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Control of spin injection by direct current in lateral spin valves
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The spin injection and accumulation in metallic lateral spin valves with transparent interfaces are studied
using dc injection current. Unlike ac-based techniques, this allows the investigation of the effects of the
direction and magnitude of the injected current. We find that the spin accumulation is reversed by changing the
direction of the injected current, whereas its magnitude does not change. The injection mechanism for both
current directions is thus perfectly symmetric, leading to the same spin injection efficiency for both spin types.
This result is accounted for by a spin-dependent diffusion model. Joule heating increases considerably the local
temperature in the spin valves when high-current densities are injected (~80—105 K for 1-2X 107 A cm™),

strongly affecting the spin accumulation.
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I. INTRODUCTION

The generation and control of spin currents are key ingre-
dients in spintronics, which has as a goal the use of both the
spin and charge degrees of freedom of the electron.' As an
example, ferromagnetic (FM)/nonmagnetic (NM) lateral spin
valves are powerful devices that decouple a pure spin current
from an electrical current by taking advantage of a nonlocal
geometry.>* With such hybrid nanostructures, a spin-
polarized current has been injected into a metal,>!? a
semiconductor,'! or a superconductor,'>!3 leading to the ob-
servation of different fundamental phenomena (such as the
spin Hall effect in metals'# or the crossed Andreev reflection
in superconductors'?) or to different possible applications
(such as integrated spintronic circuits in semiconductors'?).
A physical understanding of the creation and manipulation of
a spin current from an electrical spin injection is essential for
the development of these spintronic devices, in which many
device characteristics, such as geometry or materials
properties,'®!7 play a major role. The FM/NM interface con-
ductivity is an important controlling parameter. The spin po-
larization of a current injected through a tunnel junction
strongly decreases with applied bias®!'® limiting the maxi-
mum spin current density. However, a similar study for trans-
parent interfaces is lacking.

Most measurements of these nonlocal spin valves (NLSV)
use an alternating current (ac) lock-in technique to extract
the relatively small spin signal from the background noise.
When using ac, it is difficult to study the effects of the mag-
nitude and direction of the injected charge current on the spin
current. In addition, any information regarding offsets in the
measurements is lost in the method. Therefore, achieving full
control of the electrical spin injection and a better under-
standing of the physical phenomenon are not possible with
ac methods. In this work, we present the use of direct current
(dc) in NLSV measurements to control the generated spin
current and to further understand the injection mechanism in
transparent contacts as well as the origin of background sig-
nals appearing in experimental devices. We investigated the
effect of both the current magnitude and current direction on
spin injection and accumulation in metallic lateral spin
valves with transparent contacts. We find experimentally that
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the spin accumulation in the NM reverses with reversal of
the injected current (up to current densities ~3
X 10° A cm™2), while keeping the same magnitude, indicat-
ing a symmetric injection mechanism. This result, in agree-
ment with a spin-dependent diffusion model,'” enables an
electrical, magnetic-field-free control of spin currents. We
identify the origin of two different background contributions
to the NLSV measurements: inhomogeneous current distri-
bution and thermoelectric effect due to Joule heating in the
spin valve device. This Joule heating also increases the local
temperature of the device, modifying the magnitude of the
spin accumulation at high-current densities.

