2 sublattices. Due to the chemical
instability of SrO, the surface of STO is TiO2 terminated using chemical
wet etch protocol [14]. The surface of STO is treated with DI water that
hydrolyses SrO into Sr(OH)2, this dissociates into Sr++ ions by treating it
with buffered hydrofluoric acid (BHF) for 30 seconds and finally removed
from the surface by cleaning it with DI water. After surface termination,
the substrate is inserted in the loadlock of the electron beam evaporator.
20 nm of Ni followed by a 20 nm of Au (capping layer) is deposited by
electron beam evaporation at a base pressure of ∼ 10−6 Torr. Atomic force
microscopy (AFM) scan reveals the surface roughness to be ∼ 5 Å. After
deposition the sample is patterned into three terminal (3T) nano-pillars
using UV lithography and ion-beam etching. Fig. 1a shows the 3T device
geometry used for I-V studies, where a DC voltage is sourced (VDC) across
contact 2. This creates a voltage drop V across the Schottky interface
with the contact 2. This voltage drop V is measured using Keithley 2410.
This geometry ensures the measured current to arise from the Schottky
interface across contact 2, eliminating series resistance from the wires and
current flowing across the channel. In other words, only the junction of
Nb:STO consisting of the contact 2 (Au/Ni) is probed. Details on sample
preparation and fabrication are discussed in the appendix.
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Au (20 nm) / Ni (20 nm) / Nb:SrTiO3 (x wt%)

Ti (30 nm) / Au (120 
nm) for contacts

Nb:SrTiO3 (0.05 wt %)Nb:SrTiO3 (x wt%)

0 5 μm

Nb:SrTiO3 (x wt %)

Nb:SrTiO3 (0.05 wt %)

UV lithography and 
ion beam etching 

Nb:SrTiO3 (x wt%)

AlOx (120 nm) for 
insulation 

Nb:SrTiO3 (0.05 wt %)Nb:SrTiO3 (x wt%)

TiO2 terminated Nb:STO substrate

Figure 3.2: Schematic illustrating device fabrication process, starting from TiO2

terminated Nb:STO substrate, that is loaded in the electron beam evaporator
for the deposition of Ni (20 nm) and Au (20 nm) as capping layer; followed by
UV lithography and Ion Beam Etching. The etching depth of the samples after
ion beam etching is checked by Atomic Force Microscopy (AFM) to understand
whether the sample is under-etched or over-etched. Thereafter, followed by the
deposition of 120 nm of insulating layer AlOx; Finally the ohmic layer of Ti (30
nm) / Au (120 nm) and the device is ready for bonding.
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Figure 3.3: Schematic illustration of the measurement set up
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Figure 3.4: (a) Three terminal (3T) device geometry where a voltage (VDC) is
sourced between central contact 2 and a grounded reference contact 1, giving rise
to a potential drop between contact 2 and reference contact 3. The measurement
scheme used is 4-probe and the junction voltage (resistance Rint) is measured,
decoupled from the resistances due to the leads and the semiconductor channel
(Rwf ).
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3.5 Charge transport characteristics

The temperature dependent I-V characteristics for Ni/Nb:STO devices are
shown in the Fig. 3.5(a-f). The current density across the contact 2 (shown
in Fig. 3.4 a) with a contact area of 50 x 100 µm2, is plotted with the
measured voltage V across the same contact. The observed charge transport
response is unique and is inherent to the properties of STO. In the forward
bias, the forward current decreases with decreasing temperature, indicating
thermal activation of the charge carriers. Bending of the conduction band
of Nb:STO decreases upon increasing the forward bias, as shown in the
modelled potential landscape of the conduction band of STO and leading
to a gradual decrease in the Schottky barrier height. This increases the
forward current exponentially. The forward current depends on the thermal
activation of the charge carriers that is proportional to kBT, where kB is
the Boltzmann constant and T is temperature. At room temperature, kBT
is 25 meV and decreases further at low temperature. This give rise to the
reduction in the forward current at low temperatures. On the other hand,
at reverse bias an opposite behavior is observed. In a Schottky interface
with conventional semiconductors like Si, GaAs etc, large Schottky barrier
height and width impedes the charge transport from metal to semiconductor
resulting in a large rectification. In this case, a large current flowing in the
reverse bias is observed indicating field emission (direct tunneling) to be
the dominant mechanism[15]. This can be explained by the modulation of
the large dielectric permittivity (εr) of STO with applied bias. εr of STO
varies non-linearly with temperature and electric field which is described as
the Barret’s formula[16, 17]. This is shown in the electrostatic model (next
section) to estimate the potential landscape of the conduction band of STO
at different temperatures. The landscape shows a steeper band bending at
low temperature due to increasing εr resulting in larger field emission from
Ni to Nb:STO. This give rise to larger reverse current at low temperature
as shown in Fig. 3.5.
Moreover, with the insertion of an ultrathin tunnel barriers of AlOx, 7Åand
11Årespectively as shown in the I-V characteristics in Fig. 3.5(e and f), the
asymmetry in the forward and reverse currents reduces indicating increased
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tunneling via the tunnel barrier. Hence the predominance of the Schottky
interface will be reduced due to the tunnel barrier. Hence the Schottky
and tunnel contacts on Nb:STO are analysed by different charge transport
mechanisms.

The Schottky barrier height (φB) is extracted in the forward bias at
different temperature using the Thermionic equation shown below:

J(V ) = A∗T 2e
− qφB
kBT

(
e

qV
nkBT − 1

)
(3.6)

where, J(V) is the current density, V is the applied bias, A is the Richardson
constant, for Schottky interfaces with STO, A = 156 Acm−2K−2, T is
temperature, n is the ideality factor (for Schottky interfaces n is between 1
and 1.1) and φB is the Schottky barrier height. Using Eq. 3.6, the linear
region of the forward current were fitted. The temperature dependent φB
were extracted from the fit. Temperature independent SBH extraction was
done by plotting the φB with the ideality factor given below[18] :

1

n
=

φB − ξ
q

φBF − ξ
q

(3.7)

where φBF is the temperature independent Schottky barrier height (SBH),
ξ is the degeneracy. The plots of φB and 1/n for the Ni/Nb:STO devices
with different doping concentrations of Nb:STO are shown in the Fig. 3.6
(a-d). The extracted SBH are shown in the Table below.
However, the charge transport characteristics show deviations from a typ-
ical Schottky characteristics. A reduction in the forward current and an
increase in reverse current on reducing temperature is observed (shown in
Fig. 3.5). Other than, Nb:STO with a doping concentration of 0.1 wt%
(Fig, 3.5 a), the I-V characteristics with all other doping concentrations of
Nb:STO exhibits an increase in the zero bias current density and enhanced
reverse current. As mentioned above, increase in the reverse current indi-
cates tunneling of electrons across the Nb:STO interface. Hence, both the
Schottky and tunnel junctions are analyzed using different charge transport
approach. The Richardson analysis is used, where the saturation current
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Figure 3.5: Charge transport characteristics (J-V) of Schottk devices: (a) Ni
(20 nm) / Nb:STO (0.01 wt%), (b) Ni (20 nm ) / Nb:STO (0.05 wt%), (c) Ni
(20 nm) / Nb:STO (0.1 wt %), (d) Ni (1.5 nm)/ Nb:STO (0.1 wt%), and tunnel
devices : (e) Ni (20 nm) / AlOx (0.7 nm)/ Nb:STO (0.01 wt%), (f) Ni (20 nm)
/ AlOx (1.1 nm)/ Nb:STO (0.05 wt%)
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Emission (TE) Model.
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density Js are obtained by fitting the forward bias current densities at all
temperatures (shown in Fig. 3.7) using the equation :

J = Jsexp(
eV

nkBT
− 1) (3.8)

The obtained values of Js is then used in the equation of thermally assisted
field emission (TFE) model, that is different from Thermionic emission to
extract the barrier height (φB). This is given by[? ]:

Js

T2
=

AE
1/2
00 (eφB − ξ)exp(− ξ

kBT −
eφB−ξ

E )

kBTcosh E00
kBT

(3.9)

where E = E00coth E00
kBT , A is the Richardson constant which is 156 Acm−2K−2

for Nb:STO and ξ is the degeneracy.
By fitting the equation in Fig. 3.7 where Js/T2 is plotted with respect to
1000/T, the Schottky barrier height φB is obtained as 0.5 eV, E00 as 32
meV and ξ as -20 meV for the tunnel device Ni (20 nm) / AlOx (7 Å)/
Nb:STO (0.01 wt%).
E00 is comparable to kBT at room temperature indicating a transport mech-
anism that has both thermionic and tunneling characteristics. The insertion
of a 7Å thick tunnel barrier reduces φB from that predicted by Schottky-
Mott model (1.05 eV for a Schottky interface of Ni with Nb:STO). Interest-
ingly, the degeneracy is negative for this doping concentration of Nb:STO
whereas in the earlier reports[16], the degeneracy is reported to be positive
(i.e. a non-degenerate semiconductor). The depletion region is calculated

to be 70 nm using the equation Wd =
√

2εrφB
eND

, where εr is 300 and ND

is 3x1018 cm−3 when measured earlier for Nb:STO (0.01 wt%) substrates
using Van der Pauw measurements. The Table below shows the different
parameters extracted using the two different models for the Schottky and
tunnel devices on Nb:STO.

In Fig. 3.5 (b), a kink is seen to appear in both bias regimes at low
temperature. This means that there is an existence of two different charge
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Extracted parameters

Samples(wt%) φSBH(eV) E00(meV) ξ(eV)

Ni (20nm)/Nb:STO(0.01) 0.9±0.013 0.031±0.01 0.12
Ni (20nm)/Nb:STO(0.05) 0.85±0.02 NA -0.04± 0.02
Ni (20nm)/Nb:STO(0.1) 0.81±0.02 35±0.07 -0.05±0.01
Ni (1.5nm)/Nb:STO(0.1) 0.75±0.2 NA -0.1±0.06
Ni(20nm)/AlOx(7 Å)/Nb:STO(0.01 wt) 0.507±0.09 50±10 0.1
Ni(20nm)/AlOx(11 Å)/Nb:STO(0.05) 0.36±0.1 45±2 -0.07±0.04

Table 3.1: Extracted parameters related to the Schottky interface across Nb:STO.
These parameters are extracted by fitting the curves using Eq. 3.7 and 3.9

transport mechanism. This is attributed to the presence of a parallel con-
duction path due to trap assisted tunneling at low bias. The traps can be of
oxygen vacancies, dangling bonds etc. that allow hopping transport across
the Schottky interface due to the low barrier height and width. This is
more expected at higher donor concentrations in Nb:STO due to increasing
degeneracy. From the electrostatic model used to simulate the potential
landscape of the conduction band of STO, a doping concentration of 0.05
w% Nb:STO is obtained to be non-degenerate. The extracted Schottky
barrier height (φB) and the degeneracy can be obtained from the temper-
ature dependence of the I-V responses. From the plot of φB with ideality
factor (1/n) as shown in Fig. 3.6, the temperature independent Schottky
barrier height (φBF ) and the degeneracy (ξ) are obtained. The extracted
SBH as shown in the table, is 0.85 ± 0.2 eV and ξ is obtained as -0.04 ±
0.02 eV. The Schottky-Mott model predicts the temperature independent
φBF to be the difference in the work function of the metal (φM ) and the
electron affinity of the semiconductor (ψSC) which is 1.1 eV. The differ-
ence in the extracted SBH and what is expected from the Schottky-Mott
model can be explained due to increased tunneling (field emission) across
the Schottky interface of Ni-Nb:STO (0.05 wt%). Moreover, the obtained ξ
value indicates a degenerate semiconductor whereas the electrostatic mod-
elling (next section), shows a non-degenerate semiconductor with 0.05 wt%
doping. This is attributed to the larger donor concentration in Nb:STO
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(Nd) leading to degenerate semiconductor. This in turn, leads to increase
in the leakage current suggesting a presence of trap assisted tunneling. At
low temperature, due to decreased forward current and increased reverse
current, a clear transition of the observed parallel conduction path is ob-
served. The above experimental data on charge transport, showcase the
following unique features :

• The temperature dependence of the forward current, indicating a
thermal assisted emission of electrons, that is controlled across the
interface of Nb:STO with doping concentrations and increasing thick-
ness of tunnel barrier.

• The anomalous increase in reverse current with increasing reverse bias
at low temperatures indicating a field emission or tunneling transport,
that is also controlled by the electrostatic potential landscape across
the conduction band of Nb:STO.

In order to understand the effect of the complex intricate relation of the
key parameters like εr, Doping concentration (ND) and the associated the
built-in electric field of Nb:STO at equilibrium (at a Schottky contact) and
the its evolution with applied bias (VDC), it is imperative to simulate the
electrostatic potential of the conduction band of STO at different temper-
ature. This is discussed in the next section.

3.6 Electrostatic modelling across Schottky inter-
face of Nb:STO

Simulation of the electrostatic potential across a Schottky junction is mod-
elled using the Gauss theorem in electrostatics, given by[16, 17] :

∂E

∂x
=
qND

ε0εr
(3.10)

When a metal is interfaced with a semiconductor, due to the bending of
the conduction band, there arises a built-in electric field E, an electrostatic
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Figure 3.8: (a) Potential landscape (φ) of Ni/Nb:STO (0.01 wt%) with applied
bias VAC = -1, 0 and +1 V at different temperatures. (b) Built in electric field
modulation at bias -1, 0 and +1 V.
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potential that varies with a distance x from the interface. These parameters
are dependent on the donor concentration ND, the electronic charge q,
permittivity of free space ε0 and relative permittivity of the semiconductor
εr. In Nb:STO, εr depends on temperature and electric field and is given
by a non-linear variation which is known as the Barrett’s formula :

εr(T,E) =
b(T )√

a(T ) + E2
(3.11)

where a(T) and b(T) are temperature dependent parameters respectively.
Using Barrett’s formula the relative permittivity of the semiconductor can
be expressed at zero field and with a temperature dependence as:

εr(T, 0) =
1635

coth(44.1
T )− 0.937

(3.12)

Solving equation 3.10 with respect to x and using the boundary condition
that the electric field at the edge of the depletion width is 0, E(W ) = 0,
gives:

E(x, T ) = −
√
a(T ) sinh

(
qND(W (T )− x)

b(T )ε0

)
(3.13)

As the potential can be written as φ = −
∫
Edx and using the boundary

conditions that at the depletion width the potential is given by the differ-
ence between the applied voltage, φDC , the potential difference between the
conduction band and Fermi level, φF , the potential at x = 0 is the Schottky
barrier height φB, and that the potential is smooth, the potential can be
expressed as:

φ(x, T ) =

√
a(T )b(T )ε0
qND

(
cosh

(qND(W (T )− x)

b(T )ε0

)
− 1

)
+ (φAC − φF )

(3.14)
.

Using equation 3.14, the conduction band potential at different applied
bias VAC , can be evaluated. The model is used for doping concentration of
0.05 wt% Nb which is evaluated theoretically by the following equation :
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Figure 3.9: Potential landscape (φ) of the conduction band of Nb:STO at zero
bias at room temperature. It is plotted with three different doping concentrations.
The x-axis is the distance from the Schottky interface (x) which is shown by the
dashed line parallel to the y-axis. The doping concentration of 0.05 wt% Nb:STO
is used in this experiment. The dashed line at zero volt indicates the Fermi energy
level. All the doping concentrations shows a non-degenerate semiconductor.

ND =
wt%ρSTO
mNb

× 100% (3.15)

where, wt% gives the weight percent of STO, ρSTO is the density of STO
and mNb is mass of Nb atom.

Fig. 3.9 shows the potential landscape of the conduction band of
Nb:STO at room temperature. It is plotted with three different doping
concentrations at zero applied bias (φAC= 0). The dashed line at zero
volt indicates the Fermi energy level (EF ). This shows a non-degenerate
semiconductor with all doping concentrations.
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3.7 TAMR response

In this work, TAMR signals across the Schottky interface between Ni and
Nb:STO at room temperature is investigated. The charge transport char-
acteristics (I-V) manifests as a dominant tunneling mechanism across the
Schottky interface. The maximum TAMR response observed in this work is
0.11% which is an order lower than what was observed with Co on Nb:STO
indicating the role of the differences in the tunneling density in Ni and Co
and their hybridization across the Schottky interface. The variation of the
built-in electric field is simulated from a model that evaluates the change
in the potential profile of the conduction band of Nb:STO with applied
bias. This allows us to correlate the electric field modulation of the TAMR
response from the bias dependence.
This section, deals with the probable origin of the tunneling anisotropic
magnetoresistance (TAMR) at the Schottky interface of Ni on Nb:STO.
The observed TAMR signals have a strong bias dependence at room tem-
perature.

3.7.1 TAMR response and origin

3d ferromagnetic metals possesses a spin polarized density of states (spin
polarization) due to the crystal field splitting of the d-orbitals and the ex-
change interaction. For a tunneling contact with a ferromagnet, where the
spin polarization in the ferromagnetic interface is conserved due to tunnel-
ing, the relative direction of the applied current and the magnetization gives
rise to a magneto-response known as TAMR[19]. The change in the magne-
toresistance is due to the change in the tunneling spin-DOS which originates
due to finite spin-orbit coupling in the ferromagnetic metal[20, 21]. Unlike,
tunneling magnetoresistance (TMR) in magnetic tunnel junctions (MTJ),
where the change in the magnetoresistance is governed by the relative ori-
entation of the two ferromagnetic electrodes, in TAMR this is not the case
and it is the change in the magnetization at the ferromagnetic interface
with the applied current that gives rise to the magnetoresponse. This has
been observed in ferromagnetic metals with normal metal/semiconductor
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Figure 3.10: (a) 3T device geometry used for measuring the TAMR signals. A DC
current is sourced across contact 2, creating a potential drop across the junction on
contact 2. This potential is measured across the same contact using a voltmeter.
By applying a magnetic field out-of-plane (oop), the magnetization of Ni which
was in-plane rotates to oop with an angle θ with the magnetic field. (b) Observed
TAMR response at room temperature, by subtracting the background voltage
(Vbg) at zero. A parabolic magnetoresponse is observed with a background voltage
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response at room temperature, with oop magnetic field at different current bias
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is plotted with Vbg showing an asymmetric response with bias.
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interfaces[11, 13, 21, 22], in anti-ferromagnets[23], as well as across ferro-
magnetic semiconductor interfaces[24]. The probable triggers for a such
a magneto- response arising at the ferromagnetic interface are[25], (i) well
preserved densities of states due to tunneling, (ii) d-orbital character across
the interface, (iii) tunability by an interfacial electric field. The first two
reasons are interesting for ferromagnetic contacts on Nb:STO as the spin
transport occurs via highly localized 3d-orbitals both in the ferromagnet as
well as in Nb:STO. The built-in electric field across the Schottky interface
between a ferromagnet and Nb:STO (as in iii) give rise to the bias modula-
tion of the Rashba SOC. Hence, not only large TAMR responses, but also
a strong bias dependence can be observed across such interface.

Fig. 3.10(a) shows the 3T device geometry for TAMR measurements. A
dc current is sourced across the contact 2, the voltage drop is measured
across the same contact. Applying a magnetic field out-of-plane (oop) and
by gradually increasing the field strength, the magnetization of Ni which
was in-plane initially, is rotated oop by an angle θ. This alters the rela-
tive orientation of current and the magnetization direction. This give rise
to a parabolic magnetoresponse with the magnetic field as shown in Fig.
3.10(b). This response is obtained by subtracting the charge related back-
ground (Vbg) at zero voltage. The background voltage was - 50 mV and
the amplitude of the parabola obatined after fitting a parabolic equation
was -55 ± 0.2 µV. This amplitude is shown as ∆VTAMR. The saturation
in the signal at zero voltage indicates the complete rotation of the mag-
netization of Ni at ∼ 650 mT (the saturation magnetization). This kind
of parabolic magnetoresponse was earlier observed in Co electrode with a
Schottky contact on Nb:STO[13].

3.7.2 Bias dependence of TAMR signals

The observed parabolic response with oop magnetic field is measured with
different current bias. Fig. 3.10(c) shows the parabolic response for differ-
ent current bias that correponds to different background voltages (Vbg). By
fitting a parabola at different bias, ∆VTAMR is obtained. Fig. 3.10(d) shows
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the ∆VTAMR plotted with different background voltages at room temper-
ature. A large TAMR voltage is observed with increasing reverse bias.
Plotting the TAMR voltage with the background (Vbg), allows us to relate
the variation with the change of the potential landscape of the conduction
band in Nb:STO across the Schottky interface. The charge conservation
across the Schottky junction is given by : Qtotal = Qelectrons + Qdepleted.
This depleted charge is the amount of image charge at the ferromagnetic
interface. Due to applied bias (current), Qdepleted modulates, as it depends
on : Qdepleted ∝ qNDW. At a given ND, the depletion region W varies with
bias. This variation of Qdepleted is considered to be the same as the modula-
tion of the image charge at ferromagnetic interface where the spin polarized
states are responsive to the electric field. The strength of the response, in
turn, depends on the dielectric permittivity (εr) of the semiconductor. The
depletion region (W) and the donor concentration (ND) is related to the

dielectric permitivitty by: W ∝
√

εr
ND

. The dielectric permittivity of STO

at room temperature is larger than conventional semiconductors by a factor
of ∼ 30. Hence, a stronger bias dependent modulation of TAMR signals is
expected at the ferromagnetic interface with Nb:STO.

However, electric field tuning of the spin densities of states available for
tunneling is not similar for all ferromagnetic metals. In that respect, bias
dependent modulation of TAMR signals may not be similar for two differ-
ent ferromagnetic electrodes. A more clear view can be obtained from the
bias dependent variation of TAMR ratio. The TAMR response is defined
as :

TAMRratio =
V (θ = 0◦)− V (θ = 90◦)

V (θ = 90◦)
(3.16)

Here V (θ = 0◦) represents the voltage when the magnetisation lies in plane
and V (θ = 90◦) is the voltage when the magnetisation is rotated completely
out of plane. In other words, V (θ = 0◦)-V (θ = 90◦) = ∆VTAMR. The
background voltage is subtracted at V (θ = 90◦). Hence, the TAMRratio

can be described as ∆VTAMR/Vbg. Bias dependent TAMR % (TAMRratio

x 100) is shown in Fig. 3.11(a). TAMR% of 0.11, is the highest response
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Figure 3.11: (a) TAMR percent at room temperature, is plotted with background
voltage Vbgs. The inset figure shows the zoomed in version of the plot from +50
mV to -100 mV. TAMR percent peaks at -50 mV with a response of 0.11%. (b)
Variation of the electric field and depletion width with applied bias at room tem-
perature. This is simulated from the model showing the change in potential across
the conduction band of Nb:STO (Appendix A). The electric field and depletion re-
gion increases with increase in reverse bias and decreases with increase in forward
bias which is expected from a Schottky interface.
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at room temperature at a background voltage (Vbg) of -50 mV. Around
the highest peak (inset in Fig. 3.11a) the response decreases strongly in
the forward bias compared to the reverse. The asymmetry in the TAMR
responses with bias, is also reflected in the TAMR voltage as shown in
Fig. 3.10(d). Kamerbeek et. al. reported a large TAMR response at room
temperature across the Schottky junction of Co-Nb:STO (0.1 wt%)[13]. A
TAMR of 1.6% was reported at a background voltage (Vbg) of -75 mV.
The trend in the bias modulation of TAMR% is similar to that reported in
this work, although the magntitude reported here with Ni-Nb:STO (0.05
wt%) is lower from that reported across Co-Nb:STO (0.1 wt%) junction.
The observed response in the current work, is reproducible with respect to
different junction areas underpinning the interfacial origin of the response.
The response peaks at -50 mV with highest response varying between 0.1-
0.11% in junctions with contact area ranging from 100 x 200 - 100 x 300
µm2.

