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We present a detailed description of spin injection and detection in Fe/AlxGa1−xAs/GaAs heterostructures
for temperatures from 2 to 295 K. Measurements of the steady-state spin polarization in the semiconductor
indicate three temperature regimes for spin transport and relaxation. At temperatures below 70 K, spin-
polarized electrons injected into quantum well structures form excitons, and the spin polarization in the
quantum well depends strongly on the electrical bias conditions. At intermediate temperatures, the spin polar-
ization is determined primarily by the spin-relaxation rate for free electrons in the quantum well. This process
is slow relative to the excitonic spin-relaxation rate at lower temperatures and is responsible for a broad
maximum in the spin polarization between 100 and 200 K. The spin injection efficiency of the Fe/AlxGa1−xAs
Schottky barrier decreases at higher temperatures, although a steady-state spin polarization of at least 6% is
observed at 295 K.
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Ferromagnetic metals such as iron are natural sources of
spin-polarized electrons, and semiconductors have been
shown to be an ideal host for the transport and manipulation
of spin. The demonstration of electrical spin injection from
conventional ferromagnetic metals1–5 has addressed the pos-
sibility of purely electronic control of spin transport in semi-
conductors. For example, the steady-state spin polarization
electrically injected into a quantum well from an
Fe/AlxGa1−xAs Schottky contact has been shown to be as
high as 32% at 2 K.6 Improved efficiencies have been
achieved for injection through an artificial tunnel barrier,7,8

and evidence for electrical spin injection at room tempera-
ture has been reported.1,9 In spite of these successes, no ex-
periment on ferromagnet-semiconductor heterostructures has
addressed the properties of these devices over a wide range
of temperatures and electrical bias conditions.

In this article we report on a comprehensive study of spin
injection in Fe/AlxGa1−xAs/GaAs heterostructures from 2 to
295 K. When a shallow GaAs quantum wellsQWd is used as
a spin detector, three distinct temperature regimes for spin
transport and relaxation are identified. Below 70 K, the bias
dependence of the spin polarization in the QW is clearly
influenced by excitonic effects. A pronounced peak appears
in the steady-state polarization over a narrow bias range.
This peak disappears rapidly with increasing temperature.
Between 70 and 150 K, the spin polarizationincreaseswith
temperature over a wide range of bias voltages. We show that
the temperature dependence of the polarization signal from 2
to 150 K can be understood in terms of a crossover from
excitonic to free-electron spin relaxation in the quantum
well. Above 180 K, the steady-state spin polarization de-
creases in all heterostructures that we have studied but is at
least 6% at 295 K. Measurements using a bulk GaAs spin
detector indicate that the decrease at higher temperatures is
due in part to a reduction in the spin injection efficiency of
the Schottky barrier.

Each of the epitaxial ferromagnet-semiconductor hetero-
structures used for these measurements consists of a
Schottky diode in series with an-i-p junction.1,2 The design
of the Schottky tunnel barrier follows the approach of

Hanbicki et al.6 Three samples will be discussed in detail in
this paper. The first two, denoted I and II, use quantum wells
as optical detectors. Sample I is grown on ap-type
sp=131018 cm−3d GaAs s100d substrate and consists of
300-nmp-GaAs sp=131017 cm−3d, 150-nmp-Al0.1Ga0.9As
sp=131016 cm−3d, 25-nm i-Al0.1Ga0.9As, 10-nm i-GaAs
QW, 25-nm i-Al0.1Ga0.9As, followed by a 100-nm
n-Al0.1Ga0.9As sn=131016 cm−3d drift layer. The Schottky
junction is then formed by growing an→n+ transition layer
going from n=131016 cm−3 up to 531018 cm−3 over a
thickness of 15 nm. This is followed by 15-nm
n+-Al0.1Ga0.9As sn+=531018 cm−3d, 5-nm Fe, and a 2.5-nm
Al capping layer. The Fe and Al layers are grown at a tem-
perature of 0 °C. Sample II is identical to sample I except for
a lower doping sp=331015 cm−3d in the p-Al0.1Ga0.9As
layer immediately beneath the QW structure. Sample III dif-
fers from sample I only in that the 10-nmi-GaAs QW is
eliminated. The optical emission from this sample is domi-
nated by GaAs band-edge luminescence emitted from the
substrate. The samples are processed into light-emitting di-
odes by photolithography and wet etching and are contacted
by a gold wire bond on top of each device and a diffused In
contact to thep layer. After processing, each device is an-
nealed at 250 °C in a N2 atmosphere for 1 h. A schematic of
a sample is shown in the inset of Fig. 1. Light is collected
through the top of the device.