II. EXPERIMENTAL DETAILS

Lateral spin valve devices are fabricated using a two-
angle shadow evaporation technique, which allows fabrica-
tion of the full device in situ, necessary to obtain clean trans-
parent interfaces. First, a suspended mask is created by
e-beam lithography on a bilayer resist [500 nm thick MMA
(methyl methacrylate)/200 nm thick PMMA (polymethyl-
methacrylate)] on top of a Si substrate. Two FM electrodes
are then deposited by e-beam evaporation of 35 nm of Py or
Co at a base pressure of ~3X 107! mbar at a 75° angle
from the normal to the substrate. Next, without breaking
vacuum, 120 nm of Cu or Al are deposited at the normal to
the substrate to form a NM strip. Here, we prepared several
Py/Cu/Py and Co/Al/Co lateral spin valves. Figure 1(a)
shows a scanning electron microscopy (SEM) image of one
device. The width of the NM strip is 230 nm. The resistivi-
ties for Cu and Al at 4.2 K are 1.67 and 4.83 () cm, re-
spectively. Different widths of the FM electrodes, typically
90 and 160 nm, ensure different switching fields. The edge-
to-edge distance between them was varied from 200 to 1500
nm. The interface resistance multiplied by the interface area
at 4.2 K is typically 3.4 X 10™* Q um? for Py/Cu and 1.0
X 1072 Q um? for Co/Al. Since all devices behave similarly,
we present the results for a particular Py/Cu/Py and Co/
Al/Co spin valve, unless otherwise stated. Electrical mea-
surements in our devices were done using a dc source and a
nanovoltmeter. We have measured voltages for positive and
negative currents separately. This is done by subtracting se-
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FIG. 1. (Color online) (a) Scanning electron microscope image
of a lateral spin valve with a schematic illustration of spin injection,
accumulation, and detection in a nonlocal measurement. Thick ver-
tical arrows indicate the state of the magnetization in the ferromag-
netic electrodes. Thin vertical arrows represent the accumulation of
injected spins in the nonmagnetic strip. (b) Normalized NLSV sig-
nal measured in a Py/Cu/Py lateral spin valve at 4.2 K and 0.5 mA
with a dc reversal technique, while sweeping the magnetic field in
the direction given by the thin arrows. Thick vertical arrows indi-
cate again the magnetic alignment of the electrodes.

quential measurements of the voltage at a specific current
and the voltage at zero current, then averaging the result over
numerous measurements (between 16 and 320). This process
eliminates the effects of parasitic capacitance, offset in the
voltmeter, and reduces the noise. With the same setup, we
have also measured voltages using a dc reversal method,
equivalent to an ac lock-in technique.?’ This allows us to
compare ac with dc measurements. In the dc reversal mea-
surement (as in any ac measurement), although it gives a
better signal-to-noise ratio, any information about the effect
of the direction of the current is lost.

In all our measurements we use the nonlocal geometry, in
which spin-polarized electrons are injected from a FM elec-
trode (injector) into the NM strip, where it produces a non-
equilibrium spin accumulation [Fig. 1(a)], i.e., there is a
splitting of the electrochemical potential for spin-up and
spin-down electrons. The electrical current flows only in the
left side, whereas the spin accumulation diffuses in both di-
rections along the NM strip (a pure spin current). This diffu-
sion occurs along a characteristic length scale—the spin-
diffusion length (N\).2! A second FM electrode (detector)
placed on the right side detects the spin accumulation, i.e.,
the difference in electrochemical potentials between spin-up
and spin-down subbands gives rise to a voltage difference
between the detector and the NM strip.2*!¢ This voltage
shows bipolar switching when the relative magnetic align-
ment of the FM electrodes changes from parallel (P) to an-
tiparallel (AP), a pure spin valve effect. The experimentally
measured voltage may contain background contributions
(shifts from ideal bipolar behavior), as is often observed in
transparent'® and tunneling*® spin valves using ac measure-
ments. The latter voltage, normalized to the magnitude of the
current (V/|I]), is the NLSV signal. The NLSV signal differ-
ence, (Vp—Vap)/|I|=AV/|I|, which does not depend on the
background but only on the pure spin valve effect, is propor-
tional to the spin accumulation under the detector.?