3.8 Discussion

The built-in electric field across the Schottky interface and the applied mag-
netic field are out-of-plane to the plane of transport. The applied magnetic
field with increasing field strength, gradually rotates the in-plane magneti-
zation of Ni to out-of-plane. As mentioned above, the built-in electric field
with applied bias modulates the spin densities of states across the ferromag-
netic interface. Moreover, the Rashba SOC originating from the built-in
electric field is also varied across the interface. As a result, there is a modu-
lation of an effective magnetic field strength in-plane to the transport, due
to Rashba SOC. Change in the magnetoresistance shown as ∆VTAMR will
be larger for larger Rashba field strength. This is described in the behavior
of ∆VTAMR with applied bias in Fig. 3.10(d). Fig. 3.8 shows the simulated
variation of the built-in electric field and depletion region with applied bias,
extracted from the electrostatic model to evaluate the conduction band po-
tential of Nb:STO with applied bias across the Schottky interface. The
electric field in Fig. 3.8, gradually increases with bias applied from large
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forward bias to reverse bias. Since, the TAMR signals also scales with the
variation of depletion region, larger response is observed at reverse bias due
to increasing depletion region at a given ND.
Bias dependence of the TAMR responses is demonstrated with modulation
of the built-in electric field and Rashba SOC across the Schottky inter-
face of Ni/Nb:STO. For conservation of the spins, tunneling mechanism is
more effective rather than thermionic emission. This can be seen from the
charge transport characteristics as shown in Fig. 3.5(b), that demonstrates
an increased tunneling with increasing reverse bias giving rise to increased
TAMR response at reverse bias. The asymmetry in the observed TAMR
voltage (Fig. 3.10 d) and TAMR% (Fig. 3.11 a) with bias is a mani-
festation of the electric field modulation of the TAMR signals. However,
the strength of the TAMR response is different for Co and Ni electrodes
indicating differences in the tunneling DOS. A theoretical approach is re-
quired, to understand the microscopic details of the tunneling transport via
3d-orbitals between a ferromagnet and STO. This will provide important
insights into the differences in the observed responses with different ferro-
magnetic electrodes. Moreover, the doping concentration (ND) of Nb:STO
is an important parameter. Larger doping concentration give rise to larger
modulation of the built-in electric field. The differences in TAMR responses
along with the peak voltage as shown in Fig. 3.11(a) can be different with
different ND. Using larger ND enhances the modulation as shown earlier
across Co/Nb:STO Schottky interface[13].
However, the large TAMR response across Co/Nb:STO at room tempera-
ture is very intriguing. This directly showcases the tunability of the spin-
DOS across Co interface triggered by the electric field across the Schottky
interface. But, any unintentional oxide formation of Co cannot be deter-
mined from the earlier study. Oxides of Co, can form an oxide barrier
increasing the tunneling region mediated via direct tunneling compared to
thermally assisted one. Moreover, CoO is an antiferromagnetic insulating
oxide whose exchange coupling with the ferromagnetic moments of Co is
an interest field to investigate the effects of TAMR. Thus fabricating a 3T
junctions with intentional oxidation of Co layer can be a possible way to
validate the effects of a tunable Schottky interface for observation of TAMR
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signals.

3.9 Temperature dependent magnetoresistive re-
sponses across Co/CoO/Nb:STO

In this section, an unique representation of exchange biased Co/CoO in-
terfaces for spin transport applications is shown using three (3T) geome-
try. On a semiconducting platform of Nb-doped SrTiO3, 3T nanopillars
of Co(20 nm) / CoO (1-2 nm) were fabricated using UV lithography and
Ar-ion etching. The motivation behind this project are mentioned below :

• A new research direction with 3T geometry to investigate magnetic
properties of an exchange bias system.

• Understanding of the intricate features of Schottky interface of Nb:STO,
as manifested in the TAMR responses.

• Possibilities to integrate magnetic memory functionalities with semi-
conductors.

3.9.1 Methods

All the samples discussed in this work are prepared on Nb-doped SrTiO3

(001) with an Nb-doping in place of Ti of 0.1 wt% from Crystec. The
chemical treatment on the Nb:STO substrates were done the similar way
as mentioned in the Section 3.4. Some of the substrates were then annealed
at 960◦C in an O2 flow of 300 cc/min to facilitate the reorientation of sur-
face atoms to form an atomically flat and straight terraced surface.[26, 27]
All films are deposited by electron beam evaporation. Where present, CoO
layers are grown by depositing 1 nm of Co and performing in situ plasma
oxidising. Before depositing 20 nm of Co at a rate of 1 Ås−1, the pressure
inside the chamber was lowered to ∼10−7 Torr. The Co layers were capped
with 20 nm of Au to prevent oxidation of the top surface of the Co.
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3.9.2 SQUID measurements

Two different samples were prepared for magnetic measurements using a
Quantum Design MPMS setup. Hysteresis loops were measured by sweep-
ing an in-plane magnetic field from a positive value greater than the satura-
tion field to a large negative field and back. Field cooled (FC) measurements
were carried out after cooling the samples from 325 K (300 K) for the CoO
(only Co) samples to 100 K while applying a positive magnetic field large
enough to saturate the Co moments.

Cobalt oxide is an antiferromagnetic material with a Néel temperature

Figure 3.12: Magnetic hysteresis loops measured on the annealed substrate with 1
nm of CoO. (a) Comparison between opposite polarity field Cooled measurements:
the red curve shows a sweep after cooling with +1 T and the black curve shows
a measurement after cooling with -1 T. (b) Comparison between two zero field
cooled measurements following different sweeping direction. Red curve: +1 T→-1
T→+1 T. Black curve: -1 T→+1 T→-1 T.

(TN ) around 291 K.[28, 29] If a sufficiently large magnetic field is applied
at a temperature above the TN and below the Curie temperature (TC) of
Co, the spins of the ferromagnetic Co layer will align with the field, while
the CoO layer will be in a paramagnetic state. If the temperature is re-
duced to below TN in the presence of this field, the spins at the interface of
the now antiferromagnetic CoO layer will align with those in the Co layer.
If the anisotropy of the CoO layer is sufficiently high, these spins will be
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Figure 3.13: Comparison of hysteresis measurements at 100 K for samples with 2
nm of CoO, showing 1 T field cooled measurements (black) and zero field Cooled
measurements (red). Results for the annealed substrate are shown in (a) and for
the non-annealed substrate in (b).

fixed, breaking the symmetry of the system. This will result in an effective
magnetic field that will favour the alignment of ferromagnetic spins in one
direction, shifting the hysteresis loop as a whole. This effect, arising from
the interfacial interacting between a antiferromagnet and neighbouring fer-
romagnet is known as exchange bias.[30–32]
Fig. 3.12 (a) and (b) shows the SQUID measurements for Co/CoO on
Nb:STO (0.1 wt%) with measurements performed under field cooled (FC)
and zero field cooled measurements respectively. Introduction of 1 nm CoO
across Co and Nb:STO pins the magnetization of the Co when the tem-
perature is cooled down to 100 K by applying a field with two different
polarities. This results in the assymmetry in the hysteretic behavior in the
field axis resulting in an exchange bias. In the Fig. 3.13 (b), a broadening
of the hysteretic curve are observed for the Co/CoO/Nb:STO (0.1 wt%) for
non-annealed substrate. Measurements at 100 K show a large increase in
coercivity for the non-annealed substrate. In none of the field-cooled mea-
surements a significant exchange bias field is observed. Differences between
the results on the annealed and non-annealed substrates are likely related
to differences in anisotropy of the antiferromagnet. There are two types of
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Figure 3.14: (a) charge transport characteristics J-V at different temperatures for
Co/CoO 1 nm) / Nb:STO (0.1 wt%), (b) φB vs 1/n plot and extracting Schottky
barrier height (SBH).

antiferromagnetic spins at the interface. Interfacial spins that are fixed con-
tribute to the pinning of the ferromagnet upon reversal. These fixed spins
will result in a shift of the hysteresis loop. The interface will also comprise
spins that are not fixed and do not play a role in pinning the ferromagnet.
Upon reversal, these spins will rotate together with those in the ferromag-
net layer, giving rise to a dragging force which increases the field required
to reverse the magnetisation.[33–35] If the anisotropy of the antiferromag-
net is high, the number of fixed spins will be large and hence there will be
a significant shift in the hysteresis loop, following approximately:[36–39]

HEB ∝
√
KAFM (3.17)

The asymmetry between the shape of the initial reversal after field cooling
and the following magnetisation switching for the annealed substrates is
often observed in CoO/Co systems. It can be explained by considering the
mechanisms leading to the magnetisation reversals. Studies on Co/CoO
systems have found the initial reversal to occur due to domain wall motion,
while the second reversal is because of domain rotation.[28, 40–42, 42, 43]
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3.9.3 Charge and spin transport across Co/CoO/Nb:STO

Charge transport measurements are carried out using three terminal (3T)
geometry as shown in Fig. 3.4 with Co/CoO as the spin contacts on
Nb:STO (0.1 wt%). The I-V curves are shown in Fig. 3.14(a). A pre-
dominant Schottky interface is inferred from the I-V characteristics as the
behavior mimics the I-V curve of Ni/Nb:STO (0.01 wt%) shown in Fig.
3.5(a). The transport characteristics was analyzed using Thermionic Emis-
sion model discussed in the Section 3.5. The temperature independent
Schottky barrier height (φBF ) was obtained from the Eq. 3.7 to be 1.86
eV, which is even larger than the expected value from the Schottky-Mott
model for Co/Nb:STO interface (0.9-1.0 eV). Such an enhancement in the
barrier height is unexpected from a Co/CoO interface, where CoO is ex-
pected to behave as a tunnel barrier and enhancing a tunneling transport as
observed for Ni/AlOx spin contacts on Nb:STO as shown in Fig. 3.5 (e and
f). The enhancement in the barrier height may originate from two Schot-
tky barriers connected in series across Nb:STO interface, and the potential
drop across each of the barriers are determined by their respective dielectric
permittivity, εr. This can occur if the CoO rather than acting as a tunnel
barrier, acts as a semiconductor. This can well be possible depending on
the O2− and also on the oxidation states of Co2+. However, in order to un-
derstand about the Co/CoO interface with respect oxidation states of Co,
high resolution Transmission electron microscopy (TEM) images alongwith
analysis on eletron energy loss spectroscopy (EELS) are required.
Spin transport measurements were performed at room temperature with
magnetic field oriented out-of-plane as shown in the Fig. 3.15 (a) and (b)
for reverse and forward current bias respectively. The signals are extracted
by subtracting the background voltages that are indicated in the legends.
Due to low signal to noise to ratio, the signals were not observed in the low
bias regime. In the reverse bias regime, the TAMR amplitude continuously
increases, showing no decrease or saturation up to at least -6 V. In the
forward bias on the other hand, the TAMR amplitude remains constant
and gradually decrease around +1 V. This kind of behavior mimics the
bias dependent TAMR amplitude of Co/Nb:STO at room temperature[13].
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Figure 3.15: (a) Reverse bias dependent TAMR responses with oop magnetic field
at 300 K, (b) Forward bias dependent TAMR responses with oop magnetic field
at 300 K, (c) Percent TAMR plot with bias at room temperature.

It is to be noted that the lineshape of the TAMR response deviate from
a parabola as shown for Ni / Nb:STO (above), also for Co/Nb:STO [13].
The percentage of TAMR is calculated from the voltage response at max
field, relative to the voltage at zero field. The TAMR percentage and its
bias dependence drastically changes from Co/Nb:STO (0.1wt%) as observed
earlier[13]. A TAMR percent of 1.6 is observed at a small bias window of
-0.07 to -0.075 V for Co/Nb:STO, whereas in this case, the magnitude has
drastically reduced to maximum of 0.08% as shown in Fig. 3.15(c). As
already mentioned, the signals were not detected at the low bias regime.
However, the shape of TAMR deviates from a typical quadratic dependence
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Figure 3.16: MR responses with in-plane applied magnetic field at a voltage bias
of -2 V. (a) 75 K, (b) 100 K, (c) 150 K and (d) 200 K.
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with field. Moreoever not a very continuous bias dependence at the reverse
bias is observed, already indicating the role of CoO barrier that affects the
TAMR signals.
Interesting magnetoresistance responses both with in-plane and out-of-
plane (oop) applied magnetic field are obtained at low temperatures. Due
to already established exchange bias effect across the interface of Co/CoO in
the sample, a switching like responses are observed with in-plane magnetic
field as shown in Fig. 3.16 (a-d) with a reverse bias of -2 V. The exchange
strength decrease with increasing temperature as the magnetic ordering in
CoO gradually approaches the Neel temperature. This was also reflected in
the detected MR response, where the switching like signals also decreases
in strength with increasing temperature from 75 K - 200 K with magnetic
field applied in the plane of the exchange bias direction. The MR responses
with an out-of-plane applied magnetic field are shown in Fig. 3.17 (a-d)
from temperature 75- 200K. At low field, the switching response at 75 K is
very clearly observed. The response does not change in magnitude when the
magnetic field is rotated in-plane. By applying the magnetic field strength
further, the response takes a quadratic turn until it saturates around 2T
which is the saturation magnetic field of Co in the oop direction. This kind
of switching in the MR response are not observed at RT (300 K) which is
slightly higher than the paramagnetic phase transition of CoO, indicating
the origin of this response to be due to the exchange bias formed between
Co/CoO interface.

3.10 Discussion

Finally the question on the origin of TAMR signals at Schottky interface
of Nb:STO with ferromagnetic metallic electrodes like Co and Ni are ad-
dressed. The measurements on Co/CoO both at room temperature and
at low temperatures, clearly indicate that formation of a CoO layer that
additionally suppresses the TAMR response as the voltage drop is partially
shared between CoO barrier and Nb:STO, leaving a small bias window for
the modulation of the depletion width and in turn built-in electric field.
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However, to add to the delight, we have investigated a different MR re-
sponses using 3T geometry, where the origin of the response is coming from
the exchange coupled Co/CoO interface with Nb:STO. The observation of
the switching mechanism can be thought of as the incomplete rotation of
the magnetic moments of Co that is exchange coupled to the magnetic
moments of CoO at the interface, that abruptly reoriented with chang-
ing polarity of the magnetic field. This effect has been observed across
Py/IrMn and Co/CoO by other researchers and claim the effect to arise
from the TAMR due to an exchange spring effect of the magnetic moments
across such interfaces. In the oop direction, increasing the magnetic field
competes with the exchange bias field and finally overcomes it, leading to
a quadratic TAMR like response. Such strong pinning of CoO moments
within a thickness space of 1 nm already indicates a reminisence of such
effect even at room temperature leading to non-parabolic like dependence
of TAMR signals. On the other hand, the reproducibility of the responses
are lacking as other devices with different junction area is found to be leaky
and do not show such response.

3.11 Conclusion

In conclusion, a room temperature TAMR signal as high as 0.11% is re-
ported at the Schottky interface of Ni / Nb:STO (0.05 wt%). Observed
bias dependent variation of the TAMR relates to the modulation of the
built-in electric field across the Schottky interface. This is due to the large
εr of STO, which is larger by a factor of 30 than found in conventional
semiconductors. Our findings show an unique way to store and manipu-
late information of the spin states by electric field. However, differences in
the TAMR responses while using different ferromagnetic electrodes aided
by theory is required to understand better the microscopic origin across
such interfaces. As an outlook, it will be interesting to investigate crys-
talline ferromagnetic interfaces on Nb:STO using complex oxide materials
like SrRuO3 and La0.66Sr0.33MnO3 (LSMO) for such TAMR studies. Addi-
tionally the large response of across the Schottky interface of Co/Nb:STO
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is investigated by introducing a 1 nm thick CoO layer. The cumulative
effect of an additional barrier between Co and Nb:STO, and the exchange
bias effect largely influences the TAMR responses which opens a new direc-
tion of research to apply three terminal contacts for detection of magnetic
ordering across conducting magnetic thin films.

Supplementary

3.11.1 Full Range Magnetic Measurements

3.11.2 Additional Magnetic Measurements on CoO samples

Fig. 3.18(a) and (b) show the results on the samples with only Co. The
measured hysteresis loops are rotationally symmetric around zero and have
very low coercive fields. The coercivity increases slightly at low tempera-
tures as expected for a typical ferromagnet.

3.11.3 Justification of Expected Regime

Chang et al.[44] investigated the different CoO thicknesses grown on Co
films. The Co films in their study are 20 and 25 monolayers (MLs) thick.
They observe that for the thinner layer the exchange bias field increases up
to 20 ML of CoO, while for the 25 ML Co film an increase in CoO thickness
up to 25 ML enhances the exchange bias. CoO has cubic unit cell with a
and b lattice constants of 2.982 /AA and a c constant of 4.486 Å. This
suggests that 20 ML corresponds to at least 6 nm. The Co films in their
study are significantly thinner than the 20 nm films employed in this work
and hence it is expected that our 1 and 2 nm films are far below a regime
in which the exchange bias field should be independent of CoO thickness.
Hussain et al.[35] showed that with films of 16 nm of Co, varying the CoO
layer from 5-12.3 nm did not significantly influence the exchange bias.
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Figure 3.18: Full range of measured magnetic hysteresis loops. Results on the
annealed substrates are shown in (a), (c) and (e) and results on the non-annealed
substrates in (b), (d) and (f). (a) and (b) show hysteresis loops on 20 nm Co films.
Magnetic measurements on Co (20 nm) with CoO: 1 nm (c) and (d) and 2 nm (e)
and (f). In all field cooled (FC) measurements that are shown, the cooling fields
are equal to the largest positive applied magnetic field, which is either 1 or 2 T.
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Figure 3.19: Comparison of magnetisation measurements with the magnetic field
oriented in the plane of the film (black) and normal to the film (red) for the 1
nm annealed CoO film. Field cooled measurements at 100 K are shown in (a) and
measurements at 300 K in (b). At both temperatures the in-plane measurements
have a square loop shape and saturation is reached at a relatively small field. In the
out-of-plane measurements, the loops have a much more curved shape and while
the saturation magnetisation is the same as for the in-plane measurements, a much
larger field (close to 2 T) is needed to reach saturation. From these observations,
it is clear that the in-plane direction is a magnetic easy axis while film normal is a
hard axis. No obvious signs of exchange bias are visible when the field is applied
out-of-plane.
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Chapter 4. Electric field modulation of spin accumulation across of
interface of Nb-doped SrTiO3 with Ni/AlOx as spin injection contact

An an electric field control of spin lifetime at room temperature is demon-
strated, across a semiconducting interface of Nb:STO using Ni/AlOx as spin
injection contacts. This is achieved by a careful tailoring of the potential
landscape in Nb:STO, driven by the strong response of the intrinsically large
dielectric permittivity in STO to electric fields. The built-in electric field at
the Schottky interface with Nb:STO tunes the intrinsic Rashba spin orbit
fields leading to a bias dependence of the spin lifetime in Nb:STO. Such
an electric field driven modulation of spin accumulation has not been re-
ported earlier using conventional semiconductors.Additionally, the temper-
ature and electric field driven evolution of the magnetoresistance lineshape
at an interface between Ni/AlOx and Nb-doped SrTiO3 is reported. This
is manifested as a superposition of the Lorentzian lineshape due to spin
accumulation and a parabolic background related to tunneling anisotropic
magnetoresistance (TAMR). The characteristic Lorentzian line shape of the
spin voltage is retrieved only at low temperatures and large positive applied
bias. This is caused by the reduction of electric field at large positive applied
bias which results in a simultaneous reduction of the background TAMR and
a sharp enhancement in spin injection. Such mechanisms to tune magne-
toresistance are uncommon in conventional semiconductors. This not only
underpins the necessity of a careful design of the spin injection contacts but
also establishes the importance of Nb:STO as a rich platform for exploring
spin orbit driven phenomena in complex oxide based spintronic devices.

4.1 Introduction

The Schottky interface of Nb-doped SrTiO3 (Nb:STO) offers fascinating
tunable electronic properties that are explored as charge and spin trans-
port across Nb:STO in the last chapter. This chapter focuses on engi-
neering of a spin injection contact, i.e a junction comprising of a magnetic
tunnel contact( Ferromagnet and a oxide tunnel barrier) on Nb:STO for
electrical creation and manipulation of spin accumulation in Nb:STO. In
Chapter 2, the theoretical development of spin creation and manipulation
in semiconductors are discussed. The ultimate goal of spintronics is to make
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practically viable device schemes to enhance the existing state-of-art of the
current based electronics. One of the possible ways to integrate the ’mem-
ory’ and ’logic’ functionalities by realizing spin transport in semiconduc-
tors. This kind of devices rely on the key cornerstones of the semiconductor
spintronics[1]:

• Spin Injection : In order to realize spin imbalance in semiconductor,
the ferromagnetic contacts are employed across a semiconducting in-
terface. Ferromagnets due to its exchange splitting and spontaneous
spin polarisation, creates a non-equilibrium spin accumulation across
the semiconducting interface. The efficient way to create spin in semi-
conductors is called as the spin injection.

• Spin Manipulation : To understand the amount of spin accumula-
tion across the semiconducting interface, an electric field is applied in
the out-of-plane direction allowing the spin accumulation to precess
along direction of the effective field, hence creating a spin dephasing
effect. This results in the decrease in the spin accumulation. This
effective way to manipulate spins in the semiconductor is called as
spin manipulation.

• Spin Detection : The manipulation of the spin accumulation is
detected as the change in the spin voltage due to the change in the
electrochemical potential of spins. Electrically, this spin voltage can
be detected as a relative charge voltage by employing a ferromagnetic
contact across the semiconducting interface.

Spin voltage measured at different semiconducting interfaces have been
widely studied using different combination of materials as spin contacts
and employing different measurement techniques. Such studies are com-
monly performed using the popular three terminal (3T) and four terminal
non-local (NL) geometries[2–9]. In spite of the fact that both these electri-
cal transport schemes fail to resolve outstanding issues related to the precise
understanding, origin and magnitude of spin accumulation across semicon-
ducting interfaces, these are more accentuated using the 3T geometry[8, 10,
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11, 11–13]. This is rooted in the inability of the 3T scheme to clearly ascer-
tain the origin and magnitude of the spin voltage, possible considerations
being spin accumulation in the semiconductor or localized states either in
the tunneling barrier or at the semiconducting surface. [14].
Earlier studies involving amorphous tunnel barriers showed that the tun-
neling conductance and spin polarization can be strongly influenced by the
presence, concentration and type of impurities in the tunneling barrier via
the formation of impurity mini bands and highly conducting multiresonant
channels[15–17]. Attempts to mitigate such impurities by designing epitax-
ial barriers has also proved non-trivial in this context[5, 13]. Additionally,
the nature and type of impurities offer further challenges to validate pro-
posed theories that seek to explain experimental observations using either
spin injection (ferromagnet/tunnel barrier) or non-magnetic (metal/tunnel
barrier) contacts[10, 11]. Increasing the parameter space by using new
transport schemes and/or choosing different materials will be an useful ap-
proach to understand the experimental findings related to the origin of spin
accumulation across semiconducting interfaces.
Complex oxide are on such material interface that enables tunability of
electronic properties, relevant for spin transport [18]. Although such ma-
terial interfaces are commonly replete with oxygen vacancies and surface
charge[19–21], the tunability of several functional properties with tempera-
ture, electrical field, stress and strain has led to the unexpected emergence
of new phenomena not encountered in other material systems. In this
context SrTiO3 (STO) is a relevant material. STO single crystals exhibit a
large dielectric permittivity (εr) at room temperature, that is anisotropic in
different crystalline directions and increases non-linearly with temperature,
electric field and frequency[22–24]. Doping of Nb, La at the Ti site trans-
forms it into a degenerate ionic semiconductor (n-doped) with unconven-
tional charge transport characteristics, triggered by the strong temperature
and electric field dependence of the intrinsic dielectric permittivity[24, 25].
Additionally, the broken inversion symmetry at the surface of STO leads to
Rashba spin-orbit fields[26, 27] which when tuned by electric fields either
at the interface of a 2-DEG (LAO-STO) or at the interface of Nb-doped
SrTiO3 (Nb:STO) with Co/AlOx results in tuning of spin transport param-
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eters as demonstrated in recent works[5, 6].
Kamerbeek et.al. already reported that with a spin injection contact of
Co/AlOx(1.1 nm) on 0.1 wt% doped Nb:STO, a bias dependent variation
of in-plane spin lifetime (τin) and spin lifetime anisotropy that is propor-
tional to the ratio of out-of-plane spin accumulation and in-plane (∆ Vout/
∆Vin) is observed. This bias dependent variation give rise to a built-in elec-
tric field that induces a variation of Rashba spin-orbit field that is believed
to be additionally dephasing of the spins across the Schottky interface of
Nb-doped SrTiO3 [6]. This was first time where the spin signals are shown
to modulate with electric field, that is intrinsic to the interface of STO and
can be observed without application of an additional gate voltage. How-
ever, the spin lifetime reported was very low (2-15 ps) at room temperature.
Moreover, if the built-in electric field is responsible for the variation of spin
lifetime, then the variation is not unique as engineering the Schottky inter-
face as discussed in the earlier chapter the electric field varies depending on
the thickness of the oxide tunnel barrier and on the doping concentration of
Nb:STO. These outlook has driven the research towards the understanding
of the spin injection signals at different engineered Schottky contacts on
Nb:STO.
In this chapter two different observations are presented. By engineering
spin injection contacts of Ni/AlOx (7 Å) on Nb:STO the following obser-
vations are reported :

• Increase in the spin lifetime to as large as 100 ps at room temperature.
However, the variation is different and smaller compared to the earlier
reports[6, 28]. We discuss the anomalies regarding the amplitude of
the spin signal.

