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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
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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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4.1. Introduction

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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4.1. Introduction

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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4.2. Device geometry and measurement details

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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4.2. Device geometry and measurement details

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-
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Figure 4.2: Bias dependence of in-plane spin voltage (∆Vin) for the spin injection
devices Ni (20 nm) / AlOx (7 Å) / Nb:STO (0.01 wt%) left top panel with
voltage Vbg, and left bottom panel with current, Ni (20 nm) / AlOx (7 Å) /
Nb:STO (0.5 wt%) right top panel with voltage Vbg, and right bottom panel
with current at room temperature.
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for both doping concentration at room temperature.
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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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Hwang, “Origin of the magnetoresistance in oxide tunnel junctions determined through
electric polarization control of the interface,” Physical Review X 5(4), pp. 1–7, 2015.

[14] Y. Song and H. Dery, “Magnetic-Field-Modulated Resonant Tunneling in Ferromagnetic-
Insulator-Nonmagnetic Junctions,” Physical Review Letters 113(4), p. 047205, 2014.

[15] E. Y. Tsymbal and D. G. Pettifor, “The influence of impurities within the barrier on tun-
neling magnetoresistance,” Journal of Applied Physics 85(8), pp. 5801–5803, 1999.

[16] R. Jansen and J. Moodera, “Magnetoresistance in doped magnetic tunnel junctions: Effect
of spin scattering and impurity-assisted transport,” Physical Review B - Condensed Matter
and Materials Physics 61(13), pp. 9047–9050, 2000.

[17] R. Jansen and J. S. Moodera, “Influence of barrier impurities on the magnetoresistance in
ferromagnetic tunnel junctions,” Journal of Applied Physics 83(11), pp. 6682–6684, 1998.

[18] 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.

[19] A. Janotti, J. B. Varley, M. Choi, and C. G. Van De Walle, “Vacancies and small polarons
in SrTiO3,” Physical Review B - Condensed Matter and Materials Physics 90(8), pp. 1–6,
2014.

[20] S. Saraf, I. Riess, and A. Rothschild, “Parallel Band and Hopping Electron Transport in
SrTiO3,” Advanced Electronic Materials 2(5), pp. 1–9, 2016.
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