From the AV/|1| values at different edge-to-edge distances
between electrodes and using Eq. (1) (see below), with val-
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ues for the spin-diffusion length of the FM Ap,=5 nm (Refs.
3 and 21-23) and A,=36 nm,>?"">2 we can derive the spin
polarization of the FM (ay) and the spin-diffusion length of
the NM (\y).>>7° We fabricate eight devices per sample
from which we perform this fit and the errors are the stan-
dard deviation of the least square fit. These values vary
somewhat between different samples, as a function of the
exact sample geometry and preparation conditions. In the
samples reported here, for the Py/Cu/Py spin valves, we ob-
tain ap,=0.29+0.02 and A, =395+30 nm and for the Co/
Al/Co spin valves, ac,=0.08=0.01 and A5;=425*35 nm,
at 4.2 K. The spin-diffusion lengths are within the range of
values previously reported.?'?>2* The spin polarization of Py
is also in good agreement with literature,3>72>23 whereas the
value for Co is much smaller than ~0.5 wusually
obtained.?>2® This large reduction of ac, has also been ob-
served in previous experiments using lateral spin valves.’
Note that a is the intrinsic spin polarization of the FM only
in an ideal case and any interface or geometry effect in the
spin injection will be reflected in the fitted value of . A
discussion of the origin of the discrepancy in «c, is given in
Ref. 5.

III. RESULTS AND DISCUSSION
A. Effect of current direction: Results

Figure 1(b) shows an example of a NLSV measurement,
using the dc reversal method for the Py/Cu/Py lateral spin
valve, as a function of the applied magnetic field parallel to
the FM electrodes. A clear bipolar switching of the NLSV
signal is observed when the magnetization of FM electrodes
changes from P to AP, resulting in a difference of AV/|I]|
=1.5 m{. We note that, in some of our spin valves (with
nominally the same geometry), the NLSV signal measured
with the “dc reversal” method has an offset that shifts the
bipolar behavior up. The origin of this offset has been iden-
tified and is discussed in Sec. III C.

To study the effect of the injected current direction, we
repeated the previous NLSV measurement using positive
(+I) and negative (—I) currents separately. Figure 2(a) shows
the result for the Py/Cu/Py device. The NLSV signal is com-
pletely reversed for opposite currents, i.e., the NLSV signal
for P (AP) alignment with +/ is the same as the one for AP
(P) alignment with —/. The magnitude of AV/|I| (1.5 mQ) is
the same as in the dc reversal result, although a large con-
stant offset (~2.8 m{)) is observed and denoted as a back-
ground. In the devices in which an offset in the NLSV signal
was observed with the dc reversal method, a different back-
ground is observed for NLSV signals obtained with +/ and
with —I [see for example Fig. 2(b) for Co/Al/Co]. The dif-
ference between the backgrounds with +/ and —/ is propor-
tional to the offset observed with the dc reversal method.
Nevertheless, the magnitude of AV/|I| remains constant for
both current directions.

Figures 3(a) and 3(b) show the NLSV signal for the P
and AP magnetic alignments of the electrodes separately,
as a function of dc current from -1 to +1 mA (~3
X 10° A cm™). In the Py/Cu/Py device, for any current
magnitude, the NLSV signal is the same when both the mag-
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FIG. 2. (Color online) Normalized NLSV signals measured in a
(a) Py/Cu/Py and a (b) Co/Al/Co lateral spin valve at 4.2 K and
0.5 mA while sweeping the magnetic field in the direction given by
the horizontal arrows. Signals measured at positive and negative
currents are plotted as a solid and a dotted line, respectively.

netic configuration and direction of current are reversed, i.e.,
the signal measured for P alignment with +/(-/) is identical
to the one for AP alignment with —I(+/). Therefore, the
NLSV signal difference AV/|I| has the same magnitude and
opposite sign for positive and negative currents [plotted in
Fig. 3(c)]. The origin of the observed increase in the NLSV
signal for both P and AP alignments with the current magni-
tude is discussed in Sec. III C. The NLSV signal for the
Co/Al/Co device [Fig. 3(b)] behaves similarly to the previ-
ous device, except for an additional constant offset that shifts
the signal up for +/ and down for —/, also observed in Fig.
2(b) and discussed in Sec. Il C. However, also here, AV/|I]|
has the same magnitude and opposite sign for +/ and —/, as
shown in Fig. 3(d).

