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Temperature dependence of the nonlocal voltage in an Fe/GaAs electrical spin-injection device
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The nonlocal spin resistance is measured as a function of temperature in a Fe/GaAs spin-injection device.
For nonannealed samples that show minority-spin injection, the spin resistance is observed up to room tem-
perature and decays exponentially with temperature at a rate of 0.018 K~!. Postgrowth annealing at 440 K
increases the spin signal at low temperatures but the decay rate also increases to 0.030 K~!. From measure-
ments of the diffusion constant and the spin lifetime in the GaAs channel, we conclude that sample annealing
modifies the temperature dependence of the spin-transfer efficiency at injection and detection contacts. Sur-
prisingly, the spin-transfer efficiency increases in samples that exhibit minority-spin injection.
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The efficient injection of spin-polarized electrons from a
ferromagnetic source into a semiconducting channel is a fun-
damental ingredient of spin-based electronic device con-
cepts. The injected spin polarization can be detected by ana-
lyzing the degree of circular polarization of photons that are
emitted from the semiconductor after recombination of the
injected electrons with resident holes.'~ In all-electrical de-
vices, the concept of nonlocal spin detection®~'? has been
used to convert spin polarization into a nonlocal voltage
AU, that is measured at a ferromagnetic detection contact to
which the injected electron spins diffuse. This voltage de-
pends not only on how efficient spins are injected and de-
tected but also on the loss of spin polarization during the
diffusive spin transport in the semiconductor. For electrical
spin injection into GaAs, a rapid decay of AU, with tem-
perature has been reported,® in contrast to the measured
circular polarization of electroluminescence that remains ob-
servable up to room temperature* and is strongly influenced
by the interplay of spin lifetime and radiative-recombination
time.'® For Fe on GaAs(001), the sign and magnitude of the
measured spin injection depend delicately on the growth
temperature of the Fe layer as well as on a postgrowth an-
nealing treatment, where a reversal from minority- to
majority-spin injection has been observed.!* Postgrowth an-
nealing also has a strong influence on the magnetic proper-
ties of ferromagnetic thin films on I1I-V compounds.'>!6

Here we report a considerable change in the temperature
dependence of the spin-transfer efficiency across the
ferromagnet/semiconductor interface that occurs after an-
nealing Fe/GaAs samples at moderate temperature. We in-
vestigate the nonlocal spin resistance Ap,=dAU,/dl as a
function of temperature T up to 300 K ({ is the current across
the spin-injection contact). Between 5 and 200 K, we find an
exponential decay of Ap, with T at a rate that depends
strongly on the annealing conditions. After annealing the
sample at 440 K, Ap,(T) decays considerably faster as com-
pared to nominally nonannealed samples that have seen a
maximum temperature of 390 K. In order to understand this
T dependence, we write Ap, 77,5, where the spin-
injection efficiency #; specifies the spin polarization of an
electron that has just tunneled from the Fe-injection contact
into the GaAs channel, the spin-detection efficiency 7, de-
scribes the relation between the spin polarization below the
detection contact and AU,;, and the spin decay S is a factor
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that accounts for the loss of spin polarization during the dif-
fusive transport in the semiconductor between injection and
detection contacts. By measuring the spin lifetime 7, and the
diffusion constant D in the channel, we determine S(7).
Since S(T) does not change after sample annealing, the
strong modification of Ap,(7) must arise from a change in
7(T) and/or 7,T). For annealed samples, 7;7, is almost
independent on 7, whereas for those nonannealed samples
that show minority-spin injection, 7,7, rises with T between
30 and 140 K. This unexpected result is discussed in terms of
interface-related mechanisms that favor minority-spin trans-
fer across the interface as an increase in 7 is modifying the
energy of the relevant electrons.