• Evolution of magnetoresistance lineshape with changing bias and tem-
perature and hence displaying an electric field induced new phenom-
ena detected by 3T-geometry.
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4.2 Device geometry and measurement details

4.2.1 Three terminal (3T) geometry and spin injection

Spin injection contacts were fabricated on Nb:STO semiconductors with a
doping concentration of 0.01 wt% of Nb. Single crystalline semiconducting
substrates for this work were obtained from Crystec GmbH. The as received
substrates have mixed surface terminations, i.e. the surface consists of both
SrO and TiO2 sublattices. In order to achieve singly terminated surfaces of
TiO2, the single crystals are chemically treated using a standard protocol.
TiO2 termination is preferred over SrO due to its chemical stability. The
Nb:STO substrates are treated with deionized (DI) water for the hydra-
tion of SrO that is finally removed by dissolving in buffered hydrofluoric
acid (BHF)[29]. Atomic force microscopy (AFM) scans on the surface of
Nb:STO, post surface termination shows a stepped TiO2 surface with a
root mean square (RMS) roughness less than 3-4 Å. Soon after the chem-
ical treatment, the substrate is inserted into the load-lock of an electron
beam evaporator that is pumped down to a base pressure of 7 x 10−7 Torr.
The spin injection contacts are deposited using electron beam evaporation,
first a thin layer of Al (7Å) is deposited at a rate of 1 Å/s, followed by an in
situ plasma oxidation and subsequent deposition of Ni(20nm)/Au (20nm)
with a similar deposition rate. This heterostucture is then patterned into
3T spin injection contact pillars with junction areas ranging from 50 to
200x200 µm2 using UV lithography and ion beam etching as shown in Fig.
3.2 in chapter 3.
To study the electrical characteristics of the spin injection contacts, tem-
perature dependent charge transport (I-V) measurements in a 3T geometry
were performed. Fig. 3.5(e) in chapter 3, shows the I-V characteristics at
different temperatures. I-V measurements were performed with voltage bias
ranging from -0.4 V to +0.4 V. In the forward bias regime, a reduction of the
current density with decreasing temperature is observed that indicates ther-
mal activation of the charge carriers across the Schottky interface. On the
other hand, an increase in the current density with decreasing temperature
is observed at reverse bias conditions indicating increased tunneling across
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the Nb:STO interface. Due to a large εr in STO, the conduction bands
bend sharply with increasing reverse bias allowing for enhanced tunneling
of electrons across the semiconducting interface and leading to unconven-
tional charge transport characteristics across such interfaces[30]. The I-V
characteristics are analyzed using the Richardson equation and the Schot-
tky barrier height (SBH) extracted is 0.5 eV (see the table in chapter 3).
The tunneling parameter E00 is obtained to be 32 meV (∼ kBT) which is
clearly in the regime of thermally assisted field emission (TFE).
For spin injection experiments, a dc current (IDC) is sourced across the
central contact that consists of thin Ni films with an in-plane magnetiza-
tion and a tunnel barrier of AlOx. The spin polarized carriers from Ni is
transferred to the semiconducting Nb:STO via the thin tunneling barrier
of AlOx. This creates a non-equilibrium spin accumulation (∆µ) at the
semiconducting interface underneath the central contact. The spin accu-
mulation is measured as a spin voltage (∆V) using voltage probe (VDC)
across the same central contact. The voltage probe measures both the
charge and spin contribution at the interface of Nb:STO. Thus, ∆V for
each bias is extracted by subtracting the charge related background Vbg

from VDC .
As a result, the spin accumulation ∆µ, starts to precess around the mag-

netic field with a Larmor frequency ωL, causing spin dephasing in the in-
plane direction resulting in a decrease in ∆µ and spin voltage signal with
a Lorentzian lineshape[31, 32]. This is called the Hanle effect. On increas-
ing the magnetic field strength further, the magnetization of Ni starts to
rotate and follow the field resulting in a regain of the spin accumulation in
oop direction. This increases the spin voltage signal until the saturation
magnetization (Ms) of Ni is reached around 650 - 700 mT, as shown by the
flat line. The equation that is used to describe this phenomena is the 1D
Bloch equation and given by[6] :

∆V = ∆Vout cos2 θ +
∆Vin sin2 θ√

2

√
1 +

√
1 + (ωLτin)2

1 + (ωLτin)2
(4.1)
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Figure 4.1: Spin voltage responses across Ni(20 nm) / AlOx (7Å) / Nb:STO
(0.01 wt%) : (a) Left top panel shows the room temperature spin voltage (V )
signal with magnetic field applied out-of-plane at different forward bias with the
background voltage subtracted at zero voltage shown by the dashed line. The
square symbols represent the spin voltage signal at a background voltage (Vbg) of
+100 mV, triangle for +500mV and circle for +850 mV. The left bottom panel
shows the room temperature spin voltage signals at different reverse bias where the
background voltage is subtracted similarly at zero voltage shown by the dashed
line. The square, triangle and square symbols are for a background voltage of -50
mV, -250mV and -500 mV, respectively. The solid line represents the fit to these
curves using Eq. (1). (b) The corresponding change in the potential landscape
at the interface for forward bias is shown in the schematic at the top panel. The
corresponding potential landscape due to reverse bias is shown in the bottom panel.
(c) Variation of τin at room temperature with bias Vbg obtained by fitting the spin
voltage signals with Eq. (4.1)
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where, ωL is the Larmor frequency, ∆Vin is the in-plane spin voltage due
to spin dephasing, and is a measure of the amplitude of the Lorentzian
signal. ∆Vout is the oop spin voltage due to the rotation of the magne-
tization of Ni with an angle θ with the magnetic field. τin is the in-plane
spin lifetime that is inversely proportional to the Lorentzian linewidth. The
spin voltage signal ∆V is related to the spin accumulation ∆µ, by ∆V =
P 2∆µ, where P is the tunnel spin polarization across the Ni/AlOx inter-
face. Fig. 4.1(a) shows the room temperature spin voltage responses with
oop magnetic field by sourcing the current in the forward and reverse bias
regime. At forward bias, the spins are extracted at the ferromagnetic in-
terface due to the transport of the electrons from Nb:STO to Ni as shown
in Fig. 4.1(b) (top panel). This is referred as spin extraction. The top
panel of Fig. 4.1(a) shows the spin extraction signals at different Vbg. The
bottom panel, shows the signals at different Vbg but in reverse bias regime.
This is referred to as spin injection. The dotted line around the zero volt-
age shows the point where the background signal Vbg is subtracted. We
observe a change in the magnitude of the spin voltage response with bias
at both forward and reverse bias. The responses at forward bias shows a
stronger scaling of the spin signals compared to that at reverse bias. The
signals in Fig. 4.1(a) decay with magnetic field in a Lorentzian lineshape
followed by an additional broadening that finally saturates around 650-700
mT, corresponding to the saturation field in Ni. An interesting feature is
the disappearance of the ∆Vout at all biases. This indicates the presence
of an anisotropic spin signal that is comparable to ∆Vout. In 3T spin in-
jection studies, there are reports on the presence of the spin signals related
to tunneling anisotropic magnetoresistance (TAMR)[11, 33].It is possible
of a coexistence of spin signals related to TAMR in our devices and their
magnitude is quite comparable to that of ∆Vout spin signals. The solid
blue line is a fit using Eq. 4.1. The values of the parameters concerning
the spin dephasing effect i.e. ∆Vin and τin can be extracted from the fit
at different Vbg but ∆Vout cannot be independently extracted due to the
strong coupling with TAMR signals. This is discussed in more details in
the latter part of this chapter.
Fig. 4.1(b) shows the potential landscape of the conduction band of STO
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due to an applied bias both in forward and reverse direction. On increas-
ing the forward bias, the conduction band gradually flattens decreasing the
depletion region at the Nb:STO interface. At reverse bias due to large εr,
sharp bending of the conduction band of STO results in an increased tun-
neling transport that further increases with increasing reverse bias. This
not only only leads to unconventional charge transport characteristics but
also influences spin transport as will be discussed later.
One of the prerequisites for spin injection into a semiconducting channel is
direct tunneling transport of the spin polarized carriers from the ferromag-
net via the tunnel barrier[34]. This can be impeded due to the presence of
the Schottky barrier across a ferromagnet/semiconductor interface. How-
ever, we show that a careful engineering of the interface in our devices not
only results in the observation of a spin voltage but also its control by the
applied bias, Vbg. We achieve this control by exploiting the built in electric
field at such Schottky barriers and thus effectively tune the spin transport
parameters in the semiconducting channel. The in-plane spin lifetime (τin)
is plotted with respect to the junction voltage (Vbg) for the bias ranging
from -0.5 V to +1 V.

4.3 Bias dependent spin transport

The scaling of spin signals with respect to bias (both current and the cor-
responding voltage across the semiconducting interface) are essential to
interpret the spin accumulation across Nb:STO. By using the equation of
spin transport in 1D as shown in Eq. 4.1, to fit the bias dependent spin
voltage signals shown in Fig. 4.1, the spin parameters, ∆Vin, τin and ∆Vrot

are obtained. ∆Vin estimates the spin voltage due to spin dephasing by
applying out-of-plane magnetic field. Hence, its the measure of the spin ac-
cumulation in the semiconductor bulk bands. ∆Vin is plotted in Fig. 4.2,
with junction voltage (Vbg) and current bias for the spin injection contact
Ni(20)/AlOx(7Å) on Nb:STO 0.01 wt% and 0.5% doping. An asymmetric
variation of the spin voltages are observed with inverting the polarity of the
bias. This is indicated by the blue dashed line around zero bias for Fig. 4.2
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4.3. Bias dependent spin transport

(a) and (b). Clearly, the spin voltage is larger for spin extraction (forward
bias) than the spin injection (reverse bias). In order to gain more under-
standing, the spin voltage responses are normalized by current density to
extract the spin-RA shown in Fig. 4.3 is extracted for both the samples.
It is clear from chapter 2, that spin-RA provides the correlation between
the theoretical estimate of the spin accumulation signals with the values
obtained from experiments. It has been often reported that the experimen-
tal values of SRA are significantly larger than the values estimated from
theory. In the following subsections, the large experimental SRA values
obtained at room temperature are demonstrated and the possible origin of
the spin accumulation signals are discussed.

4.3.1 Strength of the spin signals

Adapting from the spin injection theory, the strength of the spin signal is
defined by the S-RA (spin-resistance x area of the contacts) which is given
by :

∆Vin
J

= SRA = P 2ρλ (4.2)

where P is the spin polarization of the injector/detector, ρ is the semicon-
ductor channel resistivity and is the spin relaxation length defined as λ
=
√
Dτ . The maximum spin lifetime obtained from the bias dependence

of the two devices with different n-concentration are 100 and 120 ps (D
= 0.2 cm2s−1), leading to a spin relaxation of length of 20 nm (25 nm).
Theoretically, the spin-RA is estimated to range between 0.01 - 0.5 kΩµm2

across Nb:STO interface[28]. Experimentally, the S-RA values peak at 50
kΩµm2 (600 kΩµm2) for doped STO 0.01 wt% (0.5 wt%) respectively at
room temperature (See Fig. 1.5 a and b top panel), suggesting an anoma-
lous increase in the spin-RA for the device with 0.5 wt% doping.
Such an enhancement in the spin signals are often reported in spin injec-
tion across semiconductors, where the detected spin voltage signals vary
by orders of magnitude compared to the theoretically estimated numbers.
In case of spin injection across GaAs, Tran and his coworkers have shown
the influence of interface localized states that forms across the oxide tun-

117



Chapter 4. Electric field modulation of spin accumulation across of
interface of Nb-doped SrTiO3 with Ni/AlOx as spin injection contact

-0.35 0.00 0.35 0.70

0

50

100

Spin Extraction 

 

 

∆V
in 

 (µ
V)

Vbg  (V)

Spin Injection 

-0.5 0.0 0.5 1.0

0

35

70

105

140 Spin Extraction Spin Injection 

 

 

∆V
in
 (µ

V)

Vbg  (V)

Ni (20 nm) / AlOx  (0.7 nm) / Nb:STO  

0.01 wt% 0.5 wt%

-15 -10 -5 0 5 10

0

35

70

105

140

 

 

∆V
in
 (µ

V)

Current (mA)
0.0 0.5 1.0 1.5 2.0

-35

0

35

70

105

 

 

∆V
in (
µV

)

Current (mA)

0.01 wt%
0.5 wt%

Figure 4.2: Bias dependence of in-plane spin voltage (∆Vin) for the spin injection
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nel barrier and the semiconductor, on spin accumulation[8]. The spins
that are accumulated within the localized states are transported via two
step tunneling process and takes longer time before they are transported
into the semiconductor bands. This leads to an anomalous enhancement
in the spin signals and spin lifetime and do not concur with the intrin-
sic spin lifetimes in the semiconductor. It has been recently reported by
Txoperena et al., that the defect states in the tunnel barrier results in a
Lorentzian magnetoresistance with both out-of-plane and in-plane applied
magnetic field[10, 35, 36]. Not only using ferromagnetic contacts, but also
this kind of lineshape was shown with non-magnetic metal contacts. It
has been theoretically proposed that the spin transport is assisted by the
hopping mechanism across the defect states in the tunnel barrier and hence
termed as Impurity Assisted Tunneling Magnetoresistance (iaTMR). These
new findings, have raised questions about the origin of such a signal that
are detected by 3T - geometry, moreover also using NL 4T geometry, re-
searchers have observed such enhancement leading to a bottleneck in the
semiconductor spintronics research.
Here, a balanced view regarding the enhancement in the spin signals shown
in this thesis are presented. So far, the longstanding issue with the spin
voltage obtained and its origin, revolves around the fact that there is a
possibility of an added transport mechanism along with the direct tunnel-
ing (i.e. spin accumulation in the semiconductor bulk bands) across the
oxide tunnel barrier and semiconducting interface. That means, the local-
ized states across the tunnel barrier give rise to a two-step tunneling that
is anomalously enhancing the spin signals. The spin signals (S-RA) that
are shown in Fig. 4.3 at room temperature, not only shows an enhance-
ment compared to the theoretical estimation, but also an enhancement by
4 orders of magnitude for the highest doping (Fig. 4.3 b). It is to be noted,
that the spin injection contact that is grown and fabricated on Nb:STO is
same fopr both the devices, i.e. Ni (20 nm) and oxide tunnel barrier of 7Å
thick. The thickness of the oxide tunnel barrier was deliberately chosen to
be similar so that we observe the scaling of the signals due to the Schottky
junction with varying doping concentration of Nb:STO. The reason were
the following:
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4.3. Bias dependent spin transport

• To observe the scaling with a constant tunnel barrier thickness to
restrict the hopping transport via interface localized states.

• With an ultrathin 7Å tunnel barrier, a closer handle of the built-in
electric field on the Schottky depletion width across Nb:STO and thus
spin signals can be achieved.

• Hence, both the variation of the Junction-RA and Spin-RA are con-
trolled by the DC bias applied across the Schottky interface of Nb:STO.

4.3.2 Effect of built-in electric field on spin dephasing

Fig. 4.4 shows the variation of the spin lifetime at room temperature with
bias for both the doping concentrations 0.01 and 0.5 wt%. For the 0.01
wt%, a continuous increase in the spin lifetime from 36 ps to 80 ps is ob-
served at the forward bias from +0.01 V to +0.5 V, and then saturates.
The spin lifetime at the reverse bias on the other hand, increases around
the same value but with larger fluctuations of about 12-15%.
At any particular bias Vbg, the tunneling of the spin polarized carriers oc-

curs via two barriers, the tunneling barrier of AlOx and across the depletion
region at the STO interface. The latter can be strongly modified due to the
unconventional electronic properties in Nb:STO. Due to the large value of
εr in STO at room temperature (∼ 300) and its non-linear dependence on
the electric field, there is a strong variation of the conduction band poten-
tial with Vbg at the Nb:STO interface. This is shown in Fig. 4.5(a), where
the built-in electric field decreases by 0.025 V/nm with bias increasing from
-0.5 V to +1 V. This change in the built-in electric field with the applied
bias was calculated incorporating the variation of εr of STO in the presence
of the tunnel barrier AlOx[37]. For the electrostatic modelling discussed in
Fig. 4.5(a), the flat band condition is fixed at +1.1 V considering the work
function of Ni to be 5 eV and electron affinity of Nb:STO as 3.9 eV.
The observed saturation in the values of τin above +0.5 V at the forward
bias regime in Fig. 4.4. A gradual flattening of the conduction bands in
Nb:STO with increasing applied bias (Fig. 4.1b), decreases the built-in
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electric field as shown in Fig. 4.4 and 4.5. This decreases the tunability
of the Rashba SOC and leads to a gradual saturation of τin at higher for-
ward bias (≥ +0.5 V). Such a bias dependence of the spin lifetime has not
been reported in conventional semiconductors. In an earlier report, Han et
al. reported on a temperature dependence of the spin lifetime in Nb:STO
using CoFe/MgO as spin injection contacts. The spin lifetime of 100 ps
at 10 K was found to depend weakly on the applied bias[28]. This can be
understood both by the choice of a thick tunnel barrier of MgO (2 nm)
and a highly doped Nb:STO (0.7 wt% Nb doping), that does not enable
the electric field manipulation of the spin lifetimes. On the other hand,
Kamerbeek et al. showed a clear variation of the spin lifetime from 2 to
17 ps with an applied bias, while using a 0.1 wt% doped Nb:STO and a
thin tunnel barrier of 1.1 nm AlOx and Co as spin injection contacts, at
room temperature[6]. This underpins the necessity of carefully tailoring the
Schottky interface to attain the desired electric field control of the Rashba
spin orbit coupling for spin manipulation in Nb:STO.
We show the variation of 1/τin with applied bias in Fig. 4.5. 1/τin is pro-

portional to the normalized spin-flip current Jsf along the semiconducting
interface and its variation with Rashba coupling constant depends on the
strength of the potential barrier characterized by the height and width of
the barrier. We observe the spin lifetime to vary from 36 to 80 ps at room
temperature (1/τin varies from 0.01 to 0.025 ps−1). This modest variation
signifies the presence of a larger barrier height and width as compared to
the earlier report[6].

4.3.3 Inverted Hanle Effect

Presence of magnetostatic stray fields at the ferromagnetic interface reduces
the spin accumulation as has been reported [38]. This can be observed by
applying a magnetic field in-plane to the interface resulting in an Lorentzian
lineshape that is inverted in sign to the conventional Hanle effect. This is
called the inverted Hanle effect. This is reported to alter the spin accumula-
tion signals by causing an additional broadening of the Lorentzian lineshape
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of Hanle signal and decreasing the spin lifetime[38].
Fig. 4.6(a) shows the inverted Hanle signals with increasing forward bias
(+ Vbg). It shows an inverted Lorentzian shape but the magnitude of the
signal is very weak compared to the Hanle signals. It has been reported
in earlier works that the magnetostatic stray field increases with increasing
saturation magnetization of the ferromagnet. In our case, we have used a
soft ferromagnet, Ni and the surface roughness of the heterostructure post
growth was less than 6 Å. This explains the weaker contribution of the
stray fields on the inverted Hanle signals. This weak variation with bias is
also observed at reverse bias where the signal to noise ratio is very low and
Lorentzian signals are hard to distinguish as shown in Fig. 4.7(b).

4.4 Evolution of Magnetoresistance lineshapes

Using such engineered interfaces, spin voltages with magnetic field applied
perpendicular to the device interface are measured at different tempera-
tures. Figure 4.7(a) shows the response at three different temperatures
(RT, 150 K and 90 K). As stated earlier, a constant current bias IDC is
sourced across the central spin contact (Fig. 4.9a) and a voltage VDC is
measured across the same contact. By subtracting the charge related back-
ground corresponding to the junction voltage Vb, the spin voltage ∆V is
obtained. The spin voltage signals (∆V) are obtained at a fixed junction
voltage (Vb) of +1 V. A clear contrast in the lineshape of the magnetore-
sistance signals with temperature is observed as shown in Fig. 4.7(a). The
signal decreases with an unconventional Lorentzian lineshape with increas-
ing field strength at room temperature and saturates at field values between
650-700 mT corresponding to the saturation magnetization in Ni. The spin
voltages at lower temperatures also saturate around the same point but
shows a strong upturn before saturation. The dephasing of the spins occur
due to an increase in the spin precession amplitude with an increasing out-
of-plane magnetic field at a Larmor frequency given by ωL. This gives rise
to a Lorentzian lineshape of the spin voltage and the Bloch equation that
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describes the effect of spin dephasing and 1-D diffusion across the contact
is given by:

∆V = ∆Vrot cos2 θ +
∆Vin sin2 θ√

2

√
1 +

√
1 + (ωLτin)2

1 + (ωLτin)2
(4.3)

∆Vin is the spin voltage due to the spin dephasing effect describing the am-
plitude of the Lorentzian spin signal. τin is the spin lifetime that depends
on the inverse of the full width half maximum (FWHM) of the Lorentzian
signal, θ is the angle between the magnetization of Ni with surface normal
and ∆Vrot is the spin voltage that arises due to the rotation of the magne-
tization of the ferromagnet. The solid blue lines in Fig. 4.9(a) are fits to
the spin voltage response at three temperatures using equation 4.3.
Figure 4.7(b) shows the simulated spin voltage responses, ∆V, as described

by the model above. It represents the Hanle effect with the conventional
Lorentzian decay and an upturn due to the gradual rotation of the mag-
netization in Ni out-of-the-plane followed by a saturation when both the
spin accumulation and the magnetization are perpendicular to the applied
field. The amplitude of the signals for in and out-of-plane spins are given by
∆Vin and ∆Vout respectively. Such a response is reflected in the measured
∆V at 90 K (Fig. 4.7a) where the amplitudes of ∆Vin and ∆Vout are sim-
ilar. A partial suppression of the signal upturn due to ∆Vout is observed
at 150 K (Fig. 4.7b) indicating the presence of a second spin response.
The latter is also responsible for a complete suppression of ∆Vout at RT
and results in an additional linewidth broadening and an unconventional
Lorentzian response at RT. Figure 4.7(c) shows the simulated response
of tunneling anisotropic magnetoresistance (TAMR) and is parabolic with
the out-of-plane magnetic field. As mentioned earlier, the tunneling con-
ductance changes when the magnetization in Ni rotates from in-plane to
out-of-plane with respect to the applied current direction resulting in such
a lineshape. The saturation response has the same origin as discussed for
Fig. 4.7(a). When the two effects are in competition, the resultant shape
of the spin voltage can be very different as shown in Fig. 4.7(d). The
lineshape in black corresponds to the case when the TAMR response is
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Figure 4.7: (a) Spin voltage responses are shown at three different temperatures
(RT, 150 K and 90 K) with an out-of-plane magnetic field at a fixed junction
voltage Vb = +1 V. The solid blue lines are fits using Eq. 4.3. (b) Spin voltage
is simulated with out-of-plane magnetic field using Eq. 4.3. The conventional
Lorentzian response is indicated by ∆Vin and the out-of-plane spin accumulation
by ∆Vout. (c) Parabolic TAMR response with an out-of-plane magnetic field is
simulated. The difference in the tunnelling resistance when the magnetization of
the ferromagnet rotates from in-plane to out-of-plane is given by ∆VTAMR. (d)
Competition between TAMR and spin accumulation results in complete suppresion
of ∆Vout when TAMR response is larger as shown by black line whereas larger
spin accumulation response partially suppress ∆Vout as shown by blue line.
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dominant over the spin accumulation, resulting in complete suppression of
∆Vout. The lineshape in blue represents the case when spin accumulation
response is dominant over TAMR (the signal due to ∆Vout increases). The
interplay between ∆Vout and ∆VTAMR is represented by ∆Vrot (the first
term in Eq. 4.3) and is responsible for the rotation of the magnetization
in Ni. Thus the observed change in the lineshape of the magnetoresistance
with temperature as shown in Fig. 4.7(a) is due to the competition of the
out-of-plane spin accumulation and the TAMR response. On reducing the
temperature, an enhancement in the spin accumulation signal is observed
that overshadows the dominance of the TAMR effect at room temperature.
Such an unconventional lineshape of the spin voltage at RT that evolves to
a Lorentzian, at lower temperatures, has not been observed in other semi-
conducting interfaces and underpins the role of the engineered interface.
To understand the influence of the engineered Nb:STO interface on the
spin transport further, we analyse the temperature and bias dependence
of the lineshapes of the spin voltages. Shown in Fig. 4.8(a and b) are for
forward bias (Vb = +0.7 V) and reverse bias (Vb = -0.5 V) of the Schotkky
interface. We extract ∆Vin and ∆Vrot and plot their variation with applied
bias for the three different temperatures. The spin dephasing parameter
represented by ∆Vin is plotted with junction voltage Vb, obtained from
the current bias IDC as shown in Fig. 4.8(c). The interplay of the TAMR
and out-of-plane spin accumulation response, given by ∆Vrot and plotted
at three different temperatures is shown in Fig. 4.8(d). In Fig. 4.8(c) we
observe an increase of ∆Vin at all temperatures by increasing the junction
voltage from negative to positive. For Vb, between -0.5 V to +0.5 V (regime
i), the spin voltage ∆Vin with bias is similar for all the three temperatures,
whereas for Vb beyond 0.5 V (regime ii), ∆Vin signal sharply increases with
reducing temperature. Similarly, ∆Vrot also shows a strong variation with
bias at the three temperatures as shown in Fig. 4.8(d). At RT (top panel in
Fig. 4.8 d), the variation in ∆Vrot is distinctly different from that at lower
temperatures (regime i) as shown in the bottom panel. In regime (i), the
strong presence of TAMR, due to large electric fields at reverse bias, over-
shadows the contribution of ∆Vout, leading to an increase in ∆Vrot with
increasing reverse bias at room temperature. At low temperatures, ∆Vrot
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approaches to zero (since the TAMR effect decreases) at high reverse bias.
At low forward bias (regime i), ∆Vrot is negative (larger TAMR response)
and gradually approaches to zero (regime (ii)) at room temperature, where
the spin accumulation, ∆Vin, increases to larger positive values at low tem-
perature. Although we cannot independently disentangle the contribution
due to out-of-plane spin accumulation and TAMR response, the bias mod-
ulation of ∆Vrot and ∆Vin allows us to understand their interdependence,
albeit qualitatively, from their variation with temperature.

