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Chapter 6

Coexistence
of electro-resistance and tunneling anisotropic
magneto-resistance in Co/Nb:SrTiO3 devices at
room temperature

Abstract

We show the co-existence of both tunneling anisotropic magneto-resistance (TAMR) and
resistive switching at room temperature in Co/Nb:SrTiO3 diodes with and without a thin
insulating AlOx layer at the interface. The room temperature TAMR displays an uncon-
ventional bias dependence leading to a maximum TAMR of 1.7 % at a relatively large
reverse bias of −75 mV. This is significantly higher than the room temperature TAMR
effect size of around 0.3 % reported for junctions using conventional semiconductors. The
unconventional behavior as well as the large amplitude of the TAMR effect is attributed
to the large permittivity of Nb:SrTiO3. Additionally, large electro-resistive switching is
observed with an on/off ratio around 80 at low bias readout voltages. The simultaneous
existence of both TAMR and electro-resistance holds promise for realizing both charge and
spin based memory in a single device.

A.M. Kamerbeek et al.
in preparation.
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6.1 Introduction

The realization of data storage or logical operations where not only the electron
charge but also its spin is utilized is referred to as spintronics. A major landmark
in spintronics is the discovery of Giant (GMR) and Tunneling Magneto-Resistance
(TMR) which resulted in an incredible increase in the data storage capacity of hard-
disk drives. There is also an active field of research on TMR based devices to realize
magnetic random access memory which are currently becoming available on the
market. The MR effect in these devices is realized by switching the relative magneti-
zation direction of two ferromagnetic layers separated by a conducting metal (GMR)
or insulating tunnel barrier (TMR). This is shown in Fig. 6.1(a) and (b) where the
white arrows represent the magnetization direction and the black arrows the current
density through the junction. Therefore the device structure needed to realize GMR
or TMR sensors is relatively complex. This is due to the tendency of magnetic layers
in close proximity to couple and the difficulty of maintaining spin coherence between
the two magnetic layers.

More recently it has been observed that the resistance of such MTJs can also be al-
tered by rotating the ferromagnets magnetization with respect to its crystallographic
axes or the current flow direction. This effect is referred to as Tunneling Anisotropic
Magneto-Resistance (TAMR). Remarkably, the TAMR effect is also observed when
one of the ferromagnet layers is replaced by a non-magnetic material (see Fig. 6.1(c)).
This is a significant advantage over the TMR effect as it not only reduces the de-
vice complexity but allows the counter electrode to be, for instance, a semiconductor.
Although very large TAMR effects have been observed for (Ga,Mn)As [10] and anti-
ferromagnetic IrMn [11] based junctions they only work at very low temperatures (6
4.2K). When conventional transition metal ferromagnets are used (e.g. Co, Fe or Mn),

Table 6.1: TAMR effect sizes for transition metal ferromagnets

FM Barrier TAMR type Temperature TAMR size Ref.
CoFeB MgO oop 300K 0.3 % [1]
Fe (epi) Schottky n-GaAs ip and oop 300K 0.3 % [2]

IrMn AlOx ip and oop 300K 0.24 % [3]
Co AlOx ip 125K 0.8 % [4]
Co AlOx oop 100K 0.06 % [5]

Fe (epi) GaAs ip 100K 0.3 % [6]
CoFe MgO or AlOx oop 10K 0.5 % [7]

Co (epi) AlOx ip 5K 11 % [8]
CoFe Schottky n-GaAs ip 4.2K 0.5 % [9]
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Figure 6.1: (a) Heterostructure of a ferromagnet(FM)/normal metal/ferromagnet junction for
the giant magneto-resistance effect. The junction resistance is larger when the magnetization
of the FM’s is anti-parallel (b) Similar as in (a) but the normal metal is replaced by an insulator
resulting in the tunneling magneto-resistance effect. (c) By rotating the magnetization of the FM
its (surface) electron density of state is changed which alters the tunnel conductance through
the junction. Such a heterostructure requires only a single FM electrode and the effect is known
as tunneling anisotropic magneto-resistance

room temperature TAMR is observed but generally amounts to only a fraction of a
percent [1–3]. For instance, in a report employing a Co/AlOx/Pt junction a TAMR
size of 0.06 % was observed up to 100 K. In table 6.1 an overview of TAMR sizes with
transition metal ferromagnets in published literature is given as well as the material
system used, oop stands for out-of-plane and ip for in-plane.