The samples under investigation consist of an n-doped
GaAs spin-transport layer and Fe contacts for spin injection
and detection. The spin-transport channel is formed by a
1000-nm-thick n-doped GaAs epilayer with Si doping con-
centration of 5% 10'® cm™, except in the uppermost 30 nm,
where the doping concentration was gradually increased to
5% 10" cm™ as described in Ref. 17. After thermal desorp-
tion of a protective As layer in ultrahigh vacuum, 5 nm of Fe
and 2 nm of Au were evaporated through a nanostencil
mask'® with a pattern of four 56-um-long bars, see Fig. 1(a).
These bars are electrically contacted by 100-nm-thick TiAu
that is insulated from GaAs by a 100-nm-thick Al,O5 layer.
The middle bars (2 and 3) serving as spin injection and de-
tection contacts are 1 and 3 um wide and separated by a gap
of a=2.4 pm. Between contacts 1 and 2, a bias U, is ap-
plied. For positive U, spin-polarized electrons are injected at
contact 2 into the spin-transport channel and drift toward
contact 1. For negative U, electrons drift from contact 1 to
contact 2 and spin polarization accumulates below contact 2
because of spin filtering.® In both cases, spin polarization
diffuses toward contact 3, where a potential U, with respect
to contact 4 is measured. When switching the alignment of
the magnetizations of the injection and detection contacts
from antiparallel to parallel with an external magnetic field
B, a change in U, is observed by an amount AU, that is
proportional to the average spin polarization below the de-
tection contact. From measurements using a lock-in ampli-
fier, we obtain p,=dJU,/dl, from which U, and AU, are
determined by integration over /. The voltage drop U, across
the Schottky barrier of contact 2 is measured as a potential
difference between contacts 3 and 2.
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FIG. 1. (Color online) (a) Microscope image of the device con-
sisting of four Fe bars, with the two inner bars serving as injection
(2) and detection (3) contacts, whereas the outer bars (1 and 4) are
used as reference contacts for spin injection and for measurement of
U, (b) Measured nonlocal resistance p,; for a nonannealed sample
at U,=—100 mV. At 25 K, the magnetization reversal (steps Apy;)
occurs at stochastic switching fields, and single up (red) and down
(blue) sweeps are shown. At higher T, repeatable switching fields
are observed. Data at 300 K are averaged over ten sweeps. A back-
ground was subtracted that is linear in B.

From data of p, versus B we determine Ap,, see Fig.
1(b). For nonannealed samples, Ap,,; decreases by a factor of
80 between 5 and 300 K. The values for AU, versus U, are
shown in Fig. 2 for T between 5 and 125 K. We find a
nonmonotonic dependence of AU, on U.. It is helpful to
consider that AU, is proportional to the product of I and the
spin-injection efficiency, 7;(U,), such that 7;<cAU,/I. We

nl /I (Q)

-AU

|
=
=
\]

[ not annealed

annealed

T IS T AR N1 | I T R
-0.1 0.0 0.1 0.2 0.3 -0.1 0.0 0.1 0.2 0.3
U, (V) U (V)

FIG. 2. (Color online) Bias dependence of AU vs U,, for dif-
ferent T (a) before and (b) after annealing. In nonannealed samples,
a sign reversal of AU, for positive U, (spin injection) is observed
whose position shifts to higher U, as T is increased, see inset of (a)
where —AU,, /1 is plotted. Annealed samples exhibit a sign reversal
of AU, for negative U..
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FIG. 3. (Color online) Temperature dependence of Ap,; of the
samples before and after annealing. For the nonannealed samples,
data for U,=-100 (circles), 0 (squares), and 200 mV (diamonds)
are shown. For the annealed sample, U.,=0 mV. The solid and
dashed lines are exponential decays with rates of 0.018 and
0.030 K~ for the nonannealed and annealed samples, respectively.
Filled (blue) triangles represent S(7), i.e., the expected signal as
calculated using D from Hall measurements and 7, from one-
parameter Hanle fits assuming temperature-independent spin-
injection and spin-detection efficiencies, 7; and 7,.

plot AU,,/I of the nonannealed sample as a function of U, in
the inset of Fig. 2(a). It changes sign for U, >0, i.e., for spin
injection. Such behavior has been related to a transition from
minority- to majority-spin injection with increasing U,.%!° In
the annealed samples, #; reverses its sign at U, <0, see Fig.
2(b), and at U,>0 only majority spins are injected. Because
of the opposite sign of spin injection close to zero bias, also
7, has opposite signs® for the annealed and nonannealed
samples. In Fig. 2, we therefore plot —AU,; for the nonan-
nealed sample. Although the dependence of 7; on U, is not
understood in detail, it has been related to the interfacial
structure between Fe and GaAs (Refs. 14 and 20) or to a
confinement layer in the semiconductor,?! which will be dis-
cussed later.

Figure 3 summarizes Ap,(7) for nonannealed and an-
nealed samples. For the nonannealed sample, Ap, decays
exponentially with increasing 7 up to 200 K. The decay rate
is about 0.018 K~! (black line) for both U,=—-200 and 100
mV, and significantly smaller for U.=0 mV. Annealing the
sample increases Ap,; at low 7 but at the same time also the
decay rate of Ap,(T) increases to 0.030 K~! (red dashed
line). This faster decrease results in a signal that at higher T
becomes smaller than that of the nonannealed sample. The
data for the annealed sample were obtained at U.=0 but
similar behavior is observed for U,=100 mV (not shown).
This annealing-induced change in Ap,(7) is the central re-
sult of this paper and will be discussed in the following.