The lineshape of the Hanle curves and the bias variation of the different
components in ∆V, at different temperatures can be reconciled if we look
at the factors that govern the potential landscape of the engineered inter-
face. The insets in Fig. 4.8(a and b) shows the schematic of the potential
landscape dominated by the Schottky interface at Nb:STO for increasing
forward and reverse bias. At room temperature, the band gradually flat-
tens at higher forward bias (solid black curve) reducing the contribution
due to the Schottky interface. The bias dependence of the Schottky pro-
file modulates the built-in electric field at this interface and this tunes the
Rashba spin-orbit field, that arises at the surface of STO due to broken
inversion symmetry[6]. For increasing applied forward bias, the electric
field decreases, thus the contribution due to ∆Vin is markedly prominent
over that of ∆Vrot indicating a reduced TAMR effect. This increment, at
larger bias (regime ii) becomes quite clear at lower temperatures where the
contribution of TAMR is negligible, due to decreasing electric fields. This
enhances the contribution of spin conserving tunneling processes, as found
by an increase in ∆Vin in Fig. 4.10(c) at larger applied bias. On the other
hand, with increasing reverse bias Rashba SOC increases due to an increase
in the electric field. This results in a larger TAMR response as evident in
Fig. 4.8(d), masking any spin voltage signals related to spin accumulation
∆Vin in (Fig. 4.8c). Thus the different role of the electric field driven
effects on ∆Vin and ∆Vrot at different temperatures controls the evolution
of the lineshape in the spin voltage response across such interfaces.

Engineering the potential landscape at the Nb:STO interface and thus
the interplay between the electric field and temperature dependence of the
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Figure 4.8: (a) Spin voltage responses at three different temperatures (RT, 150 K
and 90 K) with an out-of-plane magnetic field at a fixed junction voltage Vb =
+0.7 V (forward bias). The inset in the bottom is a schematic of the potential
profile for increasing forward bias. The black solid line is for room temperature
and the black dashed line is for low temperatures (b) Spin voltage response for
reverse bias at a fixed junction voltage Vb = -0.5 V. The inset in the bottom
represents the potential profile for increasing reverse bias- all lines and colors have
the same meaning as that of the inset in (a). The solid blue lines are fits using Eq.
1. in both cases. (c) Bias dependent variation of ∆Vin at three temperatures (RT,
150 K and 90 K). (b) Bias dependent variation of ∆Vrot at room temperature (top
panel) and for low temperatures (90 K and 150 K) (bottom panel)
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Rashba SOC results in the evolution of the Lorentzian lineshape of the
observed spin voltage. At room temperature the built-in electric field at
the dominant Schottky interface enables the observation of a large TAMR
effect, whereas reducing the temperature changes the transport regime to
that of a dominant tunneling one enabling the observation of a spin volt-
age related to spin accumulation. Such effects are strongly manifested in
Nb:STO due to the additional tunablity of the non-linear dielectric per-
mittivity in Nb:STO and cannot be observed in linear dielectrics such as
in conventional semiconductors. This additional flexibility in device design
at such material interfaces leads to new understanding on the origin of the
different contributions to the spin voltages measured using the 3T electrical
transport scheme.

4.5 Summary

In conclusion, an electric field control of spin transport across the Nb:STO
interface using Ni/AlOx spin injection contacts is demonstrated at differ-
ent temperatures. This is achieved by exploiting the electric field at the
dominant Schottky barrier to tune the intrinsic Rashba SOC across the
semiconducting interface of Nb:STO. Engineering the potential landscape
at the Nb:STO interface and thus the interplay between the electric field
and temperature dependence of the Rashba SOC results in the evolution
of the Lorentzian lineshape of the observed spin voltage. At room temper-
ature the built-in electric field at the dominant Schottky interface enables
the observation of a large TAMR effect, whereas reducing the temperature
changes the transport regime to that of a dominant tunneling one enabling
the observation of a spin voltage related to spin accumulation. Such effects
are strongly manifested in Nb:STO due to the additional tunability of the
dielectric permittivity in Nb:STO and cannot be observed in conventional
semiconductors. This additional flexibility in device design at such material
interfaces leads to new understanding on the origin of the different contri-
butions to the spin voltages measured using the 3T electrical transport
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Figure 4.9: (a) Spin signals at different forward and reverse bias at room temper-
ature. The presence of an additional MR is observed at B > ±0.65 T. Beyond
this value a good fitting of the data is not possible. (b) This fitting results in an
increasing value of the residual signal at around B > ±0.65 T which is indicated
by black symbols both for forward and reverse bias. The red symbols show the
residuals after subtracting the additional background and fitting with Eq.1.

scheme.

4.6 Additional Information

4.6.1 Origin of an additional MR at a magnetic field greater
than saturation magnetization of Ni

In addition to the observation of spin injection (Lorentzian MR) and TAMR
signals (parabolic MR), another parabolic MR is observed at a magnetic
field greater than the saturation magnetization of Ni, i.e beyond ±0.65T .
Not much is known about the origin of such an additional MR. Assuming
this MR to originate from the semiconductor, it is subtracted from the
background by fitting a parabola at B > ±0.65 T. The spin signals are
shown in Fig. 4.9(a), without subtracting the background parabolic MR
for both forward (+ Vbg) and reverse bias (- Vbg) respectively. It is fitted
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with the same Eq.4.1 but with a constant function at B > ±0.65 T. As is
shown in Fig. 4.9(b) the difference in the residual due to the fitting without
subtracting the background MR causes an increasing trend in the residual
plot that indicates the presence of a weak MR signal beyond the saturation
value of Ni as shown by the black symbols whereas red symbols indicates a
constant noise around 0 µV indicating a subtracted parabolic background
MR. This subtraction of the background MR changes the values of ∆Vin,
∆Vout, τin but not significantly. However, the overall trend with respect to
the junction voltage was not altered.
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Chapter 5. SrMnO3: a nominal antiferromagnet as revealed by
magnetotransport studies

The ability to tune magnetic ordering in complex oxide based correlated
antiferromagnetic insulators, due to the coupling between the charge, spin,
lattice and orbital degrees of freedom, opens a vast playground in spintron-
ics. Here we study a tensile strain induced coexistence of a wide range of
magnetic ordering in thin films of SrMnO3, as established from the tem-
perature dependence of the spin Hall magnetoresistance (SMR) and spin
Seebeck effect (SSE) studies and complemented by structural and bulk mag-
netization measurements. The temperature dependence of the SMR, SSE
and bulk magnetization studies fingerprints the competition between dif-
ferent magnetic domains across the manganite film thickness. Our work
demonstrates that strain induced spatial variation of magnetization in such
nominal antiferromagnetic manganites can be tuned by orbital ordering and
opens new opportunities in antiferromagnetic spintronics.

5.1 Introduction

Identifying and controlling the antiferromagnetic order parameter via Neel
vector manipulation and its electrical detection is actively researched in dif-
ferent antiferromagnets [1–3]. Charge-spin or spin-charge conversion meth-
ods such as the (Inverse) Spin Hall effects are commonly used to probe key
parameters associated with the antiferromagnetic ordering [4–6]. Spin hall
magnetoresistance (SMR) and spin Seebeck techniques have evolved in re-
cent years as efficient magnetic probes for studying a wide range of magnetic
systems such as ferro/ferrimagnets[7–10], antiferromagnets[4, 5, 11, 12] and
frustated systems including paramagnets [13]. However, in this context
strongly correlated rare earth manganites exhibiting rich magnetic phase
diagram [14, 15] has remained largely unexplored but is an important plat-
form for the design and tunability of diverse magnetic phases and for de-
veloping antiferromagnetic oxide based spintronics.

SrMnO3 (SMO) is one of the end members of the La1−xSrxMnO3 fam-
ily. In bulk, it exhibits three different polymorph phases namely; cubic, 4H
and 6H hexagonal phases, stabilized at different growth temperatures [16].
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5.2. SMO thin films - related oxygen deficient structures

All the polymorphs exhibit fully compensated G-type antiferromagnetic-
insulating behavior with Neel temperature (TN ) varying between 260 - 278
K [16, 17]. The antiferromagnetic exchange in bulk SMO is governed by
the superexchange interaction between the Mn4+ ions that preserve the
degeneracy of the eg orbitals of Mn4+. Thin films of SMO, on the other
hand, can be tailored to exhibit a wide range of magnetic ordering. For ex-
ample, by tuning epitaxial strain, the antiferromagnetic (AFM) ordering in
thin SMO films can be tuned from G-type to C/A-type[18, 19]. In addition,
controlled tuning of different growth conditions can also lead to coexistence
of different magnetically ordered phases for this end member of the man-
ganite family. Typical among them being a ferromagnetic insulating phase
brought about by the structural distortion of the oxygen octahedra and
leading to oxygen deficient SrMnO3−δ phase [20]. Moreover, first principle
calculations have predicted that tensile or compressive strain can drive a
series of magnetic phase transitions that couples with the ferroelectric order
in SMO and were corroborated by experimental studies [19, 21–24]. Inte-
grating SMO in bilayers with members within the same manganite family,
has shown to result in unconventional magnetic features such as a spin glass
state and ferromagnetic ordering induced by orbital reconstruction at the
interface [25, 26]. In spite of this, an understanding of the strength and na-
ture of magnetic ordering in nominally antiferromagnetic thin films of SMO
is sparse and remains a challenge, given the multitude of magnetic phases
that can coexist even when adopting careful growth strategies. In this work,
we show the richness of the coexisting magnetically ordered states that can
be induced in SMO thin films by tuning the deposition parameters and
probed by complementary bulk and surface magnetization techniques, with
the aim to use this material for AFM based oxide spintronics.

5.2 SMO thin films - related oxygen deficient struc-
tures

As discussed above SMO is known to exist in different oxygen deficient
states, hence SMO is often represented as SrMnO3−δ. Among the differ-
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ent non-stoichiometric SrMnO3−δ phases, δ = 0.5 is a commonly observed
crystalline structure of SMO, i.e SrMnO2.5. This phase is known as the
brownmillerite-SMO (B-SMO). The space group of B-SMO is Pbam. In-
terestingly, due to electron doping, B-SMO promotes orbital ordering of
Mn3+. In this phase, SMO orders antiferromagnetically with Mn3+ ions
with Mx (x-direction) =0.5 and My (y-direction) = 2.5 µB. The neutron
diffraction study in B-SMO indicates an antiferromagnetic alignment with
magnetic moments pointing towards the b-axis and both antiferromagnetic
and ferromagnetic alignment out-of-plane (c-axis)[27].
This section, gives an overview of the different crystallographic phases that
coexist in the thin films of SMO. The films are grown either by molecular
epitaxy (MBE) or by pulsed laser deposition (PLD) on different substrates
like SrTiO3 (STO) with c-axis in different directions, LaAlO3 (LAO) and
LSAT[18]. During thin film growth using PLD, parameters like the oxygen
pressure, temperature of the substrate, laser fluence are found to influence
the crystalline quality of thin films. Laser fluence is known to affect the
Sr/Mn ratio in the SMO thin films[28]. This can give rise to different
non-stoichiometric growth of SMO. Moreover, higher temperature of the
substrate is known to improve the crystalline quality of the thin films. The
Cubic form of SMO (C-SMO), has been found to grow at a very high tem-
perature (≥ 1000oC) on STO (001). In the perovskite SrMnO3 film, the
formation of oxygen vacancies is generally charge-compensated by a reduc-
tion of the oxidation state of Mn4+ to Mn3+ possibly resulting in ferro-
magnetic behavior due to the double exchange. The tensile strain from the
substrate promotes oxygen deficient SMO growth leading to SrMnO3−δ. In
this section, the different stoichiometric phases of SMO thin films achieved
by different growth conditions and the associated magnetic orderings are
discussed below.

5.2.1 Brownmillerite SrMnO2.5 (B-SMO)

Brownmillerite phases of the perovskite films (ABO3−δ) are widely inves-
tigated for SrMnO3−δ, SrCoO3−δ etc. Unlike C-SMO, B-SMO can be ob-
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tained by heating STO (001) substrate at temperatures ranging from 700o

C - 800o C by PLD growth [20]. Using an oxygen pressure ≤ 0.1 mbar, or-
thorhombic structure of SMO which is found to be stable for Brownmillerite
phases are obtained. As already discussed in the earlier section about the
bulk B-SMO, thin film B-SMO are also reported to have antiferromagnetic
ordering of the Mn3+ ions with a Neel transition above room temperature
(TN = 375 K).

5.2.2 Perovskite SrMnO3−δ (P-SMO)

Perovskite phases with oxygen deficient non-stoichiometric SMO thin films
can be achieved with PLD. Usually by post-annealing under non-ambient
conditions results in oxygen deficient perovskite SMO. Due to double ex-
change between Mn3+ and Mn4+ ions, P-SMO exhibits ferromagnetic be-
havior with a Curie temperature of 75 K[20].

5.2.3 Mixed SrMnO3−δ (M-SMO)

Mixed phase of SMO in certain conditions are found to co-exist in the SMO
films. The perovskite phase develops on the top layer (ferromagnetic) and
brownmillerite phase develops on the bottom layer (antiferromagnetic) of
the SMO films. As a result it is reported to show an exchange bias in a
single film of SMO[20].

5.2.4 Cubic SrMnO3 (C-SMO)

The stoichiometric SrMnO3 thin films possess a cubic structure due to
the epitaxial strain from the underlying substrate. The films are found
to host tunable anti-ferromagnetic ordering from an A-type to a G-type
depending on the percent of strain (also tensile or compressive) from the
substrate[18]. Apparently, G/C -type AFM ordering are fully compensated
and do not show any exchange bias with a ferromagnetic film in case of a
heterostructure. However, reports show a large exchange bias at the inter-
face of LSMO/SMO that results due to the uncompensated spin structure
at the interface leading to a spin glass (SG) state[25]. This spin glass state
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arises from the competition of the AFM superexchange between Mn4+ ions
in SMO and the double exchange mechanism between Mn4+ - Mn3+ ions in
LSMO. Often, this competition between the two different magnetic interac-
tion give rise to a tilting of the oxygen octahedra driving a DM interaction
that hosts different magnetic topological features at the interface of a bi-
layer system which will be discussed in details in Chapter 6.
In this work, the temperature dependence of magnetic phases that coexist
in thin films of SrMnO3 (SMO) are studied using complementary tech-
niques, (i) bulk magnetization studies using Superconducting Quantum in-
terference device (SQUID), (ii) Surface sensitive SMR response, (iii) bulk
sensitive SSE response. Thin films of SMO deposited by adopting differ-
ent growth strategies and of varying thickness are studied in this work.
The different approaches allow for the study of the correlated interplay
between tensile strain and oxygen vacancies across SrMnO3/SrTiO3 inter-
faces. This work demonstrates the inevitability of coexisting magnetically
ordered states, intrinsic to such tensile strained SMO thin films, that are
nominally antiferromagnetic, inspite of adopting careful growth strategies,
as revealed by spin transport studies.

5.3 Pulsed laser deposition (PLD) of SrMnO3 thin
films

Thin films of SMO are grown using the Pulsed laser deposition technique.
The substrates (i.e. SrTiO3) undergoes surface treatment and annealing as
mentioned in Chapter 3, and were silver pasted in the PLD resistive heater
and was loaded in the PLD chamber. Ceramic target of SMO was loaded in
the target carousel inside the chamber. The heater was aligned with respect
to the RHEED gun in such a way that it points in the normal direction to
the target at a distance of 42 mm. The base pressure of the PLD chamber
was maintained at 5-7 x 10−6 mbar before the substrate was heated and an
oxygen flow was permitted inside the chamber. The heater was set to 900o

C, where the substrate that was attached to the heater at a temperature
which is 50 to 100o C lower than the heater temperature. This temper-

144



5.3. Pulsed laser deposition (PLD) of SrMnO3 thin films

ature difference between the substrate and the heater depends largely on
the thermal conductivity of different substrates. STO is known to have a
higher thermal conductivity than LAO, hence the difference between STO
and heater is around 30o C whereas for LAO the difference goes to about
100o C. The ideal condition for the growth of cubic SMO was above 1000o

C which was not possible using a resistive heater. The maximum temper-
ature was 900o C for the deposition. An oxygen pressure of 0.01 mbar to
0.2 mbar have been used for different samples in order to ascertain the
quality of the growth of SMO. In all earlier reports regarding the growth
of SMO films, three parameters are always crucial, (a) Temperature: In
general, increased temperature improves the crystalline quality of the thin
films. In our case, the temperature had to be restricted to 900o C, owing
to the maximum achievable temperature for a resistive heater, (b) Oxygen
pressure : Optimal oxygen flow is crucial to preserve the stoichiometry, else
the films would grow with an oxygen deficient stoichiometry (SrMnO3−δ).
Since, the temperature of the film growth is kept constant at 900o C, dif-
ferent SMO thin films were grown by changing the oxygen pressure. (c)
Laser fluence : The stoichiometric content between Sr and Mn, i.e. Sr/Mn
ratio can be affected by the non-optimal usage of the laser fluence. Earlier
report of Kobayashi et al., has shown a presence of an additional SrO plane
in the SrMnO3−δ films due excess Sr in the Sr/Mn ratio. This ratio can
be tuned by increasing the laser fluence. For our deposition, a fluence of 1
J/cm2 is used which is in the regime for an optimal Sr/Mn ratio as inspired
from the works of Kobayashi[28] and Maurel.[18] Larger fluence can induce
degradation of the films.
The atomic force microscopy (AFM) images of the grown films are shown

in Fig. 5.2. The figure shows the AFM images of the 3 different SMO
thin films grown on STO (001). (a) S1: Sample 1, was grown with an
oxygen pressure of 0.01 mbar and post annealed at 100 mbar oxygen pres-
sure while cooling down from 900o C to room temperature at a rate of 5o

C/min. The total number of laser pulses was 950 at a 1Hz repetition rate.
(b) S2: Sample 2, was grown with the oxygen pressure same as (a), but was
post annealed at an oxygen pressure of 0.006 mbar oxygen pressure while
cooling down from 900o C to room temperature. (c) S3: Sample 3, was
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Figure 5.1: RHEED intensity and oscillations for sample S1 (SMO 2 nm / STO),
and S2 (SMO 5 nm)/ STO). The unusual increase in the intensity pattern with
initial increase in the laser pulses might originate due to the gradual increase in
the mixed termination of starting STO substrate due to deposition of SrMnO3 and
partial coverage of the SrO sublattices, however this could not be determined due
to the lack of microscopic and spectroscopic measurements.
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(a) (b)

(c) (c)

Figure 5.2: AFM images of sample S1 (SMO 2 nm / STO), sample S2 (SMO 5
nm/ STO) and sample S3 (SMO 17 nm/ STO).
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grown with an oxygen pressure of 0.2 mbar and post annealed at 100 mbar
oxygen pressure. Later, an additional annealing step followed ex-situ at 1
atm pressure for an hour at 900oC. These different annealing steps resulted
in the changing surface topography of SMO films, that were captured in
the AFM images. Without any additional annealing step, sample S1 shows
clear terraces whereas, in sample S2, the step flow growth was accompa-
nied by island-like growth shown in darker contrast in Fig. 5.2(b). These
islands can result due to MnO rich phase that might appear due to lack
of oxygen pressure during post-annealing. Sample S3, on the other hand,
have been subjected to a more strong annealing process in presence of an
oxygen atmosphere. Moreover, the additional annealing step resulted in
increasing surface roughness in the S3 film. The RHEED intensity oscilla-
tions captured for sample S1 and S2 are shown in Fig. 5.1. Contradicting
intensity oscillations were observed prominently for sample S1, where the
intensity first increases with the firing of laser pulses, rather than decreas-
ing. With the firing of each pulse, the surface roughness of the substrate
increases resulting in a decrease in the RHEED intensity. The reason for in-
creasing intensity with pulses may originate from a starting STO substrate
with a mixed termination, which eventually gains a mixed termination due
to the coverage of the SrO sublattices from SrMnO3. However, no evi-
dence of such a termination issue could be determined due to the lack of
microscopic and spectroscopic measurements. Moreover, the intensity os-
cillations rather damp quickly resulting in a more island-like growth and
increasing surface roughness that are evident in the AFM images. Hence,
non-optimal conditions for growth are inferred at such high temperatures.

After the growth, the films were subjected to a 4-probe resistance check
at room temperature using an in-house probe station. Sample S2 (5 MΩ)
was more conductive than sample S1 (800 MΩ) and sample S3 ( 1.2 GΩ).
Hence sample S2 was not fabricated for spin transport as its conductivity
was not suitable for local/non-local spin transport. Samples S1 and S3 have
been fabricated for spin transport and hence used for further investigations
in this chapter.
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Figure 5.3: XRD (2θ−ω plots of sample S1 (SMO 2 nm/ STO), sample S2 (SMO
5 nm/ STO) and sample S3 (SMO 17nm/STO).
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Figure 5.4: (a) XRD θ-2θ scan of epitaxial S3 thin film (broadening of (002) peak as
shown in the inset may be due to presence of secondary phases in SMO). Similarly,
(b) shows the rocking curve measured along (002) peak of S3 film (FWHM values
are obtained from Gaussian fits to experimental data). Reciprocal space maps
obtained along (c) (103) and (d) (013) asymmetric reflections depicts the coherent
growth (aip = bip= 3.905 Å) with both the SMO and STO reflections lying on
same pseudomorphic line for the S3 film.
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5.4 Structural characterization of SrMnO3 (SMO)
thin films

Structural characteristics of the grown SMO films were performed on a
PANalytical x-ray diffractometer equipped with a four-axis cradle (Cu kα
radiation, wavelength 1.54 Å). The thickness of the SMO thin films were
characterized by X-ray reflectometry and found to be 2 nm and 17 nm
for samples S1 and S3 respectively. As can be seen from Fig. 5.3, the
sample S1 show no characteristic film peak, the structural characterization
were performed for sample S3. The findings of the θ-2θ scans and rocking
curves (ω scans) for sample S3 are shown in Fig. 5.4(a and b) and indicate
the phase purity and epitaxial relationship of the film with the underly-
ing (001)-oriented STO substrate. Fig. 5.4(c and d) shows the reciprocal
space maps (RSM) along (103) and (013) asymmetric peak reflections for
the sample S3. It can be seen from the RSM scans that the (013) and (103)
asymmetric reflections of both SMO and STO fall on the same pseudo-
morphic line, suggesting the coherently strained nature of the S3 film with
tensile strain/lattice mismatch of [(afilm - abulk)/abulk] x 100 = 3.0 % [29].
Here afilm= 3.90 Åand abulk = 3.79 Åcorresponds to SMO thin film and
bulk lattice parameters respectively. Further the RSM maps imply tetrago-
nal symmetry, devoid of any additional crystallographic symmetries of the
S3 film with identical in-plane orthogonal lattice parameters (aip = bip)
and compressed out-of-plane lattice constant due to tensile strain induced
by the underlying (001)-oriented STO substrate.

5.5 Magnetization studies

Temperature and field-dependent magnetization studies of both SMO films
were done using SQUID magnetometer (Quantum Design). Fig. 5.5(a)
shows the temperature dependent in-plane hysteresis loops recorded in both
zero-field cooled and field cooled modes (HFC= 70 kOe with running field
of 500 Oe) for sample S1, after subtracting the linear diamagnetic contribu-
tion arising from the STO substrates. The saturation magnetization values
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Figure 5.5: Temperature dependence of magnetic hysteresis loops of (a) sample S1
: SMO (2 nm) / STO (top panel), sample S3: SMO (17 nm)/STO (bottom panel),
(b) Temperature dependent magnetization plots of S1 and S3. The black arrows
40 K indicate the magnetic phase transitions due to secondary phases and the blue
arrow indicate the bifurcation of the ZFC and FC curves at 300 K indicating the
magnetic phase transition of SMO film in sample S1.
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5.6. Transport measurements by detection of AC signals

MS = 400 , 100 emu/cm3 at 10 K and 300 K respectively are derived from
M vs H plots for S1. Ferromagnetic behavior in S1 is facilitated by double
exchange mechanism due to the formation of oxygen vacancies, induced by
the tensile strained substrate [20, 21]. On the other hand, ferromagnetic
contribution is suppressed in S3 films (bottom panel of Fig. 5.5a) as man-
ifested in the lower values of MS of 100, 50 emu/cm3 at 10 and 300 K
respectively. Moreover the magnetization does not reach saturation in S3
films as evident from the hysteresis loops and requires large applied fields
and low temperatures, indicating the coexistence of competing magnetic in-
teractions. Besides, S1 and S3 exhibit distinct magnetic phase transitions
(TN = 290 K for S1, TN > 350 K for S3), as shown from the bifurcation
points of zero field cooled (ZFC) and field cooled (FC) curves in Fig. 5.5(b)
(dotted symbol). Furthermore, the Magnetization vs Temperature (M-T)
plots show an additional antiferromagnetic phase transition at 40 K for
both S1 and S3 as seen from the peak in the ZFC curves.
From the M-T plots in Fig. 5.5(b), the bifurcation in the ZFC and FC
curve indicates a field dependent magnetization response and is consistent
with the M vs H loops shown in Fig. 5.5(a). This observation suggest
a canted antiferromagnetic phase with a weak anisotropy and/or a strong
competition between coexisting double exchange FM and superexchange
AFM phases across the SMO thin films. The cusp like feature around 40
K observed in the M-T plots in Fig. 5.5(b) indicates a phase transition
of such a canted AFM phase to a more G-type AFM ordering intrinsic to
SMO films. In order to gain an insight into the spatial extent and nature of
the magnetic ordering, we have used spin Hall effect based spin transport
studies as discussed in the next sections.

