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We report on an all-electrical measurement of the spin Hall effect in epitaxial Fe=Inx Ga1x As
heterostructures with n-type (Si) channel doping and highly doped Schottky tunnel barriers. A transverse
spin current generated by an ordinary charge current flowing in the Inx Ga1x As is detected by measuring
the spin accumulation at the edges of the channel. The spin accumulation is identified through the
observation of a Hanle effect in the voltage measured by pairs of ferromagnetic Hall contacts. We
investigate the bias and temperature dependence of the resulting Hanle signal and determine the skew and
side-jump contributions to the total spin Hall conductivity.
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There has been extensive theoretical discussion of the
spin Hall effect (SHE) in semiconductors, which is the
coupling of charge and spin currents by spin-orbit interactions resulting from either charged impurities (extrinsic SHE) [1] or band structure (intrinsic SHE) [2], as
well as of the various ways that the SHE could be exploited to generate or manipulate spin currents [3–8].
However, only a handful of recent experiments have investigated this effect, and for the extrinsic case in semiconductor materials they have relied on optical techniques to either detect [9–13] or generate [14] spins. The
scope of experimental studies could be broadened significantly by access to transport techniques that can probe
materials and device geometries which are not accessible
optically.
We report on transport measurements of the SHE in
lateral devices fabricated from Fe=Inx Ga1x As heterostructures. The SHE is due to spin-orbit scattering of an
ordinary charge current by impurities, resulting in a transverse spin current. In the geometry shown in Fig. 1(a), a
charge current jx ¼ xx Ex flows down a channel of conductivity xx in the presence of an electric field Ex . The
^ where
electrons have a drift momentum @k ¼ ðm jx =neÞx,
n is the carrier density and m is the effective mass. The
electron spins interact with impurities via the spin-orbit
Hamiltonian Hso ¼ so   ðk  rVÞ, where so is the
spin-orbit coupling constant,  is the Pauli spin operator,
and V is the Coulomb-like scattering potential. The scattering leads to spin-dependent deflection of electrons, resulting in a spin current js perpendicular to both their spin
orientation and drift momentum. This is the extrinsic spin
Hall effect and is distinct from the intrinsic mechanisms
present in systems with unusual band structures [15]. In
steady state, the SHE leads to an accumulation of spins of
opposite sign at the two edges of the channel, which we
detect using Fe contacts as spin-dependent voltage probes.
For the geometry shown in Fig. 1(a), we are sensitive to a
spin current js that flows in the y direction, with the spin
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oriented along z. We find that the magnitude of the spin
Hall conductivity SH ¼ js =E is in agreement with models
of the extrinsic SHE due to ionized impurity scattering
[5,7]. By analyzing the dependence of the SH signal on
channel conductivity, we determine the relative magnitudes of the skew and side-jump contributions to the total
spin Hall conductivity.
Epitaxial (001) Fe=Inx Ga1x As heterostructures were
grown by molecular beam epitaxy. The semiconductor
epilayers were prepared as described in Ref. [16], and the
active layers consist of a 2:5 m thick Si-doped (n ¼
3–5  1016 cm3 ) channel, a highly doped Schottky tunnel barrier (nþ ¼ 5  1018 cm3 ), and a 5 nm thick Fe
layer. Four heterostructures with In concentrations x ¼
0:00, 0.03, 0.05, and 0.06 were studied. The wafers were
subtractively processed into devices using standard lithographic and etching techniques [16]. Multiple devices were
fabricated on a single chip with 30 m wide channels
oriented along the [110] direction, which is the x direction
in the micrograph of Fig. 1(a). Pairs of Fe electrodes, each
of which is 4 m wide, were patterned so that the centers
of the contacts in each pair are 2, 6, or 10 m from the
edges of the channel. Charge current injection contacts are
located at the ends of the channel, >250 m away from
the Fe contacts and out of the field of this image. The
charge current jx is therefore unpolarized. The spins are
separated by the spin Hall effect, and we measure the
voltage Vab between the two Fe contacts, which are connected to pads by long Au vias that pass over a SiN
isolation layer. A second set of contacts, indicated c and
d in Fig. 1(a), are positioned on GaAs side arms. The
voltage Vcd is used as a reference, and the difference Vab 
Vcd comprises the measured signal. This differential measurement reduces the background Hall voltages, particularly a large hysteretic component (50 V) that is due to
the local magnetic fields generated by the Fe contacts.
Typical spin valve and Hanle effect curves (see Ref. [16]
for a discussion) on a lateral spin valve device (fabricated
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FIG. 1 (color online). (a) Micrograph of a spin Hall device
with Fe contacts located 10 m from the edges of the GaAs
channel. The devices with contacts closer to the edges have a
third contact in the center of the channel that is not used in this
experiment. The contact pairs ab and cd are used to measure the
spin accumulation. (b) Nonlocal spin valve (—) and Hanle effect
(d) data obtained on a GaAs device at T ¼ 60 K for jInj ¼
8:2  102 A=cm2 . Hanle data are shown for both parallel and
antiparallel states of injector and detector. (c) The measured
voltage Vab  Vcd for a GaAs device with Fe contacts 2 m
from the edges at T ¼ 30 K for jx ¼ 5:7  103 A=cm2 in the
two different parallel states ("" , d) and (## , ). An offset
voltage of 13.2 mV has been subtracted from both sets of data.
(d) The same data after extraction of the spin Hall signal for both
positive (d) and negative () currents. The spin Hall signal in
the antiparallel state is shown as the solid line.