In this work we show TAMR values as large as 1.7 % at room temperature at a
relatively high bias of around −75 mV using Co/Nb:SrTiO3 Schottky junctions. A
strongly asymmetric decay of the TAMR size with bias is observed. Both the large
enhancement of the TAMR size and the asymmetric decay are explained by the very
large permittivity of SrTiO3 which causes a much larger electric field at the surface
of the Co layer compared to conventional semiconductors such as Si or GaAs.

Apart from the demonstration of large TAMR effects, it is well known that metal/n-
SrTiO3 interfaces exhibit electro-resistance [12–18]. This allows changing the charge
resistance of the Schottky interface at low operating voltage by cycling it to high
negative or positive voltage. Effectively this produces a memory resistor where the
resistance state is retained without supplying any power (i.e. a non-volatile memory).
Furthermore the resistance state can be be set to an arbitrary value, within a certain
window, and is determined by the history of the voltage bias of the device. Addi-
tional advantages of a Schottky based resistive memory are its ease of fabrication and
scaling of its dimensions. Furthermore, no forming step is needed to realize initial
operation of the system unlike, for instance, filament based M/I/M devices [19].

The devices in this chapter exhibit, apart from a large room temperature TAMR,
an electro-resistive effect allowing an on/off ratio of around 80 at low bias. Further-
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more, by selecting the maximum set or reset bias the low voltage resistance can be
tuned. As the TAMR magnitude is fully controlled by the junction voltage the re-
sistive switching of the devices does not impede the TAMR effect. Generally the
magnetoresistance is significantly deteriorated when restively switching the junc-
tion, for instance in spin memristive tunnel junctions. Therefore, using non-magnetic
Nb:SrTiO3 as the counter electrode to Co shows potential for realizing devices with
simultaneous spin and charge based memory functions.

6.2 Experiment

To investigate the TAMR and electro-resistive switching a three terminal (4-probe)
measurement geometry is employed as shown in Fig. 6.2. This geometry ensures
only the contact resistance of the central junction is probed, eliminating any series
resistance from the leads or the semiconductor bulk. To measure the electro-resistance
a dc two-probe voltage is sourced and the associated two-probe current and four-
probe voltage are measured to obtain the I-V characteristics as shown on the left side
of Fig. 6.2. The typical electro-resistive character of the device is shown in the graph
below. The junction is initially in a low resistance state (LRS, Rbase) which was set
by applying a positive voltage of around 400 mV. When sweeping to −1.5 V (black
curve) and back to zero (red curve) the junction is in a high resistance state (HRS,
R1) with a ratio of R1/Rbase ∼ 3. The junction is reset to the LRS by applying 400 mV
and is now swept to −3 V, reset again and swept to −6 V. Compared to the −1.5 V
sweep an increasingly higher resistance state is obtained with a maximum ratio of
R3/Rbase ∼ 120 around −1 V.

To measure the TAMR a constant dc current is sourced and the four-probe voltage
is measured as function of the out-of-plane applied magnetic field as shown in the
right side of Fig. 6.2. When the magnetic field is increased the magnetization of the
cobalt layer (M ) is rotated out-of-plane with angle θ. A typical room temperature
MR response of the junctions is shown in the graph below. The lineshape is almost
parabolic with a slight deviation at large fields due to a small misalignment of the
magnetic field with the surface normal. At a junction voltage of −75 mV a voltage
change with magnetic field of almost 1.2 mV is observed which amounts to an MR of
1.6%.