5.6 Transport measurements by detection of AC
signals

In this chapter, the spin transport measurements were carried out by the
injection and detection of AC signals using low frequency Lock-in amplifier.
Using the lock-in detection technique, the first, second and higher harmon-
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ics of the AC signals can be separated. In this work, we have focused on
the first and second harmonic responses. This can be understood in the
following way, any voltage response can be expressed as a sum of the higher
harmonics as follows :

V (t) = R1I(t) +R2I
2(t) +R3I

3(t) +R4I
4(t) + .... (5.1)

where Rn is the n-th order harmonic response to an applied current I(t). An
AC current, I(t) =

√
2Iosin(ωt), is applied where ω is the angular frequency

and I0 is the rms value. The detected harmonic signals of the lock-in
amplifier at a set phase of φ is defined as the integration over the time
space T,

Vn(t) =

√
2

T

∫ t

t−T
sin(nωs+ φ)Vin(s)ds (5.2)

For a given value of Vin, the different harmonic voltages Vn (t) can be
obtained. The following harmonic responses are as follows :

V1 = R1I0 +
3

2
R3I

3
o for φ = 0o (5.3)

V2 =
1√
2

(R2I
2
0 + 2R4I

4
0 ) for φ = −90o (5.4)

V3 = −1

2
R3I

3
0 for φ = 0o (5.5)

V4 = − 1

2
√

2
R4I

4
0 for φ = −90o (5.6)

5.7 Electrical transport measurements at inter-
face of Pt/SrMnO3

UV-lithography followed by electron beam evaporation were used to pat-
tern and fabricate the 7 nm thick-Pt based Hall bar devices (dimensions:
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Figure 5.6: Schematic illustration of the measurement set up.

width w = 50 µm, length l = 3000 µm) on SMO thin films as shown in
Fig. 5.7. Ti (t = 5 nm) and Au (t = 25 nm) contact pads were evaporated
thereafter. Angle dependent spin Hall magnetoresistance (SMR) and Spin
Seebeck effect (SSE) measurements were performed on a physical property
measurement (PPMS) system (Quantum Design) with fields ramping up
to 7 T and temperature range between 5-300 K. For field-dependent SMR
and SSE measurements, a sinusoidal alternating current of amplitude I0= 1
mA (J0 = 2.8 x 109 A/m2) and frequency (ω) = 7.77 Hz was driven across
the Pt Hall bar in the y-direction. This induces Joule heating, generating
an out-of-plane thermal gradient in the magnetic-SMO layer. The thermal
gradient can be varied by changing the current (Jac) applied across the Pt
Hall bar. The current applied along the y-direction, leading to a spin accu-
mulation (µ) pointing along the x-direction. The voltage response due to
SMR and SSE effects were measured in longitudinal (Vyy) and transverse
(Vxy) configurations at 7 T magnetic field. Four Lock-in amplifiers were
simultaneously used to measure the first harmonic(V 1ω

yy and V 1ω
xy at phase

= 0o) and second harmonic (V 2ω
yy and V 2ω

xy at phase = -90o) voltages with a
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Figure 5.7: (a) The longitudinal resistivity measured for sample S1 and S3 with an
applied current bias I0 = 1 mA. The inset shows the optical image of the Pt Hall
bar for sample S1, similar channel length and transverse contacts are also chosen
for the Hall bar in sample S3. The conductivity σ = 1/ρ, where the conductivity
at 10 K is around 0.027 µΩ−1cm−1 for sample S1 and 0.021 µΩ−1cm−1 for sample
S3. Hence, the Pt resistivity lies within the intrinsic limit of its metallicity.

time constant of 3 secs by rotating the sample in the x-y (α), x-z (β) and
y-z (γ) planes respectively. Spin Hall magnetoresistance (SMR) and spin
Seebeck (SSE) measurements were simultaneously performed in order to
study the magnetic ordering of the SMO films with different thickness from
the surface and bulk magnetic contributions respectively. The schematic
illustration of the electrical measurement set up is shown in Fig. 5.6.
The resistivity (ρ) variation of Pt (7 nm) with temperature for both the
samples S1 and S3 are shown in Fig.5.7. Both the resistivity and the con-
ductivity (σ = 1/ρ) of the Pt layer lies in the intrinsic limit of its metallicity
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rections respectively.
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directions respectively

[30]. The differences in the resistivity for the two samples can be due to
the differences in the interface roughness across Pt/SMO.
Figure 5.8 shows the angular dependent spin Hall magnetoresistance (AD-

SMR) signals for three representative temperatures with an applied field
(B) = 7 T along (a) α, (b) β, and (c) γ rotation planes for sample S1.
For SMR measurements, the charge current (I) was applied along the y-
direction (Je), which creates a spin accumulation (µ) along x-direction and
spin current (Js) pointing in the -z direction due to spin Hall effect (SHE).
The spin current (Js) induced in the Pt layer exerts a torque on the magne-
tization (M) vector of the underlying SMO layer. Depending on the relative
orientation of M and µ, reflection or absorption of spin current occurs at

158



5.8. Spin Hall Magnetoresistance across Pt/SrMnO3

the Pt/FM interface which in turn causes the modulation of spin dependent
magnetoresistance.

5.8 Spin Hall Magnetoresistance across Pt/SrMnO3

The typical longitudinal and transverse SMR contributions arising at the
interface of Pt/SMO are given as follows[31, 32]:

∆Ryy
Ro

=
∆ρyy
ρo

< 1−m2
x >∝ cos2(α, β) (5.7)

∆Rxy
Ro

=
∆ρxy
ρo

w

l
< mxmy >∝ sin(2α) (5.8)

where ∆Ryy and ∆Rxy are the change in the AD-SMR response measured in
the longitudinal and transverse configurations respectively. ∆Ryy = Ryy(α
= 90o) - Ryy(α = 0) = ρyy(α = 90o) - ρyy(α = 0). Here mx, my and mz refer
to the projection of the magnetization along the three orthogonal axes. w,
l are width and length of the Pt Hall bar and ρ0 is the Drude resistivity.
The longitudinal and transverse SMR variations shown for S1 and S2 sam-
ples (Figs. 5.8, 5.9) under 7 T field, follows a cos2α and sin(2α) variation
thus, consistent with 5.7 and 5.8. For the longitudinal SMR configuration
shown for sample S1 in Fig. 5.8, the spin resistance displays a maximum
(absorbed) and minimum (reflected) at α = 90o and α = 0o (B ⊥ Je) con-
figurations respectively, similar to SMR signals observed on Pt/YIG and
other ferrimagnetic spinel systems which is commonly attributed to positive
SMR [7, 8, 32] and usually occurs when the applied magnetic field exceeds
the anisotropic fields in Pt/FM heterostructures as shown in Fig. 5.8. The
transverse SMR for both the samples S1 and S3 shows similar variation in
Fig. 5.9, with peaks at 45o and 135o for both the films, hence showing a
sin(2α) behavior as shown in Eq. 5.8. Moreover, from the amplitudes of
the signals as shown by the double-headed arrow in Fig. 5.9 (a and b), a
weak temperature dependence of the SMR signals are observed that will be
further discussed in the next sections.
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Figure 5.10: (a) The temperature dependent ADMR measurements in the x-z
plane (β-direction) for sample S3 measured at a magnetic field of 7 T and current
bias of I0 = 1 mA. (b) Temperature dependent ADMR measurements in the y-z
plane (γ -direction) for sample S3 at a magnetic field of 7 T and current bias of I0
= 1 mA.

In order to confirm that the observed magnetoresistance response is from
SMR and to exclude the possibility of a magnetic proximity induced AMR
effect in Pt, AD-SMR measurements were also performed in the out-of-plane
(oop) configuration. As shown in the Fig. 5.8(b,c), for SMR measurements
in sample S1 along x-z plane, a relative change in the angle between the
B field and µ occurs leading to a cos2β behavior. Similar ADMR signals
are also observed for sample S3 in the longitudinal contacts as shown in
Fig. 5.10. However, in Fig. 5.8 (c), when the magnetic field is applied
along the y-z plane, no signatures of SMR signal are observed, indicating
a perpendicular alignment of the magnetic field with µ at all angles thus
consistent with SMR theory and thereby excluding the proximity induced
AMR effect in Pt, as reported earlier for Pt/FM hybrid systems[33, 34].
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a current bias of I0 = 1.2 mA for sample S3. The insets shows the field dependent
SSE signals acquired at dissimilar angles.

ADMR data of sample S3 are shown in Fig. 5.10, along out-of-plane (OOP)
directions i.e. β, γ directions respectively measured at 7 T field for selected
temperatures. It is known from literature that the ADMR signals in the oop
scans can have its origins from both, (i) SMR / AMR / Hanle Magnetore-
sistance signals[35], (ii) anti-weak localization (which is an intrinsic effect
of the platinum prominent only at low temperatures below 50 K, thereby
independent of the underlying magnetic material) [35, 36]. In this regard
thus observed cos2θ angular variation (Fig. S4) in the β and γ scans with
similar amplitude values, may point towards the emergence of weak anti-
localization (WAL) effect in Pt due to high spin-orbit interaction. However,
for the rotation in the plane, no variation of Ryy data for S3 was observed
due to its larger Pt/SMO interface roughness which can also inferred from
the higher Pt Drude resistivity compared to S1(Fig. 5.7).
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5.9 Spin Seebeck Effect (SSE)

In order to understand about the bulk magnetic properties in the thin films
of S1 and S3, Spin Seebeck (SSE) measurements were performed. In Figs.
5.11 (a and b), the Spin Seebeck responses are detected in the longitudinal
and transverse configurations respectively at 5 K by sweeping the in-plane 7
T field (α -scan) for sample S3. An applied current bias (I0 = 1.5 mA in this
case) induces a thermal gradient (∇T) creating a magnon spin accumulation
(µm) in the bulk SMO layer, which in turn diffuses a spin current (Is) in
the Pt layer, that is detected as charge resistance due to inverse spin Hall
effect (ISHE)[37, 38]. From Fig. 5.11 (a and b), a sinusoidal variation of the
SSE responses are observed. The SSE signals shows a peak at 0o and 180o

for the longitudinal contacts of Pt (Fig. 5.11a), when the applied magnetic
field is parallel to the magnon spin accumulation, leading to a detectable
charge resistance in Pt due to ISHE. This kind of a magnetoresistance is
extracted from the 2nd harmonic response in the lockin amplifiers. These
obtained signals scale quadratically with current bias indicating a thermal
related spin response and a current induced phenomenon. Similar angular
dependences in the SSE responses are obtained for sample S1, as discussed
in the following subsections.

5.9.1 Angular dependent SSE responses

The inverse spin Hall voltage (VISHE), measured as the 2nd harmonic re-
sponse (2ω), in the lock-in amplifier is proportional to the magnon spin
polarization (σm) in the insulating layer and thereby proportional to the
spin polarization in Pt (σ), and related to the VISHE by[10, 37–40] :

VISHE ∝ θSHE(Js × σ) (5.9)

The SSE signal as VISHE yields a maximum response for the condition
when, σ is parallel to M(B), where M is the magnetization of the underlying
magnetic insulator and B is the magnetic field. θSHE is the spin Hall angle
of Pt and Js is the spin current that is normal to the interface and is par-
allel to the temperature gradient ∇T in case of Longitudinal Spin Seebeck
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to the SSE signals.

configuration. The extracted VISHE is proportional to square of the cur-
rent bias due to Joule heating. This is shown here for sample S1, where the
angular dependent signals and the quadratic dependence of the extracted
maximum signals by sinusoidal fitting is shown in Fig. 5.12 and 5.13 re-
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Figure 5.13: SSE signals observed in the transverse contact by applying different
current bias and with an applied field of 7 T at 10 K for sample S1. The right
bottom panel shows the bias dependence of the SSE voltages that are extracted
from the amplitudes of the SSE signals. The red dashed line indicates a quadratic
fit to the signals indicating the signals originating from the thermal effect.

spectively. Both for SMR and SSE, the measurements in the out-of-plane
configuration is essential to determine the above mentioned dependence of
magnetic field and spin polarization. In the out-of-plane measurement ge-
ometry, when the magnetic field is perpendicular to spin polarization (σ)
at all angles, no SSE signal is expected. This is shown in Fig. 5.14, where
in the γ- scan, no signals are detected by applying a magnetic field. For
the β-scan however, a sinusoidal response for both the samples S1 and S3
is seen (Fig. 5.14 and 5.15), suggesting the observed signals to originate
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Figure 5.14: SSE signals in sample S1, observed with the angular rotation where
the magnetic field B = 7 T , 6 T and 5 T, are applied in the out-of-plane configu-
ration at 10 K, (a) x-z plane (β-scan) and (b) y-z plane (γ-scan). In the β- scan,
a peak is observed around 90o, indicating the magnetic field to be parallel to x-
direction, i.e. the spin polarization (σ) in Pt. Whereas in the γ-scan, no response
is observed as the magnetic field is always perpendicular to the σ, indicating the
observed response in the β-scan to originate from the relative alignment of the
magnetic field (magnetization) and the spin polarization, i.e. due to Spin Seebeck
effect. All the measurements are performed by applying a current bias of 1 mA.

from the parallel orientation of σ and B, i.e Spin Seebeck Effect. The ther-
mal contribution due to Anomalous Nernst effect (ANE)[41, 42], were not
observed, as ANE depends on the relative orientation of the current and
magnetization direction, i.e. it should be visible in the γ- scan unlike SSE.
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5.9.2 Field dependent SSE responses

A field dependent measurements were performed at in-plane orientations
where the SSE responses were maximum as shown from the angular mea-
surements. This is shown in the inset to Fig. 5.11 (a,b) for both longi-
tudinal and transverse configurations for sample S3. The field dependent
SSE measurements displays a non-linear dependence, attributed to either
a weak-ferromagnetic behavior[43] or from an easy-plane antiferromagnetic
behavior[12, 40] as inferred from the absence of any hysteretic behavior with
respect to the trace and retrace of the magnetic field as observed in other
ferri/ferromagnetic materials [44, 45] reported in recent years. A tempera-
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ferent temperatures. The measurements are shown for transverse configuration at
angle α = 90o, where the SSE signal is maximum as shown in Fig. 5b in the main
text. A linear dependence of the SSE signals are observed with increasing field de-
pendence, resulting from the gradual response of the antiferromagnetic sublattices
as the field is applied in the easy-plane direction in the SMO films.

ture dependent SSE signals are shown in Fig. 5.16 for sample S3 measured
across the transverse contacts. A monotonous nonlinear response with field
that vanishes after 30 K, and absence of any magnetic hysteresis indicates
a field dependent response of the antiferromagnetic sublattices in the SMO
films as the magnetic field that is applied in the easy-plane direction[12].
This is in contrast to the behavior shown by uniaxial AFMs that shows a
spin flop transition with the applied field along the easy axis direction as
shown for MnF2 and Cr2O3[11, 40].

5.10 Discussion

We now discuss our findings, in the light of the different probing techniques
used in this work, to establish the role of the competing and coexisting
magnetic domains in the tensile strained S1 and S3 films with temperature.
The SMR response, that fingerprints the surface magnetization in Pt/FMI
hybrid systems[9, 35] can be identified with a ferromagnetic ordering due
to a positive SMR response[32, 46] and an existence of an effective mag-
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netization rather than Neel ordering[4, 32] as shown in Figs. 5.8 and 5.9
from the ADMR signals. However, this is unlike the response observed in
the bulk magnetization studies as shown in Fig. 5.7(b). To reconcile this,
we now take into account the temperature dependent SMR (top panel)
and SSE (bottom panel) amplitudes for samples S1 and S3 at an applied
magnetic field of 7 T in-plane, as shown in Fig. 5.17(a). S1 shows a tem-
perature dependence atypical of SMR response in Pt/YIG hybrid systems
[47, 48], the variation of S3 is quite unique. It saturates beyond a crit-
ical temperature, Tcrit, but for T < Tcrit, a steep decrease is observed.
This temperature range corresponds to the temperature at which the ZFC
curves, in Fig 5.5(b), exhibit a cusp in SQUID studies, and is ascribed to
the presence of antiferromagnetic ordering in the bulk. As discussed ear-
lier, our tensile strained films will exhibit ferromagnetic ordering, evinced
in the M-H loops in Fig. 5.5(a) due to a possible SrMnO3−δ phase (growth
at a very low oxygen pressure) and as found in Fig. 5.17 for S1. How-
ever, to understand the temperature variation of the SMR response in S3,
we recall that the additional annealing step induces competing magneti-
cally ordered surface states that is probed by the surface sensitivity of the
SMR technique. We can consider the thin film to comprise of a surface
(S-SMO) and bulk (B-SMO) layer (Fig. 5.17c) and propose the presence
of an AFM ordering that mimics an exchange coupling and is controlled
by temperature. Thus, below T < Tcrit, the enhanced strength of the ex-
change coupling induced ordering of the magnetic domains near the surface
leads to a steep reduction in the SMR response similar to that observed in
Pt/YIG hybrids with surface treatment in YIG[35] or by insertion of anti-
ferromagnetic NiO layer[49]. Above T>Tcrit, due to the reduction in the
strength of the exchange, long range order restores the dominant surface
ferromagnetic ordering. The idea of the spatial extent of the different mag-
netic ordering in SMO films classified into surface and bulk layers is not ad
hoc, as earlier reports do indicate the formation of mixed phases in SMO
films due to competing double exchange and superexchange interactions
extending vertically, along the growth direction of the SMO films[20, 50].

From the findings of the SSE studies, we now discuss the spatial extent
of the magnetic ordering across the thickness of both the samples. Unlike
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the temperature dependence of the SMR response, the SSE signal (Fig 5.17
b) shows a monotonous decrease with increasing temperature and vanishes
beyond 40 K, which is close to Tcrit (defined for SMR signals) as well as
close to the temperature at which the ZFC shows a cusp (Fig. 5.7b) for
both the samples S1 and S3. The temperature dependence of SSE signals
depicts the role of the exchange coupled magnetic ordering, akin to an AFM
order whose magnetic moments in the sublattices responds gradually with
increasing applied field strength as observed from the field dependent SSE
signals in Fig. 5.11 (inset) and 5.16. As shown in Fig 5.17(c), below T <
Tcrit, the enhanced exchange coupling strength across the S-SMO layer, in-
duces a net AFM ordering, at a high field of 7 T, across the entire thickness,
facilitating magnon excitation and propagation due to the thermal gradient
that in turn diffuses a finite spin current into Pt electrodes. However for
T > Tcrit, the AFM long range order is weakened in between the S-and
B-SMO layers hindering efficient magnon spin transport and consequently
leads to the vanishing of SSE signal at higher temperatures. This suggests a
coexistence of competing magnetic ordering across the SMO films. Overall,
our findings reiterate the requirement of a predominant magnetic ordering
at the surface of the magnetic films for magnon assisted spin transport
in SSE studies[51] and the surface sensitivity of the SMR response to de-
tect any competing magnetic ordering in such tensile strained manganite
thin films. Further, SSE responses at lower temperature reported earlier in
Pt/YIG[39], Pt/Cr2O3[40] hybrids, indicate the role of the magnon-phonon
interaction due to the thermal induced phonon drag. Infrared and Raman
studies have shown strong spin-phonon coupling at low temperatures (be-
low TN ) in bulk SMO[52]. Further, first principle calculations show the
strong role of spin-phonon coupling and strain in stabilizing different mag-
netic ordered states in SrMnO3 [23, 53]. In our case, the exchange coupling
at low temperatures, evident from the M-T and SSE measurements hints at
magnon-phonon interaction as a possible candidate for the decrease of SSE
signals with increasing temperature. However, further studies are needed
to establish this. Moreover, our work necessitates the role of long range
magnetic ordering for the observation of SSE signals in manganite systems,
which is different from the recent reports on the observation of SSE in
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paramagnets[12, 54].
Furthermore, to get insights on the Pt/SMO interface quality, we have also
estimated the real part of the spin mixing conductance (Gr) as follows:

∆ρxy
ρo

= θ2
SH

λ

dn
Re(

2λGr tanh2(dn2λ )

σe + 2λGr coth(dnλ )
) (5.10)

where (dN ) is Pt thickness, σe is the electrical conductivity (σ = 1/ρo),
θSH is the spin Hall angle and λ the spin diffusion length. We estimated
the spin mixing conductance (Gr) to be ∼ 1014 Ω−1m−2 at 50 K (at 7 T
field) by assuming spin Hall angle of 0.06 [7] and spin diffusion length (λ)
of 3 nm [6, 55]. Thus, the estimated Gr values are around the same order
reported earlier for Pt/YIG systems[7, 48], and are 3 orders of magnitude
lower than the earlier report on Pt/SMO[46]. This order variation can arise
due to the differences in the deposition techniques of Pt layer (evaporation
in our case) and also calculation of Gr at maximum applied magnetic fields
(7 T in our case) compared to the earlier report on Pt/SMO (sputtering
technique, maximum applied field ∼ 9 T).

5.11 Summary

Our work represents a comprehensive temperature and field dependent
study of magnetic ordering in SMO thin films utilizing complementary
transport probes that reveals competing magnetic exchange-like behavior.
Further, our study also highlights the predominant contribution of the sur-
face magnetic layer from the temperature dependence of the SMR and SSE
studies, promoted by a spatially varying strain across the films and the
choice of growth parameters. This work is a first attempt to understand
the complex magnetic structure in manganite insulating thin films utilizing
spin transport. The ability to tune the magnetic ordering with strain and
oxygen vacancies in thin films of SrMnO3 is an important step towards us-
ing such materials to investigate magnon spin transport and their control
by electric field in such multiferroics.
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H. Huebl, S. Geprägs, M. Opel, R. Gross, D. Meier, C. Klewe, T. Kuschel, J. M. Schmalhorst,
G. Reiss, L. Shen, A. Gupta, Y. T. Chen, G. E. Bauer, E. Saitoh, and S. T. Goennenwein,
“Quantitative study of the spin Hall magnetoresistance in ferromagnetic insulator/normal
metal hybrids,” Physical Review B - Condensed Matter and Materials Physics 87(22),
pp. 1–15, 2013.