from the same wafer, but with only a series of contacts
across the channel) are shown in Fig. 1(b). These data
establish that the ferromagnetic (FM) contacts are sensitive
to the spin polarization generated by spin injection into the
channel as well as its dephasing by precession in a magnetic field applied in the z direction. The Fe contacts,
which have a strong easy axis along [110], show sharp
and reproducible switching behavior as well as nearly
perfect remanence.
^ and
Since the contacts are magnetized along [110] (x),
the spin polarization generated by the spin Hall effect is
oriented along [001] (z),
^ a field By is applied to precess the
spin accumulation into the [110] direction [8,17]. We
therefore expect to observe an increase in the currentinduced spin accumulation at low fields followed by a
suppression due to spin dephasing in large fields. The
signal should reverse sign when By is reversed or when
the contact magnetizations are reversed. The voltage Vab 
Vcd , shown in Fig. 1(c) for the two different magnetization
directions on the GaAs sample with a channel current jx ¼

5:7  103 A=cm2 at T ¼ 30 K, shows that the expected
behavior is superimposed on a background that remains in
spite of the differential measurement. The background is
due to (1) imperfect cancelation of the background Hall
voltage due to the applied field, (2) imperfect cancelation
of local Hall effects due to the fringe fields generated by
the FM contacts, and (3) voltages due to the small fraction
(0.1%) of the channel current that is shunted through the Fe
contacts. We can eliminate the first two effects based on the
expected symmetries of the signal. For example, reversing
the magnetizations of both Hall contacts from the þx to
x directions reverses the sign of the spin-dependent
voltage but not an ordinary Hall voltage, which can therefore be removed by subtracting the data obtained in the two
different parallel states. At low applied fields, local Hall
effects are due predominantly to the x components of the
contact magnetization. The corresponding fringe fields,
which are in the z direction are even with respect to
By , while the spin-dependent signal is odd in By . We can
therefore eliminate local Hall effects by retaining only the
components of the signal that are odd with respect to By .
The data from Fig. 1(c) are shown in Fig. 1(d) after
removing the first two backgrounds. By construction, these
data are odd with respect to By , and they show extrema at
intermediate fields (approximately 250 Oe) as expected.
The magnitude of the voltage at these maxima corresponds
to a spin polarization P ¼ ðn"  n# Þ=ðn" þ n# Þ  1:3% at
the sample edges, where
P¼

eV
3m
:
PFe @2 ð32 nÞ2=3

(1)

