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5
INHERENT ELECTRIC FIELD DRIVEN INVERSION
OF SPIN ACCUMULATION IN Nb:SrTiO

ABSTRACT

Spin accumulation in semiconducting Nb(. wt%):SrTiO was characterised using
a three terminal measurement geometry and Hanle spin precession measurements.
A positive spin signal was measured at room temperature, which reversed sign
around K in a bias range between ∼ . and ∼ . V. Above ∼ . V always a pos-
itive spin signal was measured. Thus both the temperature of the system as well as
the bias voltage (below  K) could be used to tune the spin signal between a posi-
tive and negative sign. We attribute the behaviour to changes in the Schottky tunnel
barrier with temperature and electric field. These changes originate from the non-
linear dielectric permittivity of Nb:SrTiO which depends on both the temperature
and the electric field. These findings open up the possibility of spin signal manipu-
lation, using a robust intrinsic system parameter, namely the dielectric permittivity
of Nb:SrTiO.

A. M. Kamerbeek, R. Ruiter, T. Banerjee
in preparation
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. introduction

Spintronics is the field which investigates electron spins and tries to manipulate,
store and read these spins for information processing and storage. This is often
done electrically by using two FM contacts, separated by a NM metallic or semi-
conducting channel. In order to utilise these systems for applications, means that a
certain amount of control over the sign and magnitude of the signal is needed.

It was found that in some of these FM/NM systems a reversal of the spin sig-
nal was observed with temperature or bias voltage [–]. The details of the sign
inversion vary from device to device and is completely absent in some cases [, ],
possibly because the effect is highly sensitive to the structure of the interface [].

Several theories have been put forward to explain the observed behaviour: )
localised states forming a quantum well close to the interface [], ) minority-spin
resonant surface states (RSS) [] and ) changes in the shape of the Schottky tunnel
barrier []. In some cases experimental evidence seems to point towards RSS [, ].
However, there seems to be little control over how and when these RSSs are formed
and this is supported by the fact that the sign inversion is not always present [, ].

Here we show that we can tune the sign of the spin voltage between positive and
negative in semiconducting Nb:STO, by changing the temperature of the system.
Below  K the sign can also be tuned with the bias voltage. We relate the sign
changes to the non-linear dielectric permittivity ε of Nb:STO. The permittivity in-
creases several orders of magnitude with decreasing temperature, while at the same
time, its electric field dependence also becomes stronger. Therefore, the electric
field modulation of the permittivity becomes larger at lower temperatures. This
leads to changes in both the Schottky as well as the tunnel barrier with bias voltage
and/or temperature []. These changes can reverse the sign of the spin polarisation
in certain cases, as was shown for a Schottky barrier by Smith and Ruden [].

Because ε is an intrinsic property of the substrate, it is expected that the be-
haviour is much more robust than the sign changes originating from RSS, since the
latter effect is highly sensitive to the interface structure []. This was substantiated
by the fact that sign inversion was observed around the same temperature for two
devices with different tunnel barrier thickness on several junctions.

For the current devices a sign inversion was observed below ∼ K. However,
it should be possible to raise this to room temperature, by inducing non-linearity of
ε at room temperature. This might be possible by increasing the electric field in the
barrier region, through doping density control.

. device fabrication

Samples were made using . wt% Nb:STO substrates from Crystec GmbH. The
substrates are subsequently submerged in methanol (mins), deionised water (
mins), buffered hydrofluoric acid (BHF) ( s) and deionised water (mins) in an
ultrasonic bath. This procedure results in a fully TiO terminated surface layer of
the substrate. Afterwards the substrate is loaded into an electron-beam evaporator
where the surface is cleaned using an O plasma. Then spin-contacts are grown by
first evaporating ∼ Å of Al, which is O plasma oxidised to form AlOx. This is
followed by  nm layers of Co and Au. Finally around  devices are patterned on
a single chip by UV lithography and etched with ion beam etching.
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. measurement methods
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The measurements were performed
using a T geometry, as shown here
from a side view. A spin accumula-
tion was generated underneath the
central contact by sourcing a DC
current I . The injected spins were
parallel to the magnetisation ~M of
the central contact, which was paral-
lel to the surface of the substrate for small out-of-plane magnetic fields B. At larger
fields, M makes an angle θ with B. The potential drop V of the central contact was
measured with respect to a side contact, which was a few µm away from the
central contact. The dimensions of the central contacts varied from  ×  up to
× µm.

The measured potential V consisted of a charge and a spin related part, because
of the intersecting current path with a voltage probe. The charge related part was
removed by subtracting an exponential decaying or polynomial background volt-
age from the measured V versus time. The spin related part was then characterised
with Hanle precession measurements. A magnetic field B was applied perpendicu-
lar to substrate. This caused Lamor precession of the spins and destroyed the spin
accumulation underneath the central contact. The change in voltage ∆VH with B is
described by the diffusive T Hanle equation and is given by [, supplementary]:

∝ τ−/‖
B

∆VH
∆VH(B) =

V‖√


√
+α(B)
α(B)

.