[34] Y. Cheng, S. Yu, A. S. Ahmed, M. Zhu, Y. Rao, M. Ghazisaeidi, J. Hwang, and F. Yang,
“Anisotropic magnetoresistance and nontrivial spin Hall magnetoresistance in Pt/α- F e2
O3 bilayers,” Physical Review B 100(22), pp. 1–7, 2019.
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Chapter 6. Study of magnetic transport across SrRuO3/SrMnO3 interface

6.1 Introduction

Emergent phenomena arising across the oxide interfaces of SrIrO3 (SIO)
and SrRuO3 (SRO) is shown to host non-trivial magnetic topology like
skyrmions that displays an additional Hall transport known as the Topo-
logical Hall effect[1, 2]. Caviglia and coworkers have argued that the origin
of THE across such interfaces is brought about by the electron encountering
a non-trivial band crossing in the momentum space, and the Berry phase
can be gradually engineered with different combinations of multilayers of
SIO/SRO[3]. However, the appearance of THE in the Hall transport origi-
nating from skyrmions and magnetic textures are well established for B20
crystals like MnSi[4–6] and other chiral magnets. Although a comprehen-
sive study would require a clarity on the origin of the THE responses across
SRO/SIO, the rich physics such an interface host are quite interesting : (i)
The heavy 4d-orbitals of SRO and 5d-orbitals of SIO are strong contribu-
tors of spin-orbit coupling assisted transport phenomena, (ii) The combi-
nation of the perpendicular magnetic anisotropy (PMA)[7] in thin films of
the itinerant ferromagnet SRO and its non-trivial t2g band structures[8, 9]
with strong paramagnetic semi-metal SIO results in Dzyalonshinskii-Moriya
interaction that is shown to tune with the multilayers[1], (iii) The opti-
mal tolerance factor between SRO/SIO interface facilitates growth of high
quality crystalline films that is an ideal platform for tunable electronic and
magneto-transport.
The material of interest in this chapter, is SrRuO3, that is a ferromagnetic
metal and shows large Anomalous Hall effect arising from the non-trivial
band structures[8]. The combination of the high spin state of Ru4+ and
epitaxial strain engineering of thin films of SRO facilitates a PMA[7]. The
strong correlation of the electronic band structure with orbitals and mag-
netism brings about a new research direction on the investigation of the
emergent phenomena like skyrmion-bubble textures and its manipulation
with electric field[1, 2, 10]. Although, the anomalous Hall effect in SRO
thin films are well described by Karplus Luttinger(KL) formalism and side
jump mechanism, reasons from its deviation are often reported. One such
feature is the sign change in the Anomalous Hall signals with temperature.
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It was pointed out that the intrinsic mechanism and the complex band
structure is responsible for a sign change in the transverse conductivity
(σxy) in the SRO films with a connection to a magnetic monopole in the
crystal-momentum space[8], the recent works by Lior Klein and the cowork-
ers have shown the sign change in the AHE signals to be a crossover of the
intrinsic KL formalism to more side jump mechanism and that the anoma-
lous Hall coefficient to vary quadratically with the Drude resistivity[11].
Still, the reports on the sign change are contradictory and often originate
from the differences in the crystalline symmetry in the SRO films[12, 13]
either induced by substrates or different growth conditions. Hence, the
study of the temperature dependence of the Anomalous Hall transport are
crucial to point out the differences in the electronic band structures and
crystalline symmetries in the SRO thin films. Moreover, in the last chapter
(chapter 5) the magnetic properties of thin films of SrMnO3 are probed
by bulk magnetization measurements (SQUID) and complementary spin
transport techniques. The magnetization values and ferromagnetic order-
ing in SMO were inferred from the SQUID and spin Hall magnetoresistance
studies. However, Spin Seebeck studies that probes the bulk magnetization
via thermal excitation of magnons in SMO indicates a presence of a surface
layer of ferromagnetic and a bulk layer of antiferromagnetic interactions.
In order to mitigate such ferromagnetic interaction at the surface, and to
harness the antiferromagnetic coupling in SMO, the magnetic transport of
exchange coupled SRO/SMO interface grown on SrTiO3 (STO) substrates
are studied in this chapter.
Compressively strained SrRuO3 films grown on STO show a perpendicular
magnetic anisotropy[7]. Additionally, a multi-axial anisotropy with tem-
perature and a magnetostatic dipolar field was found to stabilize skyrmion-
bubble textures across single-layer SRO films[10]. This work shows that the
insertion of a thin layer of SMO alters such magnetic features across SRO-
STO interfaces, indicating an alteration of the magnetic ground states due
to the added Ru-O-Mn bonds, by magnetization and magneto-transport
measurements.

179



Chapter 6. Study of magnetic transport across SrRuO3/SrMnO3 interface

6.2 Magneto-transport across SrRuO3 and SrTiO3

heterostructures

SrRuO3 (SRO) is an itinerant ferromagnet. The RuO6 octahedral planes
surround the transitional metal ion Ru4+ that is located at the center of
the perovskite structure with Sr2+ ions at the edges. The structure of SRO
albeit orthorhombic can be also described as a pseudo-cubic unit cell with
a lattice parameter of 3.93 Å. The ferromagnetic order in SRO is predom-
inantly due to the 4d-orbitals of Ru4+ atom. In SRO, Ru-O bonds are
strongly hybridized that are covalent in character and the RuO6 octahe-
dral plane is a zone of freely flowing electrons leading to itinerant metal and
enhancement of the densities of states that satisfies the Stoner criterion for
a ferromagnetic ground state in a metal. The importance of the Ru-O hy-
bridization and its effects in case of structural distortions in SrRuO3 and
CaRuO3 systems are studied, that reveals the deviation of the Ru-O-Ru
bond angles from 180o results in the ferromagnetic stability and ground
state in SrRuO3, unlike in CaRuO3 whose bond angles strongly deviate
from the cubic symmetry[14]. It has been often reported that the physical
and electronic properties in thin films deviate from the bulk properties,
owing to a strong influence of the lattice structures in the parent substrate
compounds[15, 16]. Owing to its strong correlated interplay of the struc-
ture, conductivity, and magnetic ordering, SRO thin films host magnetically
and electronically non-trivial topological features[1–3, 8, 10, 17].
The magnetic ordering in SrRuO3 thin films are extremely sensitive to
structural alterations and is largely dependent on the underlying substrate.
The intricacies of the interfaces concerning chemical bonding, pre-surface
treatment, the buffer layer, and variant growth conditions have shown to
offer tunable electronic properties in SRO films[18–20]. Additionally with
compressive strain from underlying STO (001) substrates have shown a
high spin state of Ru4+ to orient along the growth direction, c-axis, out-
of-plane[7, 21]. Thin films of SRO that possess a perpendicular magnetic
anisotropy are capped with SrIrO3 (SIO) a high electron 5d-orbital sys-
tem, that creates a competition between Dzyalonshinskii-Moriya and ex-
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change interaction resulting in observation of stable skyrmion phases with
magneto-transport measurements and observation of Topological Hall Ef-
fect (THE)[1, 2]. Although, such signals in magnetotransport are observed
in conventional metallic systems earlier, the THE in SRO/SIO is very in-
triguing and is largely debated. The actual observed magnetic features like
skyrmion is challenged with a sensitivity of the anomalous Hall conduc-
tivity on the position of the Fermi level for avoided band crossings and
magnetization[3]. These observations and arguments lead to a discrepancy
in the origin and understanding of the skyrmion textures in SRO and also
in its manifestation in THE. However, single layer of SRO grown on STO
shows a different temperature dependent Anomalous Hall responses that
are sensitive to crystalline symmetries and growth conditions that are il-
lustrated further.
In this thesis, the anomalous Hall effect in SRO thin films are studied and

analyzed to provide evidence on magnetization and in its sensitivity with
samples and preparations, indicating a more intricate underlying mecha-
nism for magnetic ordering in SrRuO3.
Anomalous Hall Transport : The tranverse resistivity (ρxy) in the Hall
transport geometry is given by :

ρxy = RoB⊥ +RsM⊥(B⊥) (6.1)

where the first term is due to the ordinary Hall effect (OHE). The second
term is the anomalous Hall effect (AHE). For samples, where the AHE con-
tribution are shown, OHE background is subtracted which is written in the
form of ρxy - ρOHE .
Anomalous Hall effect provides the link between the spin dependent band
structures, crystalline symmetry and magnetocrystalline anisotropy in SRO
films with the Berry phase mechanism in crystal momentum space. Fig.
6.2 c(d) shows the scaling of the anomalous hall resistivity (conductivity)
for samples A and B with temperature ( bulk oop magnetization of SRO
films). The two samples show a contrasting scaling feature with temper-
ature and magnetization. Sample A shows a sign change in ρAHE with
temperature whereas no such sign change is observed for sample B. In the
intrinsic regime, σAHE is written as -ρAHE/ρ

2
xx. The resistivity and the
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Figure 6.1: (a) Resistivity vs temperature plot of two samples A and B of SRO thin
films patterned as Hall bar on STO (001). (b) Magnetization (SQUID) measure-
ment of sample B with magnetic field applied in and out-of-plane to the sample.
(c) Anomalous Hall resistivity of two samples are plotted with temperature. (d)
Anomalous conductivity defined as -ρxy/ρ2xx, plotted with the magnetization of
the samples A and B.
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Figure 6.2: Hall resistivity in SRO films with applied magnetic field oop. The
ordinary Hall effect (OHE) signals are subtracted around the origin as shown by
the linear blue line. The Hall resistivity is plotted at two different temperatures
to show the sign change in the anomalous Hall signals.

conductivity vanishes around Tc where the magnetization of the films are
zero. ρAHE is obtained from the zero-field resistivity after the subtraction
of the ordinary hall background.

A sign change in the anomalous Hall resistivity (ρAHE) is commonly
observed for SRO films which is attributed to the cross-over of the intrinsic
to extrinsic mechanism of anomalous Hall effect. Increase in temperature,
increases the resistivity (ρxx) of the films and the AHE is dominated by side
jump mechanism. Interestingly, we observe from Fig. 6.2(a), that sample
A has larger resistivity than sample B, whereas sample B shows no sign
change in ρAHE which is in contradiction to the to the above statement, as
side jump mechanism dominates at a larger ρxx. On the other hand, σAHE
depends on the band structures and avoided band crossings that acts as
magnetic monopoles in the crystal momentum space[8]. Larger conduc-
tivity at higher magnetization for both the samples indicate the plausible
Berry phase connection to the Hall conductivity in the intrinsic regime.
This proves that the conductivity in sample B also scales with magnetiza-
tion despite of no sign reversal in the conductivity. Let us now look at the
magnetization measurements with temperature and field for sample B. A
magnetic field of 4T (shown in Fig. 6.2 b), is not sufficient to saturate the
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magnetization in both in and oop. This means that the direction normal
to the film plane, i.e. (001) is not a magnetic easy axis for the sample
B. Since all Hall transport measurements are performed with the magnetic
field applied in the direction normal to the plane, a clear indication of the
Hall resistivity being sensitive to the crystalline symmetry for the sample
B, is observed. Hence the contrast in the trend of both ρAHE and σAHE
indicates changing crystalline symmetry for samples A and B. As discussed
above, that the SRO films are grown on a mixed terminated surface of STO
(001), σAHE is sensitive to local changes in the band structure and elec-
tronic properties resulting in such a contrast.
Anomalous Hall resistivity (ρAHE) is obtained by subtracting the ordinary
Hall effect background (linear) as shown in Fig. 6.3. The background is
subtracted with linear curve passing through origin as indicated with blue
solid line in Fig. 6.3. Then, the difference of the value of the resistivity
at zero field is the ρAHE . As indicated in the figure, at low temperatures
for sample A i.e. at 10 K, the value of the resistivity while tracing the
field from negative to positive is recorded to be negative (ρA in Fig. 6.3),
whereas while retracing the value becomes positive (ρB). The difference is
then written as ρAHE = ρA − ρB. The situation changes at higher tem-
peratures i.e. at 90 K as shown in the figure. The values of the resistivity
at zero fields becomes just the opposite when the field is swept from nega-
tive to positive (trace) and vice versa (retrace). This gives rise to the sign
change in the ρAHE which is commonly observed with the Hall transport
in SRO films.
It is known from earlier reports that the sign change in the anomalous Hall
effect in SRO films indicate the crossover of the intrinsic to extrinsic contri-
bution to ρAHE [11]. The Anomalous Hall coefficient, Rs is written as the
sum of the contributions due to intrinsic mechanism, side jump and skew
scattering, that scales with the sheet resistivity (ρxx) of the SRO film :

Rs = Aρxx +
B

∆2 + (h̄/τ)2
ρxx

2 + Cρxx
2 (6.2)

the linear term of Rs with ρxx is due to the skew scattering, the quadratic
terms are due to both intrinsic and side jump contribution. ∆ is associated
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Figure 6.3: (a) M-T variation of samples A and B. The magnetization is recorded
in SQUID measurements by applying a field cooling with 3 T. The solid blue lines
are the critical exponent fit to the M-T curves. (b) Variation of Anomalous Hall
coefficient Rs with the longitudinal resistivity ρxx. The solid line is the fit to the
eq. 6.2 (c) Scaling of ρAHE with ρxx for samples A, B and C.

with the band structure and spin splitting which is taken as 0.2 eV, τ is the
scattering time which is taken as 6.6 x 10−14 s and C is the characteristic
side jump length which is taken as the maximum length of 10 Å[22]. B is
the coefficient that deals with the sign change in the Rs as shown in Fig.
6.4. Rs is obtained from ρAHE/M⊥ and is plotted with ρxx in Fig. 6.4(b).
The solid blue line is the fit to Eq. 6.2 and dotted red lines is the fit with
only the quadratic terms from Eq. 6.2.
Fig. 6.4(a) shows the magnetization of samples A and B with temperature.

The solid blue line indicates the fit to the behavior using power law where
the Tc was fixed at 125 K. This fit helps in normalizing the M⊥ to extract
the Rs. The variation of Rs is shown in Fig. 6.4(b) where solid red line is
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the fit to Eq. 6.2. It is clear from Eq. 6.2 that the side jump term (C) can-
not exceed beyond 10 Å, so has a smaller dependence on the whole equation
with increasing ρxx. But a reasonable fit was obtained with Eq. 6.2 (solid
blue line) with B being negative and a value of one order higher than C
indicating a dominant intrinsic mechansim than the side jump. However,
from both the fits, it is clear that there is a significant contribution of skew
scattering in the SRO films although the conductivity σxx (1/ρxx), lies in
the moderate metal regime, i.e ≤ 104 S/cm. The overall ρAHE variation for
samples A, B and C is plotted with ρxx which shows that the anomalous
resistivity for samples B and C does not follow a clear power law variation
which makes it difficult to understand the extrinsic contribution to AHE.
Hence for all the samples, intrinsic contribution is more dominant.

From the above analysis it is inferred that the intrinsic mechanism is pre-
dominant in these samples. However, the above model do not explain the
contrast in the temperature dependent variation of the anomalous Hall re-
sistivity (ρAHE) in the three samples shown in the figure above. It has
been pointed out by Bern et al. [12, 13] that the anomalous Hall resitivity
is sensitive to the magnetocrystalline anisotropy in the films. Departure
from the cubic anisotropy to orthorhombic, the variation in the AHE with
temperature are seen. Then the question is how the similar growth con-
ditions can affect their magnetotransport properties. Additionally, Sample
A and B shows an additional hump like features in the Hall transport
with temperature. The hump like features are so robust, that they are
even visible by rotating the magnetic field from out-of-plane (oop) to in-
plane (ip)[10]. These hump like features are attributed to Topological Hall
Effect (THE), causing by the additional scattering of the electrons when
they encounter a topological defect in the form of magnetic skyrmions and
bubbles. Such THE signals are reported earlier in multilayers of SrIrO3

and SrRuO3 heterostructures due to the competition between the Heisen-
berg exchange and Dzyalonshinskii-Moriya exchange[1, 2]. But the THE
responses in single layer SRO in samples A and B were very intriguing.
Considering the multiaxial anisotropy and the magnetostatic dipolar inter-
actions in total magnetic energy consideration of the SRO layer, regions of
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Skyrmion-bubble phases in the phase diagram of field and the angle of the
magnetization orientation was obtained from numerical analysis[10].

6.3 Insertion of ultra-thin SrMnO3 across SRO-
STO

Thin films of SrMnO3 and SrRuO3 bring about distinct tunable magnetic
features that are absent in the bulk. It has also been pointed out in the ab-
initio calculations recently, that with engineering of the interfaces of SRO
and SMO with respect to the oxygen octahedral tilting at the interface, the
exchange interaction is governed by the Dzyaloshinskii-Moriya interaction
(DMI), brings about an exchange bias across this interfaces[23, 24]. How-
ever, the consideration of a G-type antiferromagnetic ordering of SMO (as
expected theoretically) do not contribute to any uncompensated moments
across the interface leading to no detected exchange bias with ferromagnets.
But with strain engineering and tilting of the oxygen octahedra, the oxy-
gen ions mediate a next to nearest neighbor exchange predominantly due
to DMI. Previously, researchers have integrated SRO with SrIrO3 a heavy
5d-localized electron system for observation of Topological Hall effect due
to skyrmion textures across such interfaces, but an all-oxide magnetic sys-
tem has not been considered for such an investigation. Moreover, the above
mentioned work on SRO system alone, has shown to possess a field depen-
dent skyrmion-bubble textures due to magnetostatic dipolar interaction and
higher order magnetocrystalline anisotropy. With insertion of SMO layer,
the control over the magnetostatic dipolar interaction and as well as mag-
netocrystalline anisotropy of SRO films is achieved. This section, discusses
the magnetic characterictics observed across two SRO/SMO films (single
layers) deposited by PLD and characterized by SQUID measurements.

6.3.1 Growth and characterization

The SMO-SRO films are grown under similar conditions mentioned above
for the individual films. It is to be noted that the individual growth tem-
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Figure 6.4: Atomic force microscopy (AFM) of the two films SS1 in the (left top
panel) and SS2 (in the right top panel) consisting of thin films of SRO and SMO
grown on STO (001), also evident from the 2θ − ω plot showing the 002- peak of
STO peak with SRO and SMO peaks on the two sides of the 002 peak. The AFM
image for SS1 shows periodic trenches indicating SRO growth of SrO-sublattices.
This is not seen in the SS2, which can be due to SMO films being thicker and
covering all the SrO sites.
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peratures are different for SRO and SMO, 600 and 900o C respectively.
On two annealed double terminated STO (001) substrates, ultrathin thin
films of SRO and SMO are deposited. First, the SMO layer is deposited at
900o C and at a low oxygen pressure of 0.05 mbar and fluence of 1 J/cm2,
followed by a small annealing at 0.13 mbar O2 flow (the growth pressure
for SRO) and is cooled down to 600o C. The SRO is grown on top of SMO
using 2 J/cm2 fluence and at 0.13 mbar O2 flow at 600o C. Finally the
samples are cooled down to room temperature at 100mbar O2 flush.
The samples that are finally prepared, were as follows :

• SS1 : SRO (4 nm) / SMO (1.7 nm) / STO

• SS2: SRO (3 nm) / SMO (2.8 nm) / STO

Fig. 6.5(a) and (b) shows the AFM images of SS1 and SS2. The appearance
of the black trenches in SS1 indicates a possible growth of SRO on SrO
sublattices that is shown to disappear in SS2 due to increasing thickness
of SMO. Also, it is to be noted that the deposition rate of SRO decreases
with increasing thickness of SMO resulting in a thinner film of SRO for
SS2, where the growth condition for SRO was kept to be constant during
the growth of both the samples. The 2θ − ω scan as shown in Fig. 6.5(c)
for both the samples show a peak of SRO on the left side of 002-peak of
STO and a peak of SMO on the right side of the 002-peak plot for sample
SS2.The thickness of the samples were estimated from the X-ray reflectivity
analysis (XRR).

6.3.2 Magnetization measurements

After growth and the structural characterization of the samples, they are
loaded into the Magnetic property measurement system (MPMS) to ob-
serve the magnetic features arising across these films. Fig. 6.6(a-d) shows
the magnetization measurements for sample SS1. Fig 6.6(a) shows the mag-
netic hysteresis loops when the magnetic field is applied in-plane. At 10 K,
the width of the hysteresis loop increases with an increasing field which is
very unusual for a ferromagnetic behavior. Such hysteresis loops disappear
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Figure 6.5: Sample SS1: (a) Magnetic hysteresis measurements with magnetic
field applied in-plane to the sample at 10 K and 50 K. (b) Magnetic hysteresis
plots with magnetic applied out-of-plane to the sample at temperatures, 10, 50
and 150 K respectively. (c) Magnetization vs temperature plot with running field
of 500 Oe and a field cooled (FC) of 1000 Oe. (d) Derivative of magnetization
with temperature showing the second phases to scale with field strength of the
field cooled (FC) measurements.
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Figure 6.6: Sample SS2: (a) Magnetic hysteresis measurements with magnetic
field applied out-of-plane to the sample at 10 K, 50 K and 100 K. (b) Magnetic
hysteresis with zero field cooled (ZFC) and field cooled (FC) of 6 T applied out-
of-plane to the sample. (c) Magnetization vs temperature plot with running field
of 500 Oe and a field cooled (FC) of 1000 Oe and 5000 Oe. (d) Derivative of
magnetization with temperature showing the second phases to scale with field
strength of the field cooled (FC) measurements.
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above 50 K. On the other hand, Fig. 6.6(b) shows the hysteresis loops with
a magnetic field applied oop. Clear hysteresis loops up to 150 K is observed
showing that the loops predominantly follow the SRO magnetization. Al-
beit, the discontinuity in the lineshape of the hysteresis at 10 K is quite
similar in behavior as seen with a magnetic field applied in-plane. The M-T
curve as shown in Fig. 6.6(c) shows a Curie-Weiss behavior of SRO with a
finite magnetization above its Curie temperature at Tc = 120 K. A closer
analysis of the curves by taking its derivative as shown in Fig. 6.6(d) shows
two dips around 50 K and 90 K with all field cooled (FC) measurements
indicating different magnetic phases transitions. A 400 emu/cc saturation
magnetization was observed from the M-H measurements. Such large mag-
netization values are not expected from the SrRuO3 thin films. Thin films
of SrMnO3 grown on STO as discussed in Chapter 5, also showed such large
magnetic hysteresis. The predominant ferromagnetic exchange as evident
from the magnetic hysteresis and surface-sensitive Spin Hall Magnetoresis-
tance (SMR) can be a potential candidate in the case of SRO/SMO samples
as well. Large saturation magnetization and the phase transition found in
the derivative of the M-T plot (Fig. 6.6d) at 50 K, can be the signatures
of the ferromagnetic contribution of the thin SMO films, that may add to
the total magnetization in the SRO/SMO films.
For sample SS2, similar hysteresis measurements are shown in Fig. 6.7(a)
and (b) with oop magnetic field. The saturation magnetization values are
as large as 500 emu/cc, which are larger than SS1. Interestingly, a clear
difference in the values of the saturation magnetization was observed with
zero-field cooled (ZFC) and field-cooled (FC) measurements at 10 K, as
shown in Fig. 6.7(b). The plots are obtained by similar subtraction of
the diamagnetic contribution from the STO substrate. With an FC of 6
T applied in the out-of-plane direction while cooling down from the room
temperature is shown to have enhanced magnetization of 600 emu/cc. The
OOP M-H data also show a two-step magnetization reversal process for
both samples at 10 K. The M-T plots in Fig. 6.7(c) and (d) show similar
coexistence of magnetic phase transitions at low temperatures.
The two-step magnetization reversal in both the samples and the enhanced
magnetization in the FC (6 T) compared to the ZFC case in SS2, points in
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the direction of the presence of Ru moments in the SRO film, that are ex-
changed coupled to Mn moments at the interface which is supplemented by
a free layer of Ru moments further from the interface. These two features
are consistent with the observation that the interfacial coupling between the
Ru and Mn moments is antiferromagnetic[25–27]. For the two-step magne-
tization switching process, the following explanation can be proposed. As
the field is reduced from its maximum value and then becomes negative, the
unpinned Ru moments follow first. This is the first ’step’ in switching. As
the field is reduced still further, the pinned Ru moments, which are coupled
antiferromagnetically with the interfacial Mn moments, to follow the field.
This AF coupling between the Ru and Mn moments can also explain the
enhanced magnetization when the sample is field cooled (FC). Finally, an
increase in the coercive field is observed in the OOP M-H hysteresis loop
at 10 K (and to a lesser extent at 50 K) for SS1. This can be explained by
the pinning of the domain walls in the SRO by the AFM domains, which
are coupled perpendicularto the magnetic moments of SRO. However it is
counter-intuitive, as no such coercivity increase is observed in the sample
with a thicker SMO layer.

6.3.3 Magneto-transport measurements

The samples are patterned as Hall bars by UV lithography and ion-beam
etching (similar steps) as mentioned in Chapter 3. Fig. 6.8 shows the
AHE responses after subtraction of the linear OHE with temperature for
sample SS1. Additional peaks as Topological Hall responses along with the
Anomalous Hall signals were observed. Interestingly, in this device (SS1),
THE responses are present at temperatures after the sign change in the
AHE (around - 35 K shown in a grey shade). On the other hand, the
AHE responses in sample SS2, as shown in Fig. 6.9, where no such THE
responses are observed at any temperature, and there is no sign change in
the AHE. The sign of AHE stays negative till 70 K, where a scalable AHE
signal was detected. The signal decreases faster compared to SS1, where
already at 90 K, linear OHE dominates.
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6.4 Discussion

The observations from the Magnetization studies (SQUID measurements)
and the Hall transport measurements are summarized below:

• Typical exchange bias effect as has been reported with the superlat-
tices of SRO and SMO films[25–27], are not observed. Hence, the ef-
fect of Dzyalonshinskii Moriya interaction in these layers is not certain
as there are no ways to ascertain the oxygen octahedral tilt without
high resolution microscopic and spectroscopic techniques. It is con-
cluded that an optimal exchange coupling effect across the interface
of SRO-SMO from the magnetization measurements can be seen in
SS2, where the SMO layer was estimated to be 2.7 nm from the XRR
analysis and is slightly thicker than SS1. But the effect of such an
exchange coupling in the Hall transport signals as shown in Fig. 6.8
and 6.9 cannot be directly related. However, the presence of THE
like peaks accompanied by the sign change in the AHE responses in
sample SS1, and disappearance of both in SS2, does indicate the in-
fluence of the altering magnetic environment in the Hall transport of
SRO thin films.

• In sample SS2, the predominant ferromagnetic interaction of SRO is
suppressed as observed from the FC and ZFC responses in the mag-
netic hysteresis in the out-of-plane direction. This was evident from
the enhancement of the saturation magnetization in the case of FC
measurements. This in principle, provides antiferromagnetic stability
across the interface of SRO-SMO and might reduce the magneto-
static dipolar exchange in the SRO layer, that was a consideration
in the total energy governing the magnetization state for single layer
SRO[10]. However, it is observed in Chapter 5, that SMO owing to
its strong sensitivity to strain, growth conditions can lead to a pre-
dominant ferromagnetic exchange at such ultra-thin thicknesses. But
a local electrical probing technique as Hall transport, that is sensitive
to changes in the electronic conduction due to the alteration of crys-
talline symmetry, and intermixing of the Ru-O-Mn bond angles can
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display such contrasting AHE signals and resistivity behavior with
temperature[12, 13].

