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Chapter 3

Charge and spin transport
across the Schottky interface
of Nb-doped SrTiO3
(Nb:STO)
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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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3.2. Doped SrTiO3

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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Chapter 3. Charge and spin transport across the Schottky interface of
Nb-doped SrTiO3 (Nb:STO)

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
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3.3. Metal - Semiconductor interface and charge transport
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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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Chapter 3. Charge and spin transport across the Schottky interface of
Nb-doped SrTiO3 (Nb:STO)

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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3.4. Device Patterning and Fabrication Details

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.

69



Chapter 3. Charge and spin transport across the Schottky interface of
Nb-doped SrTiO3 (Nb:STO)

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 3.4: (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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Nb-doped SrTiO3 (Nb:STO)

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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3.5. Charge transport characteristics

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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3.5. Charge transport characteristics

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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(Vbg) at zero. A parabolic magnetoresponse is observed with a background voltage
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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

86



3.7. TAMR response

(a) (b)

-0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4

0.02

0.04

0.06

0.08

0.10

0.12

T
A

M
R

 %

V
bg

 (V)

-0.10 -0.05 0.00 0.05

0.08

0.10

0.12

-1.0 -0.5 0.0 0.5 1.0
-0.9

-0.8

-0.7

-0.6

-0.5

-0.4

-0.3

Applied bias (V)

E
le

c
tr
ic

 f
ie

ld
 (
M

V
/c

m
)

10

20

30

40

50

60

70
 

 

 D
e
p
le

ti
o
n
 w

id
th

 (
n
m

)

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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Figure 3.17: 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.

102



Bibliography

Bibliography

[1] J. D. Meindl, “Beyond Moore’s law: The interconnect era,” Computing in Science and
Engineering 5(1), pp. 20–24, 2003.

[2] I. Schuller and R. Stevens, Neuromorphic Computing : From Materials to Systems Archi-
tecture, 2015.

[3] H. Y. Hwang, Y. Iwasa, M. Kawasaki, B. Keimer, N. Nagaosa, and Y. Tokura, “Emergent
phenomena at oxide interfaces,” Nature Materials 11(2), pp. 103–113, 2012.

[4] J. A. Sulpizio, S. Ilani, P. Irvin, and J. Levy, “Nanoscale Phenomena in Oxide Heterostruc-
tures,” Annual Review of Materials Research 44(1), pp. 117–149, 2014.

[5] R. C. Neville, B. Hoeneisen, and C. A. Mead, “Permittivity of strontium titanate,” Journal
of Applied Physics 43(5), pp. 2124–2131, 1972.

[6] C. Chappert, A. Fert, and F. N. Van Dau, “The emergence of spin electronics in data
storage,” Nature Materials 6(11), pp. 813–823, 2007.

[7] G. Khalsa and A. H. MacDonald, “Theory of the SrTiO3 Surface State Two-Dimensional
Electron Gas,” Physical Review B 86(12), p. 125121, 2012.

[8] G. Khalsa, B. Lee, and A. H. Macdonald, “Theory of t2g electron-gas Rashba interactions,”
Physical Review B - Condensed Matter and Materials Physics 88(4), p. 041302, 2013.

[9] H. Nakamura, T. Koga, and T. Kimura, “Experimental evidence of cubic Rashba effect in
an inversion-symmetric oxide,” Physical Review Letters 108(20), p. 206601, 2012.
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