Here α(B) =
√
+

(
ωLτ‖

)
, with the Larmor precession term ωL = qgB/(me) and

q is the electron charge, g ≈ , me is the free electron mass and V‖ and τ‖ are the
in-plane spin voltage and spin relaxation time respectively.

Additionally, as the magnetic field was increased, the magnetisation M of the
ferromagnet rotated towards B ( B Mθ ). At θ = , M was aligned with B and
this indicated the saturation magnetisation Ms of the ferromagnet. Including the
rotation of M in the equation above gives: ∆V = (V⊥ +VTAMR)cosθ + ∆VH sinθ,
where θ = π/+ arcsin(B/Ms). We can simplify this by using cos(π/+ arcsinx) = x
and sin(π/+ arcsinx) = − x. After reorganising the terms we obtain:

Ms

B

∆V
∆V (B) = (V⊥ +VTAMR)

B

MS
+
V‖√


√
+α(B)
α(B)

(
− B



MS

)
for |B| <Ms,

where V⊥ and V‖ are the in and out-of-plane spin voltages, VTAMR is the voltage
generated by tunnelling anisotropic magnetoresistance (TAMR) [, chapter ].
Since both V⊥ and VTAMR scale with B, they can not be determined uniquely. This
restricts, but does not compromise, the analyses to the in-plane spin voltage V‖ and
in-plane spin relaxation time τ‖.
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. inversion of the spin voltage
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measurement

fit

Magnetic field (T)

Spin voltage (µV)Here we see the measured spin volt-
ages at different temperatures and
taken at different background voltages.
Each curve is an average of several
magnetic field sweeps, until a clear sig-
nal to noise ratio was obtained. Also
each curve was offset by µV and
a charge current induced background
voltage has been subtracted together
with a magnetoresistance (MR) effect
which is linear with |B|. The linear
MR was observed before, but was not
discussed and the origin is unknown
[, ]. Each measurement is fitted
with the the diffusive T Hanle equa-
tion, which are shown as solid lines.

At  K we see a typical
Lorentzian curve combined
with a parabolic background
caused by the rotation of the magneti-
sation. At Ms ≈ . T the magnetisa-
tion saturates and a constant background voltage is measured. As the temperature
was decreased, the spin signal was reduced and it completely disappears at  K.
Furthermore the parabolic background starts to decrease and was inverted
around  K. Decreasing the temperature further to  K we notice a reversal
of the Lorenzian spin profile (and thus a negative V‖) on top of a parabolic

background.
Next we mapped out the size and sign of the in-plane spin voltage V‖ at various

temperatures and bias voltages, as shown on the opposing page. The graph consists
of + or − signs, which denote a measurement point where a positive or negative
spin voltage was measured. The size and opacity of a point indicate the fitting error
relative to the total signal size. If the error is larger than % a measurement is
indicated with a . Then there are also some measurements where the signal to
noise ratio (SNR) was too low, these are indicated with a .

Based on these points a radial basis function interpolation algorithm [] was
used to generate the values in between measurement points and this is drawn as a
surface colour and contour map. The colour and contour plot indicate the size of
the spin signal at a given point.

At room temperature a positive spin signal was measured, which increased with
increasing bias. When cooling down, the spin signal decreased and around  K
the spin signal became negative. Additionally, below  K the spin signal can be
tuned between negative and positive by changing the applied bias voltage. Below
.V it is difficult to determine whether there is a spin signal, due to the small sig-
nal size. This is also shown by the large amount of ’s and the large error when a
spin signal could be measured.
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. spin relaxation time

A similar plot can be made for the in-plane spin relaxation time τ‖. Each measure-
ment is indicated by a green circle, whose size and opacity indicate the relative
fitting error of the spin lifetime. Again we use these points as a basis for the interpo-
lation algorithm to create the colour surface plot and the contour plot.

There seems to be no trend in the spin relaxation times with temperature or bias.
However, there seem to be some measurements with a relatively high spin relax-
ation time. These points seems to be concentrated around the line which defines the
reversal of the spin signal in the previous graph.
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. reproducibility

Since earlier reports did not always observe a reversal of the spin signal [–], we
tested the robustness of the phenomena on different devices. Firstly, because there
were multiple devices on a single chip we characterised a few other junctions. We
observed a sign reversal in three additional junctions, whose I−V curves show similar
behaviour as junction A who was mapped from - K in a background voltage
range from .-. V. For the additional junctions only a small region was mapped
where earlier the sign reversal was observed.

   

.
.
.
.


Temperature (K)

Background voltage (V)

junction: A

-



   

Temperature (K)

B

-




   

Temperature (K)








Spin

voltage

(µV)

B

−



.. discussion 

Secondly the sign reversal was also observed in another device consisting of
Nb(. wt%):STO/AlOx(Å)/Co( nm). Note the only difference compared to the
previous device was an AlOx tunnel barrier of Å instead of Å. Although the
behaviour of the spin signal was not mapped in as much detail as the Å device, a
sign reversal was observed with either a change in bias or temperature.