The spin detection measurements are carried out using the
electroluminescence polarizationsELPd technique in the Far-
aday geometry.10 Light is emitted by electrons that tunnel
into the semiconductor from the Fe film and recombine with
unpolarized holes from the substrate. The electrolumines-
cence polarizationP=sI+− I−d / sI++ I−d, where I+ and I− are
the intensities of right and left circularly polarized light, is
measured as a function of magnetic field, temperature, and
the bias voltage across the device. For samples I and II, the
electroluminescencesELd at low temperatures is dominated
by the QW heavy-hole exciton, for whichP is equal to the
steady-state electron spin polarization in the QW. The polar-
ization for these samples below 200 K is determined from
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the intensities integrated over a window 3-meV wide sur-
rounding the heavy-hole exciton peak. At higher tempera-
tures, the electroluminescence from samples I and II be-
comes dominated by recombination in the substrate and the
data are windowed over a 5-meV window around the EL
maximum. The EL from sample III is due to band-edge re-
combination in GaAs at all temperatures, and in this caseP,
which is determined from the spectrum integrated over a
40-meV window, is expected to be equal to half of the
steady-state spin polarization in the detection region.11 Only
the raw optical polarizationP will be shown in this paper.
This includes small contributions from magnetoabsorption in
the Fe filmsless than 2% in all cases discussed hered and, at
very low temperatures, the Zeeman splitting of electron and
hole states in the semiconductor.

The electroluminescence polarizationP for sample I is
shown as a function of magnetic field in Fig. 1. The data are
obtained at temperatures ranging from 2 to 295 K at the bias
voltages indicated in the legend. As demonstrated in previous
work,1,2 P is approximately proportional to the magnetiza-
tion of iron, which saturates at an applied field ofH=4pM
=2.1 T. This magnetic-field dependence is observed for all
three samples. For samples I and II, a polarization of 8% at
2.5 T s6% after background subtractiond is observed even at
295 K.

A detailed picture of the spin transport properties of these
devices can be obtained by measuring the optical polariza-
tion as a function of the bias voltage between the ferromag-
netic electrode and the substrate. For this measurement, the
magnetic field is held fixed at 2.5 T, just above the saturation
field of Fe. Results at several different temperatures are
shown for sample II in Fig. 2. These data show three distin-
guishing features. The first is the pronounced peak in the
polarization as a function of bias that is observed at 2 K.
Second, the maximum polarization at 180 K ishigher than
that measured at 40 K. Finally, there is a significant decrease
in the polarization signal between 180 and 295 K.

It is evident from Fig. 2 that the temperature and bias
dependence of the polarization signal are unusual. Complete
maps of the polarization as a function of temperature and
bias voltage are provided in Figs. 3sad–3scd for the three

samples discussed in this paper. The closed symbols in Fig.
3sdd show the polarization at the voltages along the solid
curves in each of the first three panels. The data in Fig. 3sdd
approximate the maximum polarization at each temperature.