B. Effect of current direction: Discussion

In order to understand this symmetric behavior, one has to
consider the detailed mechanism of spin injection and accu-
mulation. The basic model for spin transport in the diffusive
regime formulated by Ref. 19 is generally used in lateral spin
valves>>7%-16 since the mean-free path of electrons is shorter
than the usual device dimensions. By solving the one-
dimensional spin-dependent diffusion equation given by this
model>71%19 for the nonlocal geometry of our device, we
obtain the electrochemical potential for the spin-up and spin-
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FIG. 3. (Color online) Normalized NLSV signals measured in a
(a) Py/Cu/Py and (b) Co/Al/Co lateral spin valves at 4.2 K as a
function of dc for a parallel (red solid lines) and antiparallel (blue
dotted lines) magnetic alignments of the electrodes. The same
NLSV signal averaged for positive and negative dc currents,
ﬂﬂ%—_ll, is plotted as a solid (dotted) black line for a parallel
(antiparallel) configuration as a function of the absolute value of the
current. (c) and (d) show NLSV signal difference, (Vp—Vap)/|i]|
=AV/|l|, as a function of dc, calculated from data in (a) and (b),
respectively. Note the opposite sign in the vertical scale for positive
and negative dc.

down electrons as a function of the position (Fig. 4). The
NLSYV voltage built at the NM-FM detector interface is given
by

aFaFRN
V=1 L , 1
Lo B one (BT W
24 — | e — | e
Ry Ry

where Ry=2\ypy/Sy and Rp=2\ppp/Sp(1—a) are the spin
resistances (a measure of the difficulty for spin mixing’) for
the NM and FM, respectively, Ay are the spin-diffusion
lengths, py r are the resistivities, Sy  are the cross-sectional
areas, d is the distance between FM electrodes, and ar , ar,
are the spin polarizations of each FM electrode, which have
the same magnitude (ay) and the same sign for a P align-
ment, but opposite signs for an AP alignment.

The result is different if a negative [see Fig. 4(a)] or a
positive [Fig. 4(b)] charge current is injected. When elec-
trons are injected from the FM to the NM (negative cur-
rents), most of them are majority-spin electrons,?® causing a
spin accumulation of majority spins in the NM. A parallel
alignment of the FM detector with the injector will cause a
negative voltage [V=Au/(—e)] at the interface between the
NM and the FM detectors because the majority spins at the
detector have the same orientation as the ones accumulated
in the NM. In contrast, an antiparallel alignment will produce
a positive voltage [V=-Awu/(—e)] because the majority spins
at the detector have the opposite orientation as the ones ac-
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FIG. 4. (Color online) The spatial dependence of the electro-
chemical potential u for spin-up and spin-down electrons in the
nonlocal configuration of a lateral spin valve [FM injector (y1, left),
normal metal (x, middle) and FM detector (y2, right)] when inject-
ing (a) negative and (b) positive currents. Solid (dashed) lines in the
FM detector correspond to u when the magnetic alignment is par-
allel (antiparallel). The corresponding schematic illustration of spin
injection, accumulation, and detection for negative and positive dc
is drawn to the right.

cumulated in the NM [see Fig. 4(a)]. When electrons are
injected from the NM to the FM (positive currents), mostly
majority-spin electrons are injected into the FM electrode,
leaving a spin accumulation of minority spins in the NM. In
this case, a parallel alignment will cause a positive voltage,
whereas an antiparallel alignment will produce a negative
voltage [see Fig. 4(b)]. It is worth noting that Eq. (1) cap-
tures the sign change in the pure spin valve effect with cur-
rent and magnetic alignments as we observe experimentally.