Below are two plots of the spin voltages, where a parabolic background has
been subtracted, to show the reversal of the spin signal more clearly. On the left
we see the spin signal dependence with bias current. At a background voltage of
Vbg = mV a clear positive spin signal was measured which has reversed sign
at mV and was positive again at Vbg = mV. The spin signal can also be
tuned from a peak to a dip by lowering the temperature at a constant current bias as
shown on the right. The sign change for this device occurs around  K, which is
similar as the Å device.
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. discussion

Inversion of the spin signal has been observed before in optical and electrical four
terminal/non-local measurements [, , , –] and in some cases in three ter-
minal measurements [, , , ]. Most of these devices had a highly doped semi-
conductor layer underneath the ferromagnetic contact, [–, , , –] and an
epitaxial [, , , , , ] or highly ordered growth of the contacts [, ].

In the devices with a highly doped layer, a quantum well can form close to the
interface. It has been shown that the bound states of the quantum well can lead
to a sign reversal []. For our devices however, it seems unlikely that a quantum
well is formed at the interface. This is because of the uniform doping profile of our
Nb:STO substrate. However, it might be possible that a quantum well is formed at
the Nb:STO/AlOx interface, analogues to the quantum well at a γ-AlO/STO or
LaAlO/STO interface. But since this usually requires epitaxial growth, we think
this is unlikely.

Another common feature between the reported devices which show a sign inver-
sion, is the epitaxial or highly ordered growth of the contacts. There is significant
evidence that in these systems, resonant surface states (RSS) are the origin of the
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sign reversal [, , ]. However, since our contacts are not grown in an epitaxial
fashion, we do not expect RSS to be the origin of the sign reversal. Furthermore we
observe the inversion in multiple devices, under similar measurement conditions,
thus requiring the formation of similar RSS across different devices.

An alternative explanation for the observed sign reversal was proposed by Smith
and Ruden []. They show that the spin dependent transmission coefficient depends
on the shape of the Schottky barrier. By altering the barrier shape, it is possible to
change the polarisation of the spin current. Since the shape depends on the dielec-
tric permittivity εr, which is temperature and electric field dependent for Nb:STO,
this leads to changes in the barrier profile when either of the two is changed. We
therefore believe this to be the origin of the sign changes in our devices.

. modelling of the schottky profile

In order to substantiate the claim that changes in the Schottky barrier profile are
the origin of the sign changes, the barrier profile was modelled. The figure below
shows the results of the modelling, which is described in detail in reference []. On
the left the conduction band of the entire Co/AlOx/Nb:STO region is shown and
on the right we zoom in on the conduction band of the depletion region inside the
Nb:STO. The electrostatics were calculated for a AlOx thickness of Å and a carrier
density of ND = ×  cm− was selected for . wt% Nb doping. A thinner barrier
thickness has been chosen than the real devices, because of the Å high terraces on
STO’s surface which reduces the AlOx thickness close to the step edges. Addition-
ally, the effective changes are more easily observed for thinner tunnel barriers.

There are two important changes in the barrier profile when cooling down.
Firstly the height of the barrier at the AlOx/Nb:STO interface decreases with de-
creasing temperature. This is because of the increased dielectric permittivity εr
which increases the capacitance C (C ∝ εr) of the Schottky barrier and thereby de-
creases the voltage drop in the depletion region (V ∝ C−). Secondly the shape of
the conduction band in the Nb:STO is changed, as shown in the right graph. Mi-
nor changes are seen from  to  K, but from  to  K the barrier shape
changes significantly around the Fermi level. The same holds when the temperature
is reduced to  K. Also the bands are no longer parabolic at lower temperatures,
because of the increased sensitivity of εr to electric fields [].
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.. conclusions 

. conclusions

We have characterised the spin accumulation in Nb(. wt%):STO using non-epitaxial
grown AlOx/Co contacts and three terminal Hanle measurements. At room temper-
ature we observed a positive spin accumulation, but the sign was inversed around
 K. Additionally below  K, we could tune the sign of the spin accumulation
using the applied bias. A similar behaviour was observed for multiple junctions
on two devices with a Å and Å AlOx barrier. The origin of the sign changes are
attributed to changes in the Schottky barrier profile, with temperature and elec-
tric field, originating from the highly non-linear dielectric permittivity of Nb:STO.
Since the origin is an intrinsic parameter of Nb:SrTiO, we expect this system to be
more robust than sign inversion due to resonant surface states (RSS).

For the current devices the reversal is observed around  K. In principle it
should be possible to raise this temperature by inducing non-linear behaviour of
the dielectric permittivity at higher temperatures. This can be done by increasing
the electric field in the barrier region through doping density control. The findings
in this paper provide a tool to tune and control the size of spin signals for possible
spintronic based applications.
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