It is clear from Fig. 3 that there are two regions of maxi-
mum polarization signal for QW detectors. The first is at low
temperature over a narrow bias range. The second maximum
occupies a much wider bias range at intermediate tempera-
tures, between 70 and 200 K. For the bulk GaAs detector of
sample III, there is a single maximum at low temperature,
and the polarization signal decreases with increasing tem-
perature above 20 K for all biases. The temperature depen-
dence of the maximum polarization that we observe with
QW detectors below 150 K agrees with recent results ob-
tained with an artificial tunnel barrier as an injector.8

The polarization signalP measured in these experiments
can be related to the injected spin byP=aSi / s1+tr /tsd,
whereSi smaximum value=1/2d is the spin that is injected
into the quantum well,tr is the recombination time,ts is the
spin-relaxation time, anda is a factor determined by the
optical selection rules. For the two QW samples below 200
K, the EL is dominated by the heavy-hole exciton, and
a=2. For sample III, there is no confinement anda=1 at all
temperatures.11 We focus first on the QW samples. The fact
that the polarization signal always increases with bias near
threshold can be related to a decrease intr with increasing
bias, as would be expected due to the flattening of the bands
in the n-i-p junction. The sharp peak in the response at low
temperature occurs at the bias where the ratiotr /ts is small-
est. This peak disappears with increasing temperature be-
causetr increases, as is expected for heavy-hole excitons in
shallow quantum wells12 and verified for our QW’s using
Hanle effect measurements.11

There are, however, important features of the QW data in
Fig. 3 that cannot be due simply to variations in the recom-
bination time. As can be seen in Figs. 3sad and 3sbd, the rapid
decrease inP from 10 to 70 K occurs only over a narrow
bias range. For higher bias voltages, the polarization signal
actually increases with temperature from 10 K up to 150 K.
These unusual effects are due to the dependence of the spin-
relaxation timets on bias voltage and temperature.

FIG. 1. Electroluminescence polarizationsELPd as a function of
magnetic field for sample I at the temperatures and bias voltages
indicated in the legend. A schematic of the structure for samples I
and II is shown in the inset. The quantum well is omitted in sample
III.

FIG. 2. The polarizationssymbolsd is shown as a function of the
bias voltage for sample II in a field of 2.5 T at the temperatures
indicated in the legend. The curves are the corresponding current-
voltage characteristics.
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The behavior above 100 K can be understood in terms of
the D’yakonov-PerelsDPd mechanism,13,14in which the elec-
tron spins precess incoherently about the spin-orbit field. In a
manner similar to motional narrowing, this process can be
suppressed if the momentum scattering timetp is short
enough. For the case of electron spin relaxation in quantum
wells, the simplest theory predictsts

−1~tpT,14 and so one
would expectts to increasewith increasing temperature if
the momentum scattering time decreases with temperature
faster than 1/T. This argument would appear to apply above
the onset of optical-phonon scatterings<70 Kd, and has
been advanced to explain the increase in the spin-
polarization signal above 70 K observed by Jianget al.8 In
practice, however, the spin-relaxation time measured for free

electrons in GaAs/AlxGa1−xAs quantum wells is either con-
stant or decreases with increasing temperature, as is found in
more exact calculations.15 Therefore, while the DP mecha-
nism would explain the relatively weak temperature depen-
dence between 100 and 200 K in Fig. 3, it cannot explain the
pronounced temperature and bias dependence that we ob-
serve below 100 K. We have considered various models that
treat consistently the dependence of the DP relaxation rate on
temperature and the kinetic energy of the injected carriers.
Most importantly, none of the common models for free-
electron spin relaxation predicts the increase inP with tem-
perature that is observed at high biases. As noted above, this
trend starts at progressively lower temperaturessfar below
the onset of optical-phonon scatteringd at the highest bias
voltages. Clearly some other process besides the DP mecha-
nism is contributing to the electron spin relaxation at low
temperatures.

The key to understanding the low-temperature behavior
observed in Figs. 2 and 3 is the formation of excitons. The
electron-hole exchange interaction has been shown to en-
hance the spin-relaxation rate significantly compared to that
observed for free electrons.16–20 The exchange interaction
can be tuned by controlling the spatial overlap of the electron
and hole wave functions. For example, a factor of 5 decrease
in the spin-relaxation rate in a GaAs QW at 20 K was ob-
served by Vinatierriet al. as the electric field was increased
from 0 to 30 kV/cm.17 Any other parameter that decreases
the electron-hole overlap, such as an increase in temperature
or a decrease in the confining potential, should also suppress
the excitonic contribution to the electron spin-relaxation rate.