6.2.1 Tunneling Anisotropic Magneto-Resistance measurements

In Fig. 6.3(a) and (b) a selection of TAMR measurements is shown for varying pos-
itive and negative current biases, respectively. A clear parabolic dependence of the
junction voltage is observed as function of the magnetic field, as is expected due to
the shape anisotropy of the thin film ferromagnet. For positive bias a clear scaling of
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Figure 6.2: Coexistence of resistive switching and TAMR in Co/Nb:SrTiO3 junctions. (left side)
Measurement geometry for electro-resistance characterization. Below a set of negative bias
sweeps showing that the low bias resistance can be set to an arbitrary value below Rbase de-
pending on the maximum negative voltage of the sweep. Between each sweep the device is
reset to Rbase by sweeping to 400 mV. (right side) Measurement geometry for TAMR charac-
terization. A clear parabolic TAMR effect is observed as shown in the bottom figure with an
amplitude of 1.6 % at −75 mV.

the TAMR amplitude with current bias is observed up to roughly 50 nA after which
the amplitude stays constant. A measurement with zero bias is also shown (solid
black line) showing no junction response out of noise. At a very large bias of 20 mA
the amplitude is seen to decrease slightly. This saturation is not observed at negative
bias where an increase in the TAMR amplitude is observed up to at least −1 mA. The
dashed black lines are fits using ∆V sin2(θ) with theta the angle as defined in Fig.
6.2. At very large positive and negative currents a small deviation of the lineshape is
observed when the field crosses zero. This might originate from a very small AMR
effect in the cobalt layer since the Schottky resistance becomes very low in the high
bias region.

The amplitude of the TAMR effect, defined as V (θ = 0°)− V (θ = 90°), is plotted
versus positive and negative junction voltage in Fig. 6.4(a) and (b), respectively. The
amplitude shows a very rapid scaling at small voltage bias for both polarities. At
∼50 mV the amplitude saturates and shows a slight decay above 400 mV. At negative
bias a linear relation between junction voltage and TAMR amplitude is observed up
to at least 5.5 V. Such a roughly linear relation between junction voltage and TAMR



6

134
6. Coexistence of electro-resistance and tunneling anisotropic magneto-resistance in

Co/Nb:SrTiO3 devices at room temperature

(a) (b)

-2 -1 0 1 2

0

50

100

150

200

250

300

350

Magnetic Field (T)

∆
V 

(µ
V)

 no bias
+20mA+1nA

 +10nA
 +15nA
 +25nA
 +50nA
 +100nA
 +250nA
 +1µA
 +10µA

+100µA

-2 -1 0 1 2

-7

-6

-5

-4

-3

-2

-1

0

 -1mA
 -100µA
 -1µA
 -100nA
 -25nA
 -5nA

∆
V 

(m
V)

Magnetic Field (T)

Figure 6.3: (a) Change in the junction voltage as function of the applied out-of-plane magnetic
field for several current biases (open symbols), the background voltage has been subtracted.
An increase in the amplitude is observed up to 50 nA after which it saturates for many order
of magnitude of increase in current bias. At a very large bias of 20 mA the amplitude slightly
decays. The solid black line is the response when zero current is sourced. (b) Similar as in (a)
but for negative bias currents. Unlike for positive bias a continuous increase of the amplitude
is observed with current bias up to −1 mA. The dash black lines in both graphs are fits as
described in the text.
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Figure 6.4: (a) Amplitude of the TAMR effect as a function of positive (forward biased) junction
voltage. A very rapid increase in the TAMR effect is observed in the low voltage region after
which the amplitude saturates, above 0.4 V the TAMR slightly decreases. (b) ) Amplitude
of the TAMR effect as a function of negative junction voltage. A very rapid increase in the
TAMR amplitude is observed at low bias. At large negative voltage a linear scaling of the
TAMR amplitude is observed unlike the forward biased case. Note that a much larger junction
voltage can be developed at negative voltage since the Schottky junction is reversed biased.

amplitude at negative bias as well as the significantly smaller amplitude at positive
polarity has been observed before in FM/n-GaAs junctions [2]. Note however that
they did not observe the very rapid increase of the TAMR amplitude at low voltage.