In this expression, which follows from the usual relationship between the spin accumulation and the density of
states [16], PFe ¼ 0:42 is the spin polarization of Fe at
the Fermi level and   0:5 is the interfacial transparency.
There are, however, additional features in the field sweeps
near 1 kOe that do not reverse sign when the current is
reversed, and hence cannot be due to a Hall effect. These
derive from the features (at the same fields) in the data of
Fig. 1(c) and result from the current that is shunted through
the Fe contacts (and hence has a component perpendicular
to the plane) in combination with tunneling anisotropic
magnetoresistance (TAMR) at the Schottky contact [18].
This final background contribution can be minimized by
subtracting the voltages for the two current directions, as
will be done for all subsequent data shown in this Letter.
We have also performed the same measurements with
the FM contacts on opposite sides of the channel initialized
in either of the antiparallel states "# or #" . The data in this
case are shown as the solid line in Fig. 1(d) after removal of
all three backgrounds. This curve shows no signal, indicating that the spin accumulations at opposite edges of the
sample are opposite in sign.
Data taken at different contact separations for the x ¼ 0,
0.03, 0.05 and 0.06 devices at T ¼ 30 K and jx ¼ 2:9 
103 A=cm2 are shown in Fig. 2. The SHE-induced spin
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accumulation V has been converted to spin polarization
using Eq. (1). The polarization at contacts further from the
edges of the channel shows a field dependence that is
qualitatively similar to that observed at the edges, but
with a smaller magnitude and narrower width. The devices
with a nonzero In concentration x show a smaller spin
accumulation that decays more rapidly with distance
from the edges of the channel. No spin signal is observed
10 m from the channel edges for x ¼ 0:03 or at 6 and
10 m from the edges for x ¼ 0:05 and 0.06. As confirmed
by nonlocal measurements, these samples have shorter spin
diffusion lengths than the GaAs sample. Data similar to
those shown in Fig. 2 were taken over a bias range of jx ¼
0 to 5:7  103 A=cm2 at T ¼ 30 K and a temperature
range of T ¼ 30 to 200 K at jx ¼ 5:7  103 A=cm2 .
We now use these data to determine the magnitude and
sign of the spin Hall conductivity. The transverse spin
current js y^ is related to the steady-state spin polarization
P0 at the channel edges by the diffusion equation, so that
js ¼ eP
0 nL
ﬃ s =s , where s is the spin relaxation time and
pﬃﬃﬃﬃﬃﬃﬃﬃ
Ls ¼ Ds is the spin diffusion length. Determining P0
requires a full fit of PðBy Þ to a model that includes pre-

cession in the applied field, diffusion, and spin relaxation.
This is similar to the analysis of nonlocal Hanle measurements [16] after accounting for the perpendicular orientation of the ‘‘source’’ (the spin Hall current) with respect to
the detector. As with our fitting of nonlocal Hanle curves,
we neglect the effects of fringe fields on the spin dynamics.
To constrain the fits, the diffusion constant D is obtained
from the channel conductivity xx and the carrier density n
using the Einstein relation [19], and the g factor for each
sample is fixed using the value for GaAs, g ¼ 0:44 and
the dependence on x determined from the 8  8 Kane
model [9,20–22]. We detect the component of the spin
accumulation that is parallel to the contact magnetization,
which we determine from the known saturation field
(1 kOe) and a simple Stoner-Wohlfarth model for a uniaxial magnet. This leaves P0 and s as the only fitting
parameters. For each bias current, a single set of parameters is used to fit the data sets obtained at different distances
from the edge of the channel. The fitting results are shown
as solid curves in Figs. 2(a)–2(d), and P as a function of
position for all four samples is shown in Fig. 2(e). The
principal features of the data are captured, including the
decrease of the signal and the shift of the extrema towards
smaller fields as the Fe contacts are moved towards the
center of the channel. The broader Hanle curves observed
as the In concentration x increases reflect a decreasing spin
relaxation time, consistent with nonlocal Hanle curves
obtained on devices from the same wafers.
From the values of P0 and s determined from these fits,
it is possible to determine js and the spin Hall conductivity
SH ¼ js =Ex . For the GaAs sample, we find SH 
3:0 1 m1 , which is of the same order of magnitude as
has been estimated from Kerr microscopy measurements
[9,13] and is of the same order and sign as has been predicted by theory [5,7]. To make a more extensive comparison, we consider the result of Engel and co-workers [5]:
SH 

FIG. 2 (color online). (a) SHE-induced polarization P (d) as a
function of magnetic field for the GaAs sample at T ¼ 30 K and
channel current jx ¼ 2:9  103 A=cm2 . The solid curves (—)
show fits to all contact separations with a single set of parameters. (b), (c), and (d) Data and fits for the Inx Ga1x As samples for
x ¼ 0:03 (b), 0.05 (c), and 0.06 (d) under the same bias conditions. No signal was observed for the contact separations that
are not shown. (e) Magnitude of the SHE signal as a function of
distance from the edge of the channel for all four samples,
normalized to P0 . The solid lines are curves generated from
the fitting parameters found in (a)–(d).
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ðaB Þ2

(2)

where so is the spin-orbit coupling parameter, aB is the
effective Bohr radius of an ionized impurity (the source of
scattering), and xx is the channel conductivity. For GaAs,
 2 and aB ¼ 103 A
 [5]. At the value of
we use so ¼ 5:3 A
jx used for the data in Fig. 2, xx