Hence from this work, shows how the exchange bias effect across the FM/AFM
interfaces with such a material SRO/SMO system is lacking. The SMO
system requires more investigation and optimization of growth parame-
ters. The oxygen vacancy related defects and strain altering the antifer-
romagnetic ground state are estimated theoretically but the experimental
determination are lacking. On the other hand, the SMO system looks
very promising in the field of magnonics and skyrmionics, that opens re-
search opportunities towards control and tunability of magnon transport
by strain engineering and altering the magnetic ordering in the SMO films.
Such strain engineering can also give rise to an electric field control on
the skyrmion-bubbles in SRO owing to the polar characteristics of strained
SMO films.

6.5 Concluding Remark

This thesis have discusses display of different magnetoresponse phenom-
ena across a spin injection interface with semiconducting Nb-doped SrTiO3

(Nb:STO), and opens a new area involving an oxide antiferromagnet,
SrMnO3, whose magnetic ordering are investigated using Spin Hall Mag-
netoresistance and Spin Seebeck Effect studies. In this final section of the
thesis, some overall highlights and conclusions are presented with key re-
search questions that can be helpful for further investigations. They are
mentioned as follows :

• Bias dependent modulation of magnetoresistance lineshape:
The initial part of the thesis dealt with the observation of the bias de-
pendent modulation of different magnetoresponse lineshapes originat-
ing from the spin dependent tunneling across a ferromagnet/Nb:STO
interface. The signals are detected using three (3T) terminal geome-
try which detects of signals across the junction of a metal/semicon-
ductor interface. This kind of geometry not only displays Hanle sig-
nals due to spin accumulation across the interface of Nb:STO, but
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also showed an additional contribution from Tunneling Anisotropic
magnetoresistance (TAMR). The modulation of the Rashba Spin or-
bit field, arising at the interface of the spin contacts on Nb:STO leads
to electric field modulation across the Schottky interface, as shown
in Chapter 3. Inspite of the lack of completeness in the spin injec-
tion theory to ascertain the origin of the responses, this geometry
is the most utilized geometry to study magnetoresistance responses
across Schottky interfaces of Ni/Nb:STO, exchange coupled interface
Co/CoO and spin injection interface of Ni/AlOx.

• Inverted TAMR and richness of Co-STO interface: The tunnel
spin polarization across Co-STO interface, is known to be extremely
sensitive to the structural modifications in STO. This can lead to a
discrepancy in the sign of the tunneling spin polarization and hence
Tunneling Magnetoresistance (TMR)[28, 29]. This thesis discusses
the TAMR signals across Ni-STO interface. However, a comparison
between the Ni and Co electrodes on Nb:STO, the TAMR responses
that are observed are counter intuitive in theory. A larger energy is
required to pull the magnetization out-of-plane for an in-plane magne-
tized Ni and Co electrodes, hence the electrical resistance is expected
to be larger with increasing magnetic field in the out-of-plane direc-
tion. The detected spin voltages in this thesis (Chapter 3) show a
decreasing TAMR quadratic lineshape with increasing field. This is
opposite to what is expected and similar variation is shown to oc-
cur with magnetic tunnel contacts on Nb:STO in Chapter 4. Similar
TAMR studies on Si shows an additional contribution to the out-of-
spin accumulation and hence adds to the signal, whereas with the
devices shown in this thesis, the signal competes with the Hanle spin
voltages (Chapter 4). The signals are detected using a 3T geometry,
where the tunnel spin polarization at the injector and the detector
are squared, as discussed in the chapter 2. Thus this inversion in the
TAMR signals cannot be fully explained. Moreover, as a compar-
ison the TAMR signals at room temperature is an order higher for
Co[30] than using Ni (Chapter 3). In order to understand whether the
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unintentional formation of CoO can affect the signals, the Co/CoO
interface that was prepared by oxidizing 1 nm Co was also investi-
gated. The magnetoresponse lineshape and magnitude both drasti-
cally changed with the insertion of a CoO layer, indicating the impor-
tant role of spin dependent tunneling of the 3d-orbitals of Co/Ni and
Nb:STO in the observed TAMR signals. However, if hybridization
of the 3d-orbitals across a 3d-ferromagnet and 3d-derived conduction
band of STO is the origin, then why there is such a difference in
the TAMR magnitude with Co and Ni is not well understood. This
work then majorly highlights the richness of Co-STO interface for
spin transport. With the recent studies of the charge based memris-
tive behavior across Ni/Nb:STO interface with 3T geometry[31], such
interfaces also offer an important platform for further investigation
into the memristive behavior. Cross-sectional Transmission electron
microscopy (TEM) study of a Co/Nb:STO interface with different
substrate surface preparation and study of Co oxidation states with
electron energy loss spectroscopy (EELS) can provide useful informa-
tion for the application of such interfaces as memristive devices.

• SrMnO3, for spin and magnon transport: In chapter 5, we have
shown the SMR and SSE responses across Pt/SrMnO3 hybrid system.
The SMR responses indicate a predominant ferromagnetic interaction
that is supported by the bulk SQUID magnetization measurements.
However, the SSE responses with field shows a linear response indi-
cating the rotation of the AFM sublattices with the easy-plane by
applying an increasing magnetic field. The combined effect of strain
and oxygen vacancy related defects, possibly leads the AFM ground
state ordering to a more ferroelectric-ferromagnetic ground state as
revealed also by independent ab initio studies [32–34]. This might
pose challenges for the electrical detection of the magnon transport
using non local schemes. However, the appearance of SSE signals
and thermal excitation of the magnons, indicate a sizeable magnetic
ordering in the bulk.
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“Topological hall effect in the a phase of MnSi,” Physical Review Letters 102(18), pp. 1–4,
2009.

[7] A. J. Grutter, F. J. Wong, E. Arenholz, A. Vailionis, and Y. Suzuki, “Evidence of high-
spin Ru and universal magnetic anisotropy in SrRuO 3 thin films,” Physical Review B -
Condensed Matter and Materials Physics 85(13), pp. 1–8, 2012.

[8] Z. Fang, N. Nagaosa, K. S. Takahashi, A. Asamitsu, R. Mathieu, T. Ogasawara, H. Ya-
mada, M. Kawasaki, Y. Tokura, and K. Terakura, “The anomalous Hall effect and magnetic
monopoles in momentum space,” Science 302(5642), pp. 92–95, 2003.

[9] G. Santi and T. Jarlborg, “Calculation of the electronic structure and the magnetic proper-
ties of SrRuO3 and CaRuO3,” Journal of Physics Condensed Matter 9(44), pp. 9563–9584,
1997.

[10] P. Zhang, A. Das, E. Barts, M. Azhar, L. Si, K. Held, M. Mostovoy, and T. Banerjee, “
Robust skyrmion-bubble textures in Sr Ru O 3 thin films stabilized by magnetic anisotropy
,” Physical Review Research 2(3), pp. 1–6, 2020.

[11] N. Haham, Y. Shperber, M. Schultz, N. Naftalis, E. Shimshoni, J. W. Reiner, and L. Klein,
“Scaling of the anomalous Hall effect in SrRuO3,” Physical Review B - Condensed Matter
and Materials Physics 84(17), pp. 5–9, 2011.
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Appendix: Details on sample
growth and fabrication

The different techniques used in this thesis that involves growth of thin films
and its physical characterization, followed by fabrication into nanoscale
devices are discussed in the appendix.

Physical and chemical treatment of SrTiO3 sub-
strates

SrTiO3 (STO) and Nb-doped SrTiO3 (Nb:STO) single substrates were ob-
tained from Crystec GmbH. Nb:STO substrates of different doping concen-
trations (0.01 – 0.5 wt%) were obtained. The surface of STO/Nb:STO can
be terminated either by SrO or TiO2 sublattices. The as received substrates
contains both the layers and hence the surface will have a mixed termina-
tion. In order to improve the crystal inhomogeneity, the surface of the
substrates are chemically treated initially, to remove the more chemically
unstable SrO sublattices. Hence surface is terminated with TiO2 sublat-
tices. The substrates were cleaned with acetone and isopropyl alcohol and
then kept in deionized water (DI water) for 30 minutes to allow for the
hydration of SrO into Sr(OH)2.

SrO +H2O → Sr(OH)2 (7.1)

Then the substrates were dipped into Buffered Hydrofluoric acid (NH4F
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0.4 nm

(a) (b) (c)

Figure 7.1: Atomic Force Microscopy (AFM) images of (a) TiO2 terminated sur-
face of SrTiO3 (STO) single crystalline substrate manufactured by Crystec GmbH.
(b) After oxygen annealing at 960oC. The atomically flat terraces shows a terrace
like profile with steps equal 0.4 nm (c-axis lattice constant of STO), (c) After
growth of thin films of SrRuO3 (SRO) by Pulsed laser deposition (PLD) tech-
nique.

buffer) for 30 seconds and again treated with DI water for 20 mins and fi-
nally rinsed with ethanol and blow dried with N2.
For the semiconducting Nb:STO substrates, the samples were immediately

loaded in the main chamber of the electron beam evaporator, for deposi-
tion of the Au (20 nm) / Ni (20 nm) contacts for Schottky devices and
Au(20 nm) / Ni (20 nm) / Al (7Å+ plasma oxidation for 6 mins) for the
tunnel devices. A plasma oxidation was performed in the loadlock of the
electron beam evaporator at a dc current of 200 mA and a Voltage of 300
V right after the deposition of 7ÅAl. For the undoped STO substrates, the
samples were loaded for annealing at 960oC under 15% O2 partial pressure
for allowing a surface reconstruction after chemical treatment that leads to
atomically smooth surface with terraces in the c-axis direction that indi-
cate the out-of-plane lattice constant of 0.4 nm. Then the substrates were
loaded in the chamber of the Pulsed laser deposition (PLD) system for the
growth of SrRuO3 and SrMno3 thin films. The atomic force microscopy
images iin Fig. 7.1 shows the surface topography after (a) TiO2 termina-
tion, (b) O2 Annealing, (c) After deposition of SrRuO3 thin films by Pulsed
laser deposition (PLD).
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Figure 7.2: Schematic of the main chamber of a Pulsed laser deposition (PLD)
system.

Pulsed Laser deposition (PLD)

Among different thin film deposition techniques, Pulsed laser deposition
(PLD) is widely used for the deposition of oxide thin films, where the
growth of the thin films can be controlled to surface roughness down to
atomic scale, that influences the physical and transport phenomenon and
is highly desirable for oxide electronics. The process renders a smooth
transfer of the stoichiometric oxides from the target material to the sub-
strates under ambient conditions of temperature and oxygen pressure. The
process is widely divided into three parts, (i) vaporization of the target
due to the incidence of the Laser pulses, (ii) transport of materials from
the target to the substrate via plasma plume, (iii) Deposition of thin films
on the substrate. The schematic diagram of a PLD chamber is shown below.

Vaporization of target by focusing an energetic Laser beam: The
first process starts by focusing the laser beam on the target material. The
LASER pulses are generated in a UV excimer LASER, KrF with a charac-
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teristic wavelength of 248 nm and a pulse duration of 25 ns. The LASER
pulses are focused into target by guiding the optical path of the LASER
using mirrors and a lens. The most probable energy of the LASER from
its Gaussian distributed is filtered out by a rectangular mask. Thereafter,
by applying an accelerating voltage and changing the distance of the lens
with the respect to the rectangular mask, the energy of the LASER pulses
are defined. The energy over the area of the spotsize of a single LASER
pulse on the target defines fluence (the energy density). The fluence for
the growth of SrRuO3 films was kept to be 1.3 J/cm2 and for the growth
of SrMnO3 films were kept at 1 J/cm2. If the laser energy or the fluence
exceeds certain threshold energy of the target material, significant vapor-
ization of the target material takes place and the material can be ablated
from the target. The ejected materials in the form of ions, makes a plasma
plume that is directed towards the substrate material.

Transport of materials from target to substrates : The plasma
plume generated at the target propagates towards the substrate under an
ambient background oxygen pressure, where the material reacts with phys-
ically and chemically with the background oxygen. This background gas is
needed to compensate for loss of the stoichiometry in the materials that are
ejected from the target. This is highly dependent on the volatility of the
species in the target and hence the background pressure can be different for
the growth of different materials. For SrRuO3 thin films, the background
pressure was kept at 0.125-0.13 mbar, whereas for the growth of SrMnO3

films, the background pressure was deliberately varied from 0.01 -0.2 mbar
(Chapter 5 ).

Deposition of the thin films: In the final stage, the plasma plume (i.e.
the material species from the target) arrives at the surface of the substrates
where it condenses as adatoms and gradually a monolayer of film. The sub-
strates are pasted on a resistive heater, where the substrate is constantly
heated at elevated temperatures to improve crystalline growth. The STO
substrates were heated at 600oC for the growth of SRO thin films and at
900oC for the growth of SMO thin films. Depending on various other pa-
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rameters like the LASER fluence, background oxygen pressure, repetition
rate of the LASER pulses, distance between the target and the substrate
(typically kept constant around 42 mm), the growth kinetics of the de-
posited films may vary. Typically there are three kinds of growth, layer
by layer growth (Frank van der Merve growth), layer by layer followed by
island like growth (Stranski-Krastanov growth), and island like (Volmer-
Weber growth). The island like growth often results in a polycrystalline
growth owing to either the extremities in the growth conditions, or grow-
ing on a substrate with a larger surface roughness. Layer-by layer growth
leads to an epitaxial growth with smoother interfaces. Hence the deposition
parameters as well as the quality of the starting substrates are important
considerations for PLD growth.
The growth was in-situ monitored by Reflection High Energy electron diffrac-
tion (RHEED) method. An accelerated high energy of electrons from a
RHEED gun is incident at a grazing angle of incidence on the substrates.
The lattice parameter of the substrates acts as slits for diffraction in the
reciprocal k-space. The diffracted spots are captured in the 2D phosphor
screen that is connected with a CCD camera. As the high density electron
beam is incident on the surface (penetration depth 10-100 Å) of the sub-
strates during growth, the intensity of the diffracted spots modulates. The
intensity starts to decrease at the beginning, where it reaches minimum
with a half a unit cell growth due to increase in surface roughness. With
continuation of the growth, the intensity of the diffracted spots increases
as a monolayer (i.e. equivalent to one unit cell growth in the c-axis direc-
tion) of the film is completed. The RHEED method is a surface sensitive
technique, and is well suited to monitor layer by layer growth. However,
the intensity modulations display different oscillatory behavior depending
on the different material growth and growth conditions as shown in the
Chapter 5 for SMO thin films and the chapter 6 for SRO thin films.

The PLD system in our lab is manufactured by Twente Solid State Tech-
nology (TSST) that comprises of an excimer LASER of UV wavelength
248 nm. The most probable energy in the Gaussian distribution was fil-
tered by a rectangular mask. The energy fluence used to deposit the thin
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films mentioned in this thesis ranges from 1-2 J/cm2. The background
oxygen pressure was maintained around 0.01-0.13 mbar for SMO and SRO
thin films respectively. The substrates were heated upto 900oC, that is
the maximum limit with the resistive heaters used during the growth. An
electron beam source of accelerating voltage of 30 kV and emitter current
of 1.45 mA was used to observe the RHEED intensity spots. A schematic
of a typical PLD set up is shown in Fig. 7.2.

Electron Beam Evaporation

In order to deposit thin films of metallic contacts and oxide ultrathin tun-
nel barriers, the Temescal thin film coater (TFC-2000) was used. It is a
deposition technique that rely on the electron beam that is focussed on the
target polycrystalline metals using a magnetic field, thereafter the metals
are evaporated and gets deposited on the substrates. The metallic atoms
and ions travels after successive collisions and condense on the substrates.
A Quartz crystal microbalance (QCM) was used to determine the thick-
ness of the metallic layers deposited. The TFC system consists of eight
crucibles that are cooled with constant water supply in the chamber, where
the pressure vary from 1×10−7−1×10−6 mbar. The metals are deposited
at relatively faster rate of 1Å/s. For the growth of oxide tunnel barriers
and CoO as discussed in the chapter 3, a metallic layer of Al or Co with
thickness ranging from 7Å - 1 nm were deposited, followed by a dc plasma
oxidation in the loadlock (bell jar) of the system. The oxidation was per-
formed at a pressure of 100 mbar of oxygen flow with a constant dc voltage
of 300 V and a dc current of 200 mA for 6 mins. Also, for the Pt Hall
bar fabricated on SrMnO3 as shown in the chapter 5, Pt of 7 nm thick
was also grown using electron beam evaporation, in two step processes: (i)
deposition of 3 nm with 0.5Å/s, (ii) 4 nm Pt with 1Å/s.
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Atomic Force Microscopy (AFM)

The surface topography of thin films and the STO substrates were imaged
using Atomic Force Microscopy (AFM). An AFM set up consists of an
atomically sharp tip attached to a cantilever that detects forces between
the tip and sample surface. A typical AFM set up consists of five parts,
viz. (i) cantilever and tip , (ii) a laser, (iii) a four quadrant photodetector,
(iv) XYZ piezoscanner and (v) a feedback control mechanism.
The initial step is to bring the AFM tip in close proximity (i.e subnanometer
distance) with the sample surface. This is achieved by the stepper motors
for coarse motion of the tip and the piezoelectric scanner. As the tip is
placed near the surface of the sample, different forces are experienced by the
tip that is modelled by Lenard-Jones. At a separation of 10 nm, attractive
van der Waals forces dominate and with further decrease in the distance, a
repulsive force dominates around 1Å. As the tip is scanned horizontally in
the x-y plane, changes in the surface topography of the samples, changes
the force experienced by the tip. This deforms the cantilever from its initial
position causing a movement perpendicular to the surface. The tip-surface
distance can be adjusted by constant force and fixing the z-direction of the
cantilever. As the tip scans the surface of the sample, the topography is
imaged as shown in Fig.
The common modes for imaging using the conducting AFM are the tapping
mode and the contact mode. For the latter mode, the tip is brought in
contact with the sample surface and the repulsive force acts on the tip
from the sample. However, contact mode can also cause damage to the
sample surface and the tip. In this thesis, the AFM images were taken
using the tapping mode. In tapping mode, the tip is brought in close
proximity to the sample surface and the cantilever is driven to oscillate at
or near the resonant frequencies by piezoactuator. Such resonance can be
detected either by amplitude detection or frequency detection. In either of
the cases Z-piezo is adjusted so that the tip spends less time in contact and
hence, less susceptible to damages.
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X-ray diffraction

X-ray diffraction (XRD) is a widely used technique for understanding of
the crystalline structures and lattice constants in materials. For thin films,
the 2θ − ω scan using an X-ray diffractometer, gives information of the
out-of-plane (c-axis) lattice constant of the deposited films. Such scans
were shown in the Chapter 5 and 6 for deposited films of SMO and SRO
respectively using PLD. The appearance of the films peaks in the 2θ − ω
scan alongwith the substrate peaks, indicate the type of epitaxial strain
across their interfaces and their respective lattice constants. Such scans
are performed using a diffractometer from Panalytical. This kind of instru-
ment consist of a collimator, where a parallel x-ray beam is incident on the
surface of the film ( the sample), and a detector for detecting the reflected
beams. The diffraction involves reflection of the parallel lattice planes due
to incident X-ray beams at an angle ω with the surface. This angle changes
with the rotation of the collimator around an axis normal to the film plane.
The diffracting plane parallel to the film follow Bragg’s law of diffraction
given by :

sinθ =
nλ

2d
(7.2)

where, θ is the angle between the detector and the sample plane, d is the
separation of the lattice planes and λ is the wavelength of the X-ray beam.
In our experiments, the incident angle of the X-ray beam is kept at θ = ω.
The intensity of the diffracted beam is measured at an angle 2θ with the
incident beam. A constructive interference causes the intensity of the peaks
to occur periodically as the sample is rotated.

Magnetic property measurement system

The bulk magnetic properties of the thin films described in this thesis
are measured by Quantum Design Magnetic Property Measurement Sys-
tem (MPMS). MPMS consists of a Superconducting magnet- MPMS XL-7
SQUID (superconducting quantum intereference device). This is used to
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measure the magnetic dipole moment of the sample as a function of tem-
perature and magnetic field. The magnetic field can be swept from +7 to
-7 T. The main component of MPMS are SQUID, the detection coils, a
cryostat and a heater assembly forming a part of the of the temperature
controller. The pick-up coils are inductively coupled to the SQUID sensor
by a superconducting transformer. The sample stick is moved up and down
by a motor to capture magnetic flux from the detection coils. The alter-
nating signal from the SQUID is detected in terms of alternating voltage
which is processed to magnetic moments in the units of emu.

Device Fabrication

The fabrication of the devices with three terminal (3T) Schottky/tunnel
contacts on Nb-doped SrTiO3 (Nb:STO) as shown in the schematic in Fig.
3.2 in chapter 3 and also Pt Hall bar on SrMnO3 thin films were performed
using UV lithography. The fabrication steps are as follows (Fig. 3.2 in
chapter 3 for further illustration) :

• Patterning of 3T Ni and Ni/AlOx contacts with junction areas ranging
from 50 - 200 µm2 on Nb:STO by using UV lithography.

• Ar-ion etching of the 3T contact pillars using an Oxford Ionfab 300 Ion
beam etcher at MESA+ Institute for Nanotechnology at University
of Twente. The etching was done by my colleagues Eric de Vries and
Arjan Burrema.

• Isolating the 3T pillars from each other by fabrication of an insulating
pad using UV lithography and deposition of 120 nm Al2O3 using
electron beam evaporation.

• Fabrication and deposition of ohmic contacts of Ti (30 nm) / Au (120
nm) by UV lithography and electron beam evaporation respectively.

For the Pt/SMO hybrids as discussed in the chapter 5, 7 nm thick
Pt was deposited by electron beam evaporation after fabrication of
a Hall bar using UV lithography. A two step deposition with a rate
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Figure 7.3: Optical image of the three terminal (3T) contacts on Nb-doped SrTiO3

(Nb:STO) with junction area ranging from 50× 200 to 200× 300µm2.

of 0.5 Å/s and 1 Å/s were performed as discussed in the ’Electron
Beam Evaporation’ section. A second UV step was performed for the
deposition of Ti (5 nm) / Au (20 nm) contact pads. The photoresist
used for coating the samples using spin-coater is 906/12, that is 1.2
µm thick. The developer used after the UV lithography step is OPD-
4262 and deionized (DI) water . The optical image of a 3T device
and a Pt Hall bar is shown in the Fig. 7.3.
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Strong correlated interplay of spin, orbital and lattice degrees of freedom
in complex oxide materials, both in their bulk as well as at their heteroin-
terfaces lead to emergent phenomena, that are often unlike those found in
other material systems. Such an interplay is brought by a cumulative inter-
action of the lattice distortion, induced strain and different type of symme-
try breaking, enabling effective control and engineering of heterointerfaces.
This has led to the observation of unconventional electronic transport, mag-
netism, ferroelectricity and superconductivity at such heterointerfaces.

This thesis studies functionally important complex oxide platforms for
spin transport and explores, (i) Integration of non-volatile memory func-
tionalities on complex oxide semiconducting Nb-doped SrTiO3 (Nb:STO)
for complementary memory and logic operation, (ii) Antiferromagnetic in-
sulating films of SrMnO3 (SMO) are studied for the first time, with an
outlook to integrate them in antiferromagnetic spintronics based on com-
plex oxides.
An important requirement for advancing conventional semiconductor spin-
tronics is the possibility to control spin manipulation across the semicon-
ducting channel by electric fields. However, this has remained elusive in
conventional semiconductors such as in Si, due to the weak spin orbit cou-
pling intrinsic in them, preventing effective manipulation of spin transport
by electric fields using an applied bias . The broken inversion symmetry at
the surface of Nb-doped SrTiO3 (Nb:STO) and the strong non-linear varia-
tion of the dielectric permittivity lends itself an electronically rich platform
where such a manipulation can be studied by utilizing carefully tailored
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spin injection interfaces. The analysis of electric field manipulation of the
spin transport parameters in Nb:STO constitutes a major part of this the-
sis.
In the second theme of the thesis, antiferromagnets are studied on undoped
SrTiO3 as substrates. Antiferromagnets are rapidly evolving as a league of
their own in spintronics. However, material choice and device design are
key aspects that needs attention to further their development for use in
mainstream technologies. Materials that provide additional flexibility, such
as in the tunability of magnetic ordering, provides an important advantage.
In this regard, the rich materials landscape, inherent to correlated oxides
has not been probed, in spite of the fact that several important emer-
gent phenomena have been discovered in these materials or across their
heterointerfaces. Another challenge in antiferromagnet spintronics lies in
the adaptability of the commonly employed techniques used to study spin
transport using ferromagnets. In this thesis, a suite of spin transport based
techniques , complemented by bulk magnetization studies are presented
with some important conclusions and outlook that sets the stage for their
study both by spin currents as well as by electric fields.