The TAMR size is defined as the TAMR amplitude divided by the background
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Figure 6.5: (a) Junction resistance as a function of the junction voltage. (b) TAMR amplitude in
percentage as function of junction voltage, a large effect> 1.5 % is observed at low forward and
reverse bias. Interestingly, the TAMR effect does not show a monotonous decay as function of
junction voltage but a maximum is observed around −75 mV. Note that the junction resistance
shows a similar non-monotonous behavior.

voltage,

TAMR (%) =
V (θ = 0°)− V (θ = 90°)

V (θ = 0°)
(6.1)

In Fig. 6.5(b) the TAMR size is shown as a function of junction voltage. At low bias
the TAMR amplitude is as large as 1.7 % and decays rapidly with increasing bias. The
reduction is significantly faster in the forward bias direction (+V) compared to the
reverse bias direction (-V), such behavior has also been observed for (Ga,Mn)As/N-
GaAs Zener-Esaki diodes although at 4.2 K [20]. The inset shows however, that the
TAMR size does not decay monotonously in the reverse bias direction but has a
clear maximum around −75 mV. This is of great interest since the TAMR effect is
generally seen to decay very rapidly when increasing bias in either direction [4, 8–10],
resulting in a significant reduction of the TAMR effect at the junction voltages needed
to operate practical devices. Apart from this the room temperature TAMR size (∼
1.7 %) is much larger than commonly observed for transition metal ferromagnet based
tunnel junction using either non-magnetic metals or GaAs as a counter electrode
[1, 2, 5–8]. It is even much larger compared to anti-ferromagnetic (AFM) based TAMR
devices using IrMn where at low temperature effects of 160 % where observed but
TAMR vanished above 100K[11]. Later room temperature TAMR was achieved by a
different group using Pt/Co multilayers in contact with AFM IrMn but a maximum
effect of 0.24 % was observed [3] (for a more complete overview the reader is referred
to table A.1 in the introduction).

The gross features of the TAMR amplitude with bias can be understood by consid-
ering the electron conduction through a biased Schottky junction. At forward bias the
Schottky barrier is lowered resulting in a stronger contribution of thermionic emis-
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Figure 6.6: (a) Experimental setup to measure the angular dependence of the TAMR effect.
A large magnetic field BZ of 6 T is applied perpendicular to the surface normal. (b) Junction
voltage as a function of sample angle with the applied magnetic field for different junction
biases: −8.5 mV (black squares), −75.1 mV (red circles) and −755 mV (green triangles). A two
fold symmetry is observed consistent with the TAMR effect, the blue dashed lines are fits using
the expected angular dependence of the out-of-plane TAMR effect.

sion (non-tunneling transport). When applying a reverse bias the Schottky barrier
is not lowered and the charge transport mainly consist of thermally excited electron
which tunnel through the barrier. Hence a softer decay of the TAMR amplitude is
expected when reverse biasing the Schottky junction. Even though tunneling trans-
port dominates the charge transport at large negative bias a reduction in the TAMR
effect is expected. This is because the tunnel spin polarization of the Co reduces when
electrons are tunneling from a large distribution of states well below the Fermi level.

Another way to characterize the TAMR effect is by rotating the sample in a large,
constant magnetic field as shown in Fig. 6.6(a). The field should be large such that
it will fix the magnetization direction of the FM along the direction of the applied
magnetic field. A field of 6 T is applied which is significantly larger than the 1.7 T
needed to align the FM magnetization along the out-of-plane hard axis. When the
sample is rotated this will fix the magnetization direction almost completely along
the applied magnetic field in the z-direction. This effectively causes a gradual rotation
of the magnetization with respect to the current direction and the interface surface
normal. In this case a 2-fold symmetry is expected for out-of-plane TAMR with an
angular dependence of cos(2θ) + 1 where the angle θ is defined as the angle of the
magnetization with the surface normal as shown in Fig. 6.2 [21, 22]. In Fig. 6.6(b)
such measurements are shown for three different junction voltages of −8.5 mV (black
squares), −75.1 mV (red circles) and −755 mV (green triangles). The dashed blue lines
are fits using the angular dependence cos(2θ)+1 and show good agreement although
the measured TAMR lineshape is slightly more narrow. The good agreement with
the expected angular dependence as well as the 2-fold symmetry are consistent with
the out-of-plane TAMR effect. The slight deviation at intermediate angels might be
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Figure 6.7: (a) Current-Voltage response of a Co/Nb:SrTiO3 junction exhibiting electro-
resistance. The device is reset to the HRS when sweeping from 430 mV to −3 V (black solid
line), as can be observed when sweeping back from −3 V to zero (red solid line). The device
is set to the LRS by sweeping the voltage from zero to 430 mV. (b) The electro-resistance is
defined as the ratio of the current of the lower HRS branch divided by the upper LRS branch.
A maximum ratio of ∼13 is observed when sweeping up to −3 V. When sweeping to −1.5 V
(not shown in (a)) a maximum ratio of ∼3.2 is obtained.

caused by the the slight rotation of the magnetization when rotating the sample since
even a 6 T field will not full fix the magnetization along the z-direction.