The magnitude of Ap, depends on 7; and 7,, as well as
on the transport and spin dynamics in the GaAs channel that
reduces the injected spin polarization by a factor S at the
detection contact. S(7) is characterized by the diffusion con-
stant D and the spin lifetime 7,, which are obtained from
Hanle measurements at different 7, as shown in Fig. 4(a).
When the spins in the channel precess about a perpendicular
magnetic field B,, Ap, decreases because of the distribution
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FIG. 4. (Color online) (a) Hanle measurements of Ap,; at dif-
ferent temperatures (thin black line) and two-parameter fits (thick
red line) on a nonannealed sample. A magnetic field B, perpendicu-
lar to the sample plane was swept at U,=—100 mV, and plotted are
the differences between sweeps with antiparallel and parallel mag-
netization of contacts 2 and 3. (b) Parameters obtained from the
Hanle fits. The spin lifetime 7, is obtained from one- and two-
parameter Hanle fits (open diamonds and filled squares), the diffu-
sion constant D from Hanle fits (diamonds) and from Hall measure-
ments (line). The error bars indicate the uncertainty from a
background subtraction from the Hanle signal. The spin-diffusion
length [ is calculated from D and 7.

in the arrival times of the injected spins at contact 3. This can
be calculated by the one-dimensional Hanle integral’

| B.t
Ap,; f ,—e‘xz/‘m’ cos( gﬂ#)e‘”“dl, (1)
o \V4mDt h

where g=-0.44 is the electron g factor of GaAs, up the Bohr
magneton, # the Planck’s constant, and x the distance be-
tween injection and detection of the spins. To account for the
finite width w5 of the detection contact, Eq. (1) is integrated
for x ranging from a to a+ws. Because of the electric field
applied between contacts 1 and 2, it is assumed that all spins
are injected at the edge of contact 2 toward contact 3.

Two-parameter fits of the Hanle data with 7, and D as
parameters are shown in Fig. 4(a), and the resulting fit pa-
rameters are summarized in Fig. 4(b). The error bar for D
arises from an uncertainty in an offset in Ap.(B,), which
becomes larger at higher 7, where the tails of the Hanle peak
can no longer be measured. For 7>70 K, the Hanle peak
was normalized to the value of Ap,, for an in-plane magnetic
field sweep. For T<<100 K, the values of D of the two-
parameter Hanle fits match well the data of D obtained from
a four-point Hall measurement using the Einstein relation.
For T7>100 K, the Hanle fit values deviate toward higher
values, which we attribute to a systematic error that origi-
nates in the weak influence of D on the Hanle curves at
higher 7. We therefore also fit the data with 7, as the only fit
parameter and fix D to the transport value.

In Fig. 4(b), the results for 7, are shown for both the one-
and two-parameter Hanle fits. The two fits yield similar re-
sults, namely, a 7, that decays approximately exponentially
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with 7" from 12 ns at 30 K to 200 ps at 205 K. From D and
T,, the spin-diffusion length /=vD7; is calculated. The com-
bined increase in D and decrease in 7, lead to only a small
decrease in [, from 4 pum at 50 K to 1.6 um at 200 K. In
Ref. 9, [=2.8 wm was found at T=4 K, whereas Ref. 8
measures /=6 um at 50 K, comparable to our values. It is
important to note that postgrowth annealing does not affect
the spin transport properties of the GaAs channel and there-
fore S(T), as verified in separate measurements on an an-
nealed sample.

The contribution S to Ap,, can be calculated from Eq. (1)
with B,=0. The integration over ¢ yields So (7,/[)exp(—x/1).
S decays exponentially with the separation x between injec-
tion and the detection contact, and 7,// stems from the inte-
gration over time, where spins contribute in a time 7, and
spread over a length /. The proportionality of S to 7, influ-
ences S(7) more strongly than the relatively weak variation
in [ with T does. S(T) as obtained®> from the one-parameter
Hanle fits is shown in Fig. 3 as triangles, scaled by a factor
for better comparison with Ap,,. The overall T dependence of
Ap,; is determined from 7;7,S. Since the decay rate of Ap,,
of the annealed sample is very similar to that of S(7), 7,7,
does not change much with 7 in that sample. However, be-
fore annealing, Ap,; decreases significantly less, amounting
to a factor of 3.7 between 30 and 140 K. This suggests that
7,1y increases with T below 140 K. Above 140 K, the slope
of Ap,(T) is similar to that of S(7) for both the annealed and
the nonannealed samples.