The experimental situation is complicated by the fact that
the polarization signal depends on both the recombination
and spin-relaxation rates. For this reason, it is extremely dif-
ficult to model the full bias dependence at low temperatures.
As noted above, the sharp decrease in themaximumsignal
with increasingT between 2 and 70 K is consistent with the
observed increase in the excitonic recombination time. How-
ever, the fact that the polarization signal increases withT at
higher biases is due to a crossover from excitonic spin relax-
ation at low temperatures to slower free-electron spin relax-
ation at higher temperatures. The electron-hole overlap can
be suppressed either by increasing temperature or by increas-
ing the electric field at the quantum well. An example of the
latter effect can be seen in the data for sample II at 40 K in
Fig. 2. P is actually increasing at the highest biases, for
which the measured Stark shift indicates an electric field in
the QW of order 104 V/cm. Although the details of the low-
temperature behavior will depend on bothts andtr, the clear
boundary separating the low-temperature regime from the
broad maximum observed at intermediate temperatures in
Figs. 3sad and 3sbd is associated with the suppression of the
electron-hole exchange.

We therefore find that the observed polarization signal in
the quantum well systems below 150 K can be understood in
terms of a crossover from an excitonic regime at low tem-
peratures to the regime above 100 K in which free-electron
spin relaxation by the DP mechanism applies. Above 150 K,
however, the polarization signal begins to decrease at all bi-
ases. This can be attributed in part to a crossover from QW to
bulk-dominated emission, but a more fundamental question

FIG. 3. sColor onlined sad–scd The polarization measured at the
electroluminescence peak is shown as a function of the temperature
and bias voltage for samples I, II, and III in a field of 2.5 T. The
grayscales are indicated in each panel.sdd Optical polarization
sclosed symbolsd is shown as a function of temperature for each of
the samples in this study. The data are shown at points along the
solid white curves in panelssad–scd. The maximum polarization
expected for sample III for the ideal case of 100% injection effi-
ciency is shown using open symbols. This is based on the calibra-
tion procedure described in the text.
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is whether the spin injection efficiency, which we have as-
sumed to be constant for the purposes of the preceding dis-
cussion, decreases with increasing temperature. Sample III,
which does not have a QW, provides an opportunity to test
this assumption. In this case, recombination occurs in the
p-GaAs layer at all temperatures, and excitonic effects are
relatively weak. The maximum ELP at low temperatures is
approximately 15%, which corresponds to a steady-state spin
polarization of 30%.

The advantage of using a bulk recombination region is
that the ratiotr /ts can be measured over the entire tempera-
ture range by means of the Hanle effect,11 thus allowing us to
calibrate the spin detector.9 From the Hanle curve at each
temperature, we calculate the ideal valueP=Si / s1+tr /tsd of
the optical polarization signal for the caseSi =0.21, which
corresponds to a spin injection efficiency of 100% from Fe.
The results are shown as the open symbols in Fig. 3sdd. The
relative agreement with the results found for sample III at
low temperatures suggests that the maximum spin injection
efficiency achieved with the Schottky barrier is nearly unity.
At temperatures above 100 K the measured values start to
drop faster than the ideal case, falling 50% below the limit-
ing value at room temperature. This suggests that some other

mechanism, such as field-assisted thermionic emission, con-
tributes significantly to the injection current above 100 K.

Our results demonstrate that the spin injection efficiency
of the Fe/AlxGa1−xAs Schottky barrier remains extremely
high up to 150 K and is of order 50% at room temperature.
The bias and temperature dependence of the steady-state po-
larization are attributed primarily to changes in the sensitiv-
ity of the spin detector, and steady-state spin polarizations
greater than 20% can be reached over a large range of tem-
perature and bias voltage. Our discussion has ignored the
possibility that the injection efficiency itself may depend on
the bias conditions, as discussed in several theoretical
proposals.21–23 These approaches might explain some of the
extremely strong bias dependence observed at low tempera-
tures, but they cannot be addressed satisfactorily until a spin
detector is developed that can be calibrated over a wide
range of bias conditions. The experiment discussed here has
identified several of the factors that must be considered in
order to achieve this goal.
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