6.2.2 Electro-Resistive switching measurements

A typical hysteric I-V response of the same junction is shown in Fig. 6.7(a) where the
voltage is swept from a positive voltage to −3 V (black curve) and back (red curve).
A sweep rate of 50 mV s−1 is used. When sweeping from a positive to negative bias
the device is in the LRS (upper branch of the I-V), and in the HRS when sweeping
back (lower branch). To define the effect size the on/off ratio is plotted in Fig. 6.7(b)
defined as the ratio of the HRS/LRS. In the figure the ratio is calculated for −6 V (blue
diamonds), −3 V (red triangles) and −1.5 V (black circles) sweeps. The I-V for the −6 V
and −1.5 V sweep are not shown. A maximum ratio of 150 at −1.2 V, 13 at −675 mV
and 3.2 at −375 mV is found when sweeping to −6 V,−3 V and −1.5 V, respectively. A
ratio of around 80 and 8 is seen at voltage small enough for read out purposes (≤
100 mV) for the −6 V and −3 V sweep.

Note that it is possible to obtain a different absolute resistance in the HRS state by
sweeping to a larger/smaller negative voltage, resulting in a larger/smaller resistance
at low voltage read-out (see Fig. 6.2). Also note that by employing the same set voltage
the LRS is always the same and hence acts as a well defined reference resistance. The
ability to set the device resistance to various values is of interest for realizing multi-
state logic devices.
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Figure 6.8: Background voltage and TAMR amplitude as function of current bias when the
junction is set in the HRS (upper data sets) and LRS (lower data sets). The black open symbols
refer to the left axis (junction voltage) and the solid red symbols to the left axis (TAMR ampli-
tude). The TAMR amplitude is unaffected by the resistance state of the device as can be seen
by following the dashed lines. The left dashed arrow points towards data in the HRS where a
junction voltage of −2.7 V is obtained at a −5 µA bias, the corresponding TAMR amplitude is
almost 4 mV. When the junction is set to the LRS a bias current of −75 µA is needed to reach a
junction voltage of −2.7 V, despite the significantly larger current a TAMR amplitude of almost
4 mV is observed similar to the HRS amplitude. This correlation is seen for almost the full
data set and shows that the TAMR amplitude is independent of the junction current, it only
depends on the voltage drop at the interface.

6.2.3 Combined resistive switching and TAMR

To investigate the interplay between the resistive switching and the TAMR response
a set of bias dependent TAMR measurements were performed in both a HRS and LRS
state. The junction voltage and TAMR amplitude for different bias currents are shown
in Fig. 6.8. Two different branches are visible, the upper set of data corresponds to
the HRS (diamonds) and the lower one to the LRS (circles). The black open symbols
correspond with the left axis and are the background voltages of the junction at a
certain bias current. The solid red symbols correspond with the right axis and are the
measured TAMR amplitudes.

That the upper data set corresponds to the HRS can be seen by comparing the
background voltage at a certain bias. For instance at a current of −5 µA a background
voltage of −2.7 V is generated (left dashed arrow). To obtain the same voltage in the
LRS (follow the horizontal dashed line) a current of −75 µA needs to be sourced. In-
terestingly, the TAMR amplitude is almost exactly the same for both resistance states
as long as the same background voltage is realized. This can be seen by following the
dashed line all the way to the right axis. This relationship is maintained over a very
large bias range which suggests that the TAMR amplitude does not depend on the
current but only the voltage drop over the depletion region. Therefore, these devices
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can be resistively switched without significantly effecting the spintronic properties.
This is generally not possible for instance when the resistive switching is based on
the formation of conducting filaments in a insulating material. In such cases the spin-
tronic effect is coupled to the charge transport and filament formation either creates
a GMR like memory by spin transport through the filament [23] or oppositely a TMR
effect exists in the HRS where electrons tunnel through the oxide while in the LRS
the formation of a conducting path removes the TMR effect [24].