To ensure that Eq. (1) and thus S(7) does not overestimate
the decay rate attributed to the GaAs channel, some care has
to be taken. In fact, there are several limitations to Eq. (1).
First, it is derived in the limit of small spin polarization in
the GaAs channel by assuming that there the spin-injection
rate does not depend on the spin polarization in the GaAs
channel. More generally, the spin-injection rate is propor-
tional to the difference between 7; and the spin polarization
in the GaAs channel. This modification is equivalent to add-
ing an effective spin-decay rate 1/7,, given by the rate of
injected electrons divided by the number of electrons in the
channel below the injection contact. For our sample geom-
etry, we obtain 7,=10 ns for a typical current of [
=50 wA, which is comparable to the spin lifetime of 12 ns
at 30 K. The result is that S saturates with increasing ;.
From a solution of the spin drift-diffusion equation, we find
that the corresponding reduction in S is smaller than 30% at
30 K. Second, Eq. (1) neglects the drift of spin polarization
toward contact 1. This effect has an influence on S that is
smaller than 10% for I=50 pA at U.=—100 mV and at 30
K. We can also neglect that dynamic nuclear polarization
enhances the applied field!”-?* at small T, which would lead
to overestimated values for 7,. Such dynamic nuclear polar-
ization sensitively depends on a misalignment between
sample normal and B,, and we do not find large variations in
the measured 7, above 30 K. Corrections from the three-
dimensional nature of the sample including the finite thick-
ness, inhomogeneous doping of the transport layer, and the
finite bar width will also not change the slope of S(7T) sig-
nificantly.

Considering the limitations above, we estimate that the
decay rate of S between 30 and 140 K is at least 0.025 K,
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corresponding to a loss of spin polarization in the channel of
a factor of at least 16 when 7 is increased from 30 to 140 K.
In this temperature range, however, Ap, measured in the
nonannealed sample exhibits a much weaker decrease,
namely, only by a factor of 7, whereas for the annealed
sample the factor increases to 27. These strong, annealing-
induced changes must be related to a modification of the
spin-injection or spin-detection efficiency that occurs at the
interface. They are concomitant with a shift from minority-
to majority-spin injection. We recall that annealing at mod-
erate T is known to affect only the Fe/GaAs(001) interface
region, giving rise to structural changes that lead to an en-
hanced crystal order'>?* and enhanced polarization injection
efficiency.’*? The important result is that before moderate
postgrowth annealing, 7,7, increases with increasing 7. Such
an increase is likely to be related to a change in the weight-
ing of minority- and majority-spin processes.?® The spin-
filter effect due to symmetry conservation of the coupling
between the Fe and GaAs wave functions at the interface
strongly favors majority-spin injection?” for the case of well-
ordered Fe/GaAs interfaces. On the other hand, a resonant
state arising from interface layers promotes minority-spin
injection.20 In addition, the existence of a bound state in the
semiconductor close to the interface can influence both the
size and sign of accumulated spin polarization.?! The exact
balance of minority- and majority-spin contributions is deter-
mined by the interplay of all these effects.

An essential question is how a change in 7T can redistrib-
ute the weight of the individual contributions. As 7 is in-
creased, the distribution of electrons that tunnel through the
Schottky barrier extends toward higher energies at which the
tunneling probability is significantly larger. This change in
energy and a simultaneous modification of the in-plane elec-
tron momentum of the tunneling electrons may influence the
resonance with the minority peak.?? An additional role could
be played by a change in the overlap of GaAs and Fe wave
functions that determines the spin filtering efficiency, as well
as by a T-dependent variation in the occupation of a semi-
conductor bound state.
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The similar decay rate found for positive and negative U,
in the nonannealed sample is an indication that not the spin-
injection efficiency 7; is responsible for the positive 7 de-
pendence at these values of U, but rather the spin-detection
efficiency 7, caused by a shift toward the minority peak as 7
is increased. The bias U, provides a handle to adjust whether
the energy of the relevant electrons at the injection contact is
above or below the minority peak. Since temperature shifts
this energy in one direction only, #; is expected to increase or
decrease with T depending on whether U, is slightly above
or below the peak. Within this picture, 7; does not depend on
T away from the peak. This explanation is strongly supported
by the observation that the zero crossing of AU (U,) shifts
toward higher U, when T is increased [inset of Fig. 2(a)].
Because the zero crossing occurs at the crossover from
minority- to majority-spin injection, this indicates that
around U.=0 temperature shifts the relevant spin injection
toward the minority peak. With increasing 7, the majority
contribution moves farther away from U,=0 and the minor-
ity peak gains in strength. This results in a positive T depen-
dence of 7; at U.=0 and by reciprocity also of 7,. Far away
from U,, only the increase in 7, is seen in Ap,;, whereas at
U.=0, both 7; and 7, contribute, leading to an even slower
decay of Ap,,, in agreement with our data, see Fig. 3.

In conclusion, we observe a strong change in the tempera-
ture dependence of the nonlocal spin resistance Ap, upon
postgrowth sample annealing, which we relate to a change in
the T dependence of the spin-transfer efficiency at the injec-
tion and detection contacts. For annealed samples, the spin-
transfer efficiencies increase with 7 up to 140 K. Such be-
havior is likely associated with an interplay of interface-
related mechanisms that more and more favors the minority
spin as 7T is increased.
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