In Chapters 1 and 2 the material systems, namely, SrTiO3 and
SrMnO3, are introduced along with the required theoretical concepts re-
lated to spin injection and detection as well as phenomena based on Spin
Hall Effect (SHE) such as Spin Hall Magnetoresistance (SMR) and Spin
Seebeck Effect (SSE).

In Chapter 3, the charge and spin transport across Schottky inter-
faces with Nb:STO are investigated. The Schottky interface of Nb:STO
is replete with oxygen vacancies, allowing a metastable state in the con-
duction band of STO, hence leading to a memristive behavior across Ni
/ Nb:STO. Moreover, the non-linear variation of the dielectric permittiv-
ity of STO with electric field and temperature controls the bending of the
conduction band. Information about the band bending and the associated
built-in electric field is modelled using electrostatics that shows an elec-
tric field variation of 300 kV/cm – 1200 kV/cm. The electronic transport
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across Ni /Nb:STO is studied with different doping concentration of Nb5+.
With increasing doping concentration, the transport mechanism changes
from thermionic emission to thermally assisted tunneling. Increasing tun-
neling transport is favorable for spin dependent tunneling across the semi-
conducting interface. Tunneling Anisotropic Magnetoresistance (TAMR)
signals are observed across the Schottky interface. Their bias dependence
is brought about by the modulation of the built-in electric field , that in
turn, modulates the Rashba Spin-orbit field. From these observations, it is
concluded that: (i) the tunneling densities of states largely depend on the
band structure alignment of 3d-orbitals between Ni and Nb:STO, (ii) the
bias dependence relies on the balance between the depletion width and dop-
ing concentration of the semiconductor, that provides a controlled bending
of the conduction band in STO.
An earlier work in our group on Co/Nb:STO interfaces showed a TAMR
vaue of 1.6% and was the largest TAMR reported at room temperature.
This value is also an order larger than the highest TAMR reported in this
thesis. This makes Co/STO interface interesting to explore further. Ear-
lier researchers reported on an inversion of Tunneling Magnetoresistance
(TMR) across Co-STO interface in a magnetic tunnel junction (MTJ), and
attributed it to the cleanliness of the interface, but the role and impact
of a self-oxidized CoO interface on the magnetoresistance studies were not
explored. In the latter part of chapter 3, the observation of magnetoresis-
tive signals with Co/CoO electrode on Nb:STO is discussed. The exchange
pinning of Co and CoO magnetic moments at low temperatures indicates a
competition between incomplete rotation of Co/CoO moments due to the
exchange spring effect and field dependent rotation of Co moments. At
room temperature, i.e. above the Néel temperature of CoO (∼ 290K),
quadratic responses of TAMR signals of Co/Nb:STO are observed. This
work also highlights that a 3T geometry can be used to study magnetore-
sistance effects arising at such exchange biased interfaces.

In chapter 4, a careful design of the spin injection interfaces using
a Ni ferromagnet and a thin tunnel barrier (0.7 nm) of AlOx is shown to
lead to a sizeable built in electric field at the Schottky interface which is
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very effective in tuning spin lifetime in Nb:STO. Usually the presence of a
Schottky barrier is detrimental to spin transport, but it is shown that when
cleverly engineered, this can lead to a new understanding of spin transport
in semiconductors. The experiments are performed using 3T geometry
techniques. Although demonstrations of spin injection and detection in Si
and other semiconductors were done using the 3T geometry, this geome-
try has also attracted some undue controversies making researchers wary
of publications using this geometry. In this chapter, it is demonstrated
that the 3T geometry can be very well exploited to explore new features
in spin transport by increasing the material and device parameter space
and by careful engineering the spin injecting interface with Nb:STO. By
careful and systematic analysis, it is found that the line shape of the spin
voltage is a superposition of two competing magnetoresistance effects that
evolve in opposite ways with temperature and applied bias. The spin volt-
age lineshape comprises of spin injection signal superposed with tunneling
anisotropic magnetoresistance (TAMR). Such a demonstration is possible
due to the concerted effects of (i) the non-linear response of the dielectric
permittivity with temperature and applied bias that is intrinsic to Nb:STO
(ii) the modulation of the Rashba spin-orbit field at such interfaces with
broken inversion symmetry and iii) the effects of i) and ii) on engineering
the potential landscape for spin transport.
This work presents new opportunities in electric field control of spin trans-
port in semiconductors by exploiting the potential of 3T geometry and
expanding the parameter space to explore new directions in semiconductor
spintronics.

In chapter 5, The magnetic properties of insulating manganite thin
films of SrMnO3 are introduced for plausible spin and magneto-transport
application. The two commonly used electrical (spin) transport schemes for
investigation of the magnetization and magnetic ordering in a magnetic in-
sulator (MI) are Spin Hall Magnetoresistance (SMR) and Longitudinal Spin
Seebeck Effect (LSSE) studies. Recently, many researchers have adopted a
novel way to simultaneously detect the SMR and SSE responses by utiliz-
ing the current applied across a heavy metal (HM) bar that generates, (i) a
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spin current due to Spin Hall effect (SHE) (ii) Joule heating. In a HM/MI
hybrid system, both the spin current and the temperature gradient due to
Joule heating, propagate across the HM/MI interface creating, (i) a relative
orientation of the spin accumulation in the HM and the magnetization at
the surface of the MI, (ii) magnon excitation in the bulk of the MI due to
the temperature gradient. These effects, in turn, produce a change in the
electrical voltage in the HM layer due to the inverse-SHE (ISHE). The volt-
ages are obtained as 1st (SMR) and 2nd harmonic responses with a lock-in
amplifier, where the SMR responses are linearly dependent on the current
bias and SSE responses varies quadratically with the current bias indicating
a thermal effect. Such complementary spin transport techniques have been
employed earlier to probe the magnetic ordering in ferri/ferromagnetic,
antiferromagnetic and spiral magnetic systems. However, in systems like
SrMnO3 (SMO) thin films, the introduction of ferroelectric ordering in-
duced by strain can lead to transformation of the antiferromagnetic ground
state to a ferromagnetic one. Such a strain can be achieved by deposition of
SMO films on substrates that induce tensile strain like SrTiO3. Moreover,
coexisting magnetic phases within a film with varying bulk and surface
magnetic ordering can be brought about varying the oxygen stoichiometry
by adopting different growth strategies.
In this work, the magnetic characteristics of thin films of insulating SMO
are studied using three different complementary techniques, (i) Magneti-
zation measurements from SQUID, (ii) SMR and (iii) SSE. In this work,
the role of the correlated interplay of the strain quotient and oxygen va-
cancy that is tuned in the two samples by adopting different thickness and
growth conditions are highlighted. The simultaneous detection of the SMR
and SSE in the two samples reveals a predominant ferromagnetic interac-
tion at all measured temperatures, this is further supported by the presence
of magnetic hysteresis. On the other hand, from the SSE responses that
fingerprint the bulk magnetic ordering in a MI, a gradual canting of the
antiferromagnetic sublattices with increasing field strength is thought to be
responsible for a competing magnetic exchange laterally across the SMO
films. A temperature dependent study of the SSE responses in the thin
films reveals an enhancement in the signals at lower temperatures, possibly
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hinting at a strong magnon-phonon interaction that is mediated across the
surface and bulk of the SMO films, when they are strongly coupled by a
competing magnetic exchange also evinced by the temperature dependent
magnetization measurements using SQUID. Significant efforts have been
made to rule out other possible effects by using different configurations.
This study is the first of its kind to highlight the presence of such com-
peting magnetic ordering in thin films of SMO and manganites in general
using the novel spin transport techniques of SMR and SSE.
This work also inspires the scope of tuning different parameter space in
complex oxide materials for viable spin transport measurements and also
broadens the scope of SMO as the material for future antiferromagnetic
spintronics.
SrMnO3 can be tuned to exhibit different magnetic ordering, prominent
among them being a G-type AFM, where both the intra and the inter-
sublattices are cancelled by each other. This has been used in a het-
erostructure comprising of SrMnO3 with SrRuO3, the latter being an itin-
erant ferromagnet in the complex oxide family. The thesis looks at the
efficacy of exchange bias via Dzyalonshinkii-Moriya interaction (DMI), in
such FM/(nominal) AFM system by studying the magnetotransport prop-
erties. In chapter 6, integrating thin films of SMO with SRO, is found
to show hump like features typically observed in Topological Hall effect
(THE) studies, due to the electron scattering from topologically protected
skyrmion-bubble textures across the interfaces. By tuning the exchange
interaction, utilising two different thickness of SMO films, we observe a
magneto-transport behaviour that shows visible differences in their THE
response, indicating the role of the DMI and zero-magnetostatic stray field
induced magnetic textures.
The flexibility in the magnetic phases in the SMO films and its polar prop-
erties can be utilized in such exchange bias systems for further study of
electric field driven effects of magnetization textures in such heterostruc-
tures.
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Een sterk gecorreleerde interactie tussen spin-, orbitale en rooster-
vrijheidsgraden in complexe oxidematerialen, zowel in hun bulk als op hun
grensvlakken, leiden tot nieuwe verschijnselen, die vaak heel anders zijn dan
die in andere materiaalsystemen. Een zo’n samenspel wordt veroorzaakt
door de interactie van de roostervervorming, gëınduceerde rek en verschil-
lende soorten symmetriebreking, waardoor effectieve controle en het ontwer-
pen van hetero-raakvlakken mogelijk is. Dit heeft geleid tot de waarneming
van onconventioneel elektronisch transport, magnetisme, ferro-elektriciteit
en supergeleiding op zulke hetero- raakvlakken.
Dit proefschrift bestudeert functioneel belangrijke complexe oxide platfor-
men voor spintransport en onderzoekt: (i) Integratie van niet-vluchtige
geheugenfunctionaliteiten op de complexe oxide halfgeleider Nb-gedoteerde
SrTiO3 (Nb:STO) voor complementaire geheugen- en logische werking, (ii)
Antiferromagnetische isolerende lagen van SrMnO3 (SMO) worden voor het
eerst bestudeerd, met de bedoeling ze te integreren in antiferromagnetis-
che spintronica op basis van complexe oxiden. Een belangrijke vereiste voor
het bevorderen van conventionele halfgeleider-spintronica is de mogelijkheid
om spinmanipulatie over het halfgeleiderkanaal te regelen door elektrische
velden. Dit is echter ontastbaar gebleven in conventionele halfgeleiders
zoals in Si, vanwege de zwakke spin-orbit-koppeling die inherent is aan hen,
waardoor effectieve manipulatie van spintransport door elektrische velden
met een toegepaste voorspanning wordt voorkomen. De gebroken inver-
siesymmetrie aan het oppervlak van Nb-gedoteerde SrTiO3 (Nb:STO) en
de sterke niet-lineaire variatie van de diëlektrische permittiviteit leent zich
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voor een elektronisch rijk platform waar een dergelijke manipulatie kan wor-
den bestudeerd door gebruik te maken van zorgvuldig op maat gemaakte
spin-injectie-interfaces. De analyse van elektrische veldmanipulatie van de
spintransportparameters in Nb:STO vormt een belangrijk onderdeel van
deze proefschrift.
In het tweede deel van het proefschrift worden antiferromagneten bestudeerd
op substraten van ongedoteerd SrTiO3. Antiferromagneten hebben bijzon-
dere eigenschappen waardoor ze steeds vaker worden gebruikt in spintron-
ica. Onderzoek naar materialen en device-ontwerpen zijn gebieden die aan-
dacht vereisen om hun ontwikkeling voor gebruik in reguliere technologieën
te bevorderen. Materialen die voor extra flexibiliteit zorgen, en bijvoorbeeld
de mogelijk bieden om de magnetische ordening te bëınvloeden, brengen
een belangrijk voordeel. Het interessante materiaallandschap, dat karak-
teristiek is aan gecorreleerde oxiden is hiervoor niet onderzocht, ondanks het
feit dat verschillende belangrijke nieuwe verschijnselen zijn ontdekt in deze
materialen of in hun hetero-raakvlakken. Een andere uitdaging in antifer-
romagneetspintronica is het aanpassen van de veelgebruikte technieken om
spintransport te bestuderen in ferromagneten. In dit proefschrift zijn een
aantal technieken gebruikt die gebaseerde zijn op spintransport, aangevuld
met bulkmagnetisatiestudies. Dit proefschrift bevat een aantal belangrijke
conclusies die de basis vormen voor hun studie zowel door spinstromen als
door elektrische velden.

In hoofdstukken 1 en 2 worden de materiaalsystemen SrTiO3 en SrMnO3,
gëıntroduceerd samen met de meest belangrijke theoretische concepten voor
spininjectie en detectie. Ook wordt de theorie achter verschijnselen gebaseerd
op Spin Hall Effect (SHE), zoals Spin Hall Magnetoweerstand (SMR) en
Spin Seebeck Effect (SSE).

In hoofdstuk 3 worden lading- en spintransport over Schottky-
raakoppervlaktes met Nb:STO onderzocht. Het Schottky-raakoppervlaktes
van Nb:STO zit vol met zuurstofvacatures, waardoor een metastabiele toe-
stand in de geleidingsband van STO mogelijk is, wat leidt tot een mem-
ristief gedrag in Ni/Nb:STO. Bovendien regelt de niet-lineaire variatie van
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de diëlektrische constante van STO met elektrisch veld en temperatuur de
buiging van de geleidingsband. De bandbuiging en het bijbehorende inge-
bouwde elektrische veld worden gemodelleerd met elektrostatica, dit laat
een elektrische veldvariatie van 300 kV/cm tot 1200 kV/cm zien. Het elek-
tronische transport in Ni/Nb: STO wordt bestudeerd met verschillende
concentraties van dotering van Nb5+. Met toenemende doteringconcen-
tratie verandert het transportmechanisme van thermionische emissie naar
thermisch ondersteunde tunneling. Toenemend tunnelingtransport is gun-
stig voor spin-afhankelijke tunneling over het halfgeleidende grensvlak. Er
zijn Tunneling Anisotropische Magnetoweerstand (TAMR) -signalen over
het Schottky-raakvlak, de stroom-afhankelijkheid ervan wordt veroorzaakt
door de modulatie van het ingebouwde elektrische veld dat het Rashba spin-
baan-veld moduleert. Uit de waarnemingen wordt geconcludeerd dat ter-
wijl de tunneldichtheden van toestanden grotendeels afhangen van de band-
structuuruitlijning van 3d-orbitalen tussen Ni en Nb:STO, de stroomafhanke-
lijkheid berust op het evenwicht tussen de breedte van het uitputtingsge-
bied en de doteringconcentratie van de halfgeleiders, wat een gecontroleerde
buiging van de geleidingsband veroorzaakt in STO.
Eerder werk verricht in onze groep op Co/Nb:STO raakvlakken gaf een
TAMR waarde van 1.6%, de hoogst gemeten TAMR op kamertemper-
atuur. Deze waarde is ook een order groter dan de hoogste TAMR ger-
apporteerd in dit proefschrift. Dit maakt het Co/STO-grensvlak interes-
sant om verder te onderzoeken. Eerdere onderzoekers rapporteerden een
inversie van Tunneling Magnetoresistance (TMR) in Co/STO-raakvlakken
in een magnetische tunneljunctie (MTJ), en schreven dit toe aan de hoge
kwaliteit van het raakvlak. De rol en het effect van een zelf-geoxideerde
CoO-laag in deze magnetoweerstandsstudies werden niet onderzocht. Met
behulp van een 3T-geometrie wordt laten zien dat TAMR-signalen verschi-
jnen veroorzaakt worden door de rotatie van Co-momenten uit het vlak.
In het laatste deel van hoofdstuk 3 worden de magnetoweerstand signalen
met Co/CoO-elektrodes op Nb:STO besproken. De uitwisselingspinning
tussen Co- en CoO-magnetische momenten bij lage temperaturen duidt
op een nauw samenspel van onvolledige rotatie van Co/CoO-momenten
als gevolg van het uitwisselingsveereffect en veldafhankelijke rotatie van
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Co-momenten. Op kamertemperatuur, boven de Néel-temperatuur van
CoO (290 K), worden kwadratische responsen van TAMR-signalen van
Co/Nb:STO waargenomen. Dit werk laat ook zien dat een geometrie met
drie contacten (3T) gebruikt kan worden om magnetoweerstandseffecten te
bestuderen die optreedt in raakvlakken waar uitwisselings interactie plaats
vindt.

In hoofdstuk 4 wordt aangetoond dat een zorgvuldig ontwerp van het
spin-injectie-raakvlak met behulp van een Ni-ferromagneet en een dunne
tunnelbarriére (0,7 nm) van AlOx leidt tot een aanzienlijk ingebouwd elek-
trisch veld over het Schottky-raakvlak dat zeer effectief is bij het control-
eren van de levensduur van de spin in dergelijke halfgeleiders. Meestal
is de aanwezigheid van een Schottky-barriére nadelig voor spintransport,
maar hier wordt laten zien dat dit, mits slim ontworpen, kan leiden tot een
nieuw begrip van spintransport in halfgeleiders. De experimenten wor-
den uitgevoerd met behulp van een geometrietechniek met 3 contacten
(3T). Hoewel demonstraties van spininjectie en detectie in Si en andere
halfgeleiders werden gedaan met behulp van de 3T-geometrie, heeft deze
geometrie ook enkele onnodige controverses opgeleverd, waardoor onder-
zoekers voorzichtig zijn met publicaties die 3T-geometrie gebruiken. Hier
wordt laten zien dat de 3T-geometrie in feite zeer goed gebruikt kan wor-
den om nieuwe functies in spintransport te verkennen door de materiaal- en
device-parameterruimte te vergroten en door de spin-injecterende grensvlak
zorgvuldig te ontwerpen met Nb:STO. Door een zorgvuldige en systema-
tische analyse is te zien dat de lijnvorm van de spinspanning een super-
positie is van twee concurrerende magnetoweerstandseffecten die op tegen-
overgestelde wijze evolueren met temperatuur en toegepaste spanning. De
lijnvorm van de spinspanning bestaat uit een superpositie tussen spin-
injectiesignalen en tunneling anisotropische magnetoresistance (TAMR).
Dit komt waarschijnlijk door de gecoördineerde effecten van i) de niet-
lineaire respons van de diëlektrische permittiviteit met temperatuur en
toegepaste bias die intrinsiek is aan deze soort halfgeleiders ii) de mod-
ulatie van het Rashba-spin-orbitveld op dergelijke grensvlakken met gebro-
ken inversie symmetrie en iii) de effecten van i) en ii) op het moduleren
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van het potentiële landschap voor spintransport. Dit werk biedt nieuwe
mogelijkheden voor de controle van het elektrische veld van spintransport
in halfgeleiders door het potentieel van 3T-geometrie te benutten en de
parameterruimte uit te breiden om nieuwe richtingen in de halfgeleider-
spintronica te verkennen.

In hoofdstuk 5 worden de magnetische eigenschappen van de isolerende
dunne lagen van manganiet van SrMnO3 gëıntroduceerd voor plausibele
spin- en magneto-transporttoepassingen. De twee meest gebruikte elek-
trische (spin) transportschema’s voor onderzoek naar de magnetisatie en
magnetische ordening in magnetische isolatoren (MI) zijn de Spin Hall
Magnetoweerstand (SMR) het Longitudinale Spin Seebeck Effect (LSSE)
studies. Onlangs hebben veel onderzoekers een nieuwe manier gebruikt
om gelijktijdig de SMR en SSE te detecteren door gebruik te maken van
de stroom die wordt toegepast over een zware metalen (HM) -staaf die
(i) een spinstroom genereert als gevolg van het Spin Hall-effect (SHE) (ii)
Joule verwarming. In een HM/MI-hybridesysteem propageren zowel de
spinstroom als de temperatuurgradiënt als gevolg van Joule-verwarming
door het HM/MI raakvlak. Dit creëert (i) een relatieve oriëntatie tussen de
spinsaccumulatie in de HM en de magnetisatie aan het oppervlak van de MI
en (ii) magnon-excitatie in het grootste deel van de MI door de temperatu-
urgradiënt. Deze effecten veroorzaken op hun beurt een verandering in de
elektrische spanning in de HM-laag als gevolg van de inverse-SHE (ISHE).
De spanningen worden gemeten als 1e (SMR) en 2e harmonische respons in
de lock-in versterker, waar de SMR-responsen lineair afhankelijk zijn van de
stroom, de SSE-responsen hebben een kwadratisch afhankelijkheid van de
stroom en dit geeft een thermisch oorzaak aan. Dit soort complementaire
spintransporttechnieken zijn eerder gebruikt om de magnetische ordening
in ferri/ferromagnetische, antiferromagnetische en spiraalvormige magnetis-
che systemen te onderzoeken. In systemen, zoals dunne lagen van SrMnO3

(SMO), kan een ferrro-elektrische ordening door spanning-rek leiden tot
transformatie van de antiferromagnetische grondtoestand naar ferromag-
netische grondtoestand. Zo’n spanning-rek kan worden bereikt door dunne
lagen van SMO te laten groeien op substraten met trekspanning, zoals
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STO bijvoorbeeld. Bovendien kunnen meerdere verschillende magnetische
fasen bestaan binnen een laag met verschillende magnetische ordering in de
bulk en aan het oppervlak, veroorzaakt door de zuurstofstoichiometrie te
variëren door verschillende groeistrategieën toe te passen. In dit werk wor-
den de magnetische eigenschappen van dunne lagen van isolerend SrMnO3

bestudeerd met behulp van drie verschillende complementaire technieken,
(i) Magnetisatiemetingen van SQUID, (ii) SMR en (iii) SSE. In dit werk
wordt de rol belicht van het gecorreleerde samenspel van het rekquotiënt en
de zuurstofvacatures die in twee substraten wordt afgestemd door verschil-
lende diktes en groeiomstandigheden te benutten. De gelijktijdige detectie
van de SMR en SSE in de twee substraten laat een overheersende ferro-
magnetische interactie zien op alle temperaturen, dit wordt ondersteund
door de aanwezigheid van magnetische hysterese. De SSE-reacties laat de
bulk magnetische ordening in een MI zien terwijl een geleidelijke kanteling
van de antiferromagnetische subroosters met toenemende veldsterkte ver-
antwoordelijk is voor een concurrerende magnetische uitwisseling lateraal
over de SMO-lagen. De temperatuurafhankelijkheid van de SSE-responsen
in de dunne lagen laat een verbetering van de signalen bij lagere temper-
atuur zien, wat mogelijk duidt op een sterke magnon-fonon-interactie die
wordt gemedieerd over het oppervlak en de bulk van de SMO-lagen wan-
neer ze sterk zijn gekoppeld door een concurrerende magnetische uitwissel-
ing wat ook te zien is in de temperatuurafhankelijke magnetisatiemetingen
met SQUID. Er zijn aanzienlijke inspanningen geleverd om andere mogeli-
jke effecten uit te sluiten door meetconfiguraties te gebruiken. Deze studie
is de eerste in zijn soort die de aanwezigheid van concurrerende magnetis-
che ordening in dunne lagen van SMO en manganieten in het algemeen
benadrukt met behulp van de nieuwe spintransporttechnieken van SMR en
SSE. Dit werk vergroot reikwijdte van het afstemmen van verschillende pa-
rameterruimte in complexe oxidematerialen voor levensvatbare spintrans-
portmetingen en verbreedt ook de reikwijdte van SrMnO3 als het materiaal
voor toekomstige antiferromagnetische spintronica.

SrMnO3 kan worden afgesteld om verschillende magnetische ordening
te vertonen, met als belangrijkste een G-type AFM, waarbij zowel de intra-
als de inter-subrooster ordening door elkaar worden opgeheven. Dit is ge-
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bruikt in een heterostructuur die bestaat uit SrMnO3 met SrRuO3, waarbij
de laatste een ferromagneet is in de complexe oxidefamilie. Het proefschrift
onderzoekt de effectiviteit van uitwisselings interactie via Dzyalonshinkii-
Moriya-interactie (DMI) in een FM/(nominaal) AFM-systeem door de mag-
netotransporteigenschappen te bestuderen. In hoofdstuk 6, waarin dunne
lagen van SMO met SRO worden gëıntegreerd, wordt gevonden dat het
bultachtige kenmerken vertoont die typisch worden waargenomen in Topol-
ogische Hall-effect (THE) -studies, vanwege de elektronenverstrooiing van
topologisch beschermde skyrmion-bubbel texturen over de grensvlakken.
Door de uitwisselings interactie af te stemmen, gebruikmakend van twee
verschillende diktes van SMO-lagen, verschijnen magnetotransport signalen
die zichtbare verschillen vertonen in hun THE-respons, wat de rol aangeeft
van de DMI en door nul-magnetostatische strooiveld gëınduceerde mag-
netische texturen. De flexibiliteit in de magnetische fasen in de SMO-
lagen en de polaire eigenschappen ervan kunnen worden gebruikt in dergeli-
jke uitwisselings-interactie systemen voor verdere studie van door elek-
trische velden aangedreven effecten van magnetisatiestructuren in hetero-
structuren.
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