Since all parameters of the lateral spin valve (geometry
and materials) remain the same when the current direction is
reversed, any variation in AV/|I| would be due to a change in
the spin injection efficiency, i.e., the spin polarization of the
injected current at the interface. Accordingly, the spin injec-
tion efficiency is the same when injecting current from a FM
to a NM and from a NM to a FM, causing exactly the oppo-
site spin accumulation in the NM. This demonstrates that the
injection mechanism in transparent junctions is perfectly
symmetric for opposite spin types up to 1 mA (~3
X 10% A cm™).

This result, although predicted by Eq. (1), has been over-
looked due to the use of ac currents and has not been proven
experimentally before. Even though it may look straightfor-
ward, this symmetry of spin injection in metals using trans-
parent contacts is in contrast to injection across tunnel junc-
tions into metals®'® or semiconductors,!! where a spin-
polarization asymmetry is observed for opposite biases.
More importantly, these results show that we are able to
manipulate the sign of the spin accumulation (i.e., the spin-
type of the pure spin current) while keeping the same mag-
nitude by only changing the direction of the electrical current
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without changing the magnetic configuration of the spin
valve (i.e., without application of an external magnetic field).

C. Origin of backgrounds

In the following section, we deal with various deviations
of the NLSV signal from behavior expected based on the
one-dimensional spin-dependent diffusion model. The back-
grounds presented below appear in all the samples measured.
We verified that they are not due to instrumental offsets or
parasitic capacitances in the measurement, but are intrinsic
properties of the devices.

The origin of the backgrounds present in the NLSV signal
can be inferred from their current dependences. In all de-
vices, as the one measured in Fig. 3(a), the effects of the
current on the background for any magnetic alignment of the
electrodes (P or AP) are as follows. The background disap-
pears when the current tends to zero (and the ideal bipolar
switching, arising from the pure spin valve effect, occurs),
increases with the absolute value of the dc, and is indepen-
dent on current direction. To confirm these facts, we simulate
an ac measurement by averaging the positive and negative

current branches of the NLSV signal as ﬂﬂ%-_ll In this

averaged NLSV signal [also plotted in Fig. 3(a) for P and AP
alignments as a function of the absolute value of the dc cur-
rent], the background is completely eliminated, which dem-
onstrates that it cannot be observed in conventional ac mea-
surements (dc reversal or lock-in). The fact that the
background is independent on the current direction indicates
that the origin is a thermoelectric effect due to Joule heating.
The heat generated in the injecting junction dissipates along
the NM strip, producing a temperature gradient between the
detecting junction, where the temperature is higher, and the
ends of the detecting FM electrode and the right side of the
NM strip, where the temperature remains at 4.2 K. There-
fore, a thermoelectric voltage is generated at the detecting
loop, similar to the voltage measured in a thermocouple. This
process is very sensitive, in which the details of the specific
device such as the Seebeck coefficients of the materials or
the interface resistance of the junctions, the thermal coupling
to the substrate, or the exchange gas are relevant, resulting in
different backgrounds for different devices [compare, for ex-
ample, Figs. 3(a) and 3(b)]. Therefore, no systematic corre-
lation of the current dependence of the background with the
type of spin valve (Py/Cu/Py or Co/Al/Co) or geometric pa-
rameters is observed. It is worth noting that the temperature-
dependent background in the NLSV signal observed in Ref.
8, which we also observe in our devices, cannot be removed
by ac methods. Therefore, it has a different origin than the
current-dependent background we observe. We show that the
current-dependent background is completely removed in an
ac measurement [both with a direct measurement, see Fig.
1(b), or by averaging the results of positive and negative
currents, as shown in Figs. 3(a) and 3(b)], indicating a Joule
heating origin.