6.3 Discussion

Compared to tunnel junctions exhibiting room temperature TAMR reported in the
literature, the devices in this chapter show a significantly larger TAMR effect size as
well as a relatively robust bias dependence at reverse bias. This enhancement can
be, at least partly, explained by the large dielectric permittivity of n- SrTiO3. Out-of-
plane TAMR can emerge in tunnel junctions when a large enough Bychkov-Rashba
Spin-Orbit Field (SOF) arises at the interface. Such a SOF arises in junctions where
an electric field gradient exists. For the devices in this chapter the Schottky barrier
provides such an electric field normal to the surface. For more details the reader is
referred to section 2.2.9. In such a Schottky junction not only an electric field develops
inside the depletion region of the semiconductor but an equal amount of charge, of
opposite polarity, resides on the interfacial surface layer of the metal. This is referred
to as the depletion charge and is equal to Qdep = qNDW with W the depletion
width, when assuming the full depletion approximation. For semiconductors with a
constant permittivity it holds that W ∝ √εr. Hence for the same doping density (ND)
the depletion width is much larger for n-SrTiO3 compared to for instance n-GaAs.
This leads to a depletion charge in the n-SrTiO3 device which is larger than n-GaAs
given by QSTO

dep /QGaAs
dep =

√
εSTO/εGaAs ≈ 5. Hence, a roughly 5 times larger charge is

present on the cobalt surface in a Co/n-SrTiO3 Schottky junction than a Co/n-GaAs.
Since the Bychkov-Rashba SOC strength scales with the electric field size this results
in an enhancement of the TAMR effect.

Additionally a much larger doping density can be used in n-SrTiO3 Schottky junc-
tions while still maintaining non-ohmic tunneling charge transport. For instance, the
TAMR effect in CoFe or Fe/n-GaAs junctions is generally reported for a doping den-
sity of around 3 to 5× 1018 cm−3 while in the current junctions the doping density is
around 3 to 5× 1019 cm−3. This means that much larger Qdep values can be obtained
when utilizing n-SrTiO3 junctions while still maintaining a wide enough depletion
region to obtain, non-ohmic, tunneling transport. In the current devices the trans-
port and depletion width of the devices are not tuned for maximizing the TAMR
amplitude since there is for instance still a large thermal contribution to the tunnel-
ing transport. The ability to tune the depletion width using commercially available
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Nb-doped SrTiO3 substrates is limited due to the very restricted doping densities
available. However, using hybrid MBE techniques it is possible to grow very high
quality thin film doped SrTiO3 layers which should allow precise control over the
Schottky barrier profile such that device can be tuned into the pure tunneling regime
[25]. This will create larger electric fields on the Co surface and can be expected to
yield increased TAMR both due to the large electric field as well as predominant
tunneling of electrons close the the Fermi level.

Note that while n-SrTiO3 has a non-linear permittivity extremely large electric
fields are needed to observe significant non-linear behavior at room temperature. The
electric fields in the devices in this chapter are small enough that the non-linearity
is small, hence the presented argumentation is valid at room temperature. To incor-
porate the non-linear behavior of n-SrTiO3 the expressions for W (E, T ) as given in
chapter 3 should be used.

An additional mechanism which could lead to enhancement of the TAMR effect
size is the 3-d orbital nature of the n-SrTiO3 conduction band. This leads to a better
matching with the 3-d band of the Co electrode and can result in predominant tun-
neling via the 3-d states [26]. The 3-d states are more confined and have a larger SOC
compared to the s or p states, normally dominant in the tunneling process. Combining
inter-metallic AFM’s such as IrMn, where the 5-d shell of Ir introduces significant SOC
and the Mn 3-d shell has large magnetic moment, with the 3-d orbital derived con-
duction band of Nb:SrTiO3 is expected to further increase room temperature TAMR.

Note that, in contrast with the results presented in chapter 4 where a 11 Å thick
AlOx barrier is inserted, it is not the SOF residing in the n-SrTiO3 region but on the
surface of Co that drives the large TAMR effect. Although this might seem puzzling,
the insertion of a thin AlOx layer significantly reduces the Schottky barrier height and
depletion width and hence reduces Qdep as discussed in chapter 3 and schematically
shown in Fig. 6.9(a). Therefore, a much smaller electric field at the Co surface is
present in the Co/AlOx (11Å)/Nb:SrTiO3 devices compared to the Co/Nb:SrTiO3

Schottky junction. Additionally, the insertion of AlOx electronically decouples the Co
and n-SrTiO3 3-d states.

To investigate whether the insertion of a thin AlOx layer indeed strongly sup-
presses the TAMR effect a device with an intermediate AlOx barrier thickness of 7 Å
is grown. Note that the electrical characteristics of this device are discussed in chapter
3.

6.3.1 Reduction of TAMR by insertion of ultra-thin tunnel barrier

The TAMR amplitude as function of junction voltage is shown in Fig. 6.9(b). Overall a
very similar behavior is observed: a linear scaling of the TAMR amplitude at reverse
bias (-V) is observed while the amplitude is much smaller at forward bias. Unlike the
Schottky devices the TAMR effect strongly reduces at large enough forward bias, in
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Figure 6.9: (a) Energy diagram of a FM/Nb:SrTiO3 interface and the effect of insertion of a thin
insulating tunnel barrier. The tunnel barrier causes a large reduction in the Schottky barrier
height denoted by ∆φ and the depletion region width denoted by ∆W . This significantly
reduces the charge density on the metal surface and hence the electric field on the metal surface
is largely reduced. (b) The bias dependence of the TAMR amplitude is similar to that observed
for the Schottky junctions although smaller in magnitude (c) Junction resistance as function of
junction voltage of a Co/AlOx 7 Å/Nb:SrTiO3 device (d) TAMR size as function of junction
voltage of a Co/AlOx 7 Å/Nb:SrTiO3 device. A clear reduction of the TAMR size is observed
compared to the Schottky devices. This is consistent within the framework of enhanced Rashba
SOC at the Co surface due to the large permittivity of Nb:SrTiO3.

this bias regime a Lorentzian like spin injection signal is observed similar to those
observed in chapters 4 and 5 at large forward bias. The absolute size of the TAMR
effect is significantly smaller than for the Schottky devices, for instance at −1.5 V a
TAMR amplitude of around 0.7 mV is observed compared to 2.5 mV for the Schottky
devices.

The reduction of the TAMR effect is clearly visible in Fig. 6.9(d) where the TAMR
effect size is plotted as function of junction voltages. A maximum TAMR effect of
0.25 % is observed at low bias compared to more than 1.5 % for the Schottky devices.
Note that the overall asymmetric decay of the TAMR size as function of voltage
polarity is very similar to that observed for the Schottky junctions. The TAMR size
and junction resistance also show a similar correlation as observed for the Schottky
junctions in Fig. 6.5(a) and (b). Therefore it seems that indeed a TAMR effect of similar
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origin is observed with a suppressed magnitude due to the insertion of a 7 Å thick
AlOx barrier.

6.4 Conclusions

Nb:SrTiO3 Schottky junctions with Co contacts were fabricated and showed the coex-
istence of electro-resistive switching as well as a large TAMR effect at room tempera-
ture. Many devices on the same chip show very similar charge transport and TAMR
effect behavior both qualitatively as quantitatively. The electro-resistance allows the
junction to be used as a memory resistor when operated at low reverse bias while
the TAMR effect is not significantly influenced by this process. The room tempera-
ture TAMR effect size is much larger than those reported in literature when using
transition metal ferromagnets and has a unconventional bias dependence. The ori-
gin of this enhancement is explained by the large permittivity of n-SrTiO3 and its Ti
d-orbital derived conduction band.

A significant enhancement of the TAMR effects size is expected by optimizing
the electro-static landscape of the devices, down scaling to smaller dimensions, fabri-
cating single crystalline epitaxial ferromagnetic contacts or using heavy metal based
FM or AFM’s (such as IrMn, FeRh or FeMn). This can be realized relatively easily
by better controlling the doping density of n-SrTiO3, down scaling junction sizes
via electron beam lithography and using different ferromagnetic contact material
respectively. Additionally, it has recently been shown that the size and stability of
the electro-resistive switching effects in such junction can be significantly enlarged
and stabilized by defect engineering of the interfacial SrTiO3 [18]. This shows con-
siderable prospects for complex oxide based devices with combined spin and charge
memory.
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