A different background in the NLSV signal is also present
in some devices (independently of the type of spin valve), as
the one shown in Fig. 3(b). It is constant with current, being
positive for positive currents and negative for negative cur-
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FIG. 5. (Color online) NLSV signal difference, (Vp—Vap)/|i|
=AV/|l|, measured in [(a) and (c)] Py/Cu/Py and [(b) and (d)] Co/
Al/Co lateral spin valves with a dc reversal technique [(a) and (b)]
as a function of the current magnitude at 4.2 K and [(c) and (d)] as
a function of temperature at 0.2 mA. Horizontal arrows and dotted
vertical lines are used to estimate the local temperature of the lateral
spin valves when 5 mA are applied. Note that the devices shown
here are different from the ones shown in the previous figures.

rents, therefore having an Ohmic behavior. The averaged
NLSYV signals for P and AP alignments, plotted in Fig. 3(b),
are shifted up because this background is not eliminated.
This background is thus the offset we observe for some
samples in the dc reversal technique (see Sec. III A) and also
the one observed in conventional ac measurements.!” The
observation that it has an Ohmic character and varies sub-
stantially from device to device is in agreement with a recent
report.!” This report has identified the background to origi-
nate from an inhomogeneous current distribution which de-
pends on the detailed device geometry.

D. Effect of the current magnitude and temperature

Finally, we show the dependence of the NLSV signal dif-
ference AV/|I| on the magnitude of the current up to 5 mA
measured with a dc reversal technique in a Py/Cu/Py [Fig.
5(a)] and a Co/Al/Co [Fig. 5(b)] device. From the spin-
dependent diffusion model [Eq. (1)], one would expect a
constant AV/|I| for any current, although this prediction fails
in lateral spin valves with tunnel barriers,® in which AV/|l|
decays above 1-2X10* A cm™? because injected electrons
tunnel into hot states with reduced polarization.'® Surpris-
ingly, AV/|I| also varies with the injected current in transpar-
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ent contacts: in Py/Cu/Py devices, it first increases and then
decreases with increasing the current magnitude [Fig. 5(a),
showing a different device, nominally identical] and it only
increases with increasing the current magnitude in Co/Al/Co
devices [Fig. 5(b), showing a different device, nominally
identical]. AV/|I| as a function of the temperature for the
same Py/Cu/Py [Fig. 5(c)] and Co/Al/Co [Fig. 5(d)] devices
is also measured, yielding the same dependence as for the
injected current. Therefore, the effects observed in Figs. 5(a)
and 5(b) arise from a temperature increase in the device with
the injected current, giving yet another experimental evi-
dence that Joule heating occurs in lateral spin valves. The
same dependence of AV/|I| with the temperature has been
recently reported for Py/Cu/Py devices, which is attributed to
the effect of temperature on the spin-diffusion length of Cu.?
From Fig. 5, we can estimate an increase in the local tem-
perature to ~105 K in the Py/Cu/Py device and ~80 K in
the Co/Al/Co device, when 5 mA (1-2X 10" A cm™) are
injected at 4.2 K.

IV. CONCLUSIONS

In conclusion, we have studied systematically the effect of
the direction and magnitude of a dc current on the spin in-
jection and accumulation in metallic lateral spin valves with
transparent junctions. We find that up to a current density of
3X10° A cm™ the injection mechanisms are perfectly sym-
metric when injecting electrons from a FM to a NM, accu-
mulating majority spins, and from a NM to a FM, accumu-
lating minority spins, which causes exactly the opposite spin
accumulation. This pure electrical manipulation of the polar-
ity of the spin current with dc current is relevant for future
magnetic-field-free spintronic devices. These results can be
explained by a spin-dependent diffusion model. The two
backgrounds appearing in the NLSV measurements originate
from an inhomogeneous current distribution (observed in
usual ac techniques) and from a thermoelectric effect due to
Joule heating (observed only in dc measurements). Since
high-current densities are preferred for practical spintronic
effects,”!? such as spin torque,*® spin injection with transpar-
ent junctions offers a greater advantage than with tunnel
junctions, although the temperature effects due to Joule heat-
ing must be taken into account in the spin accumulation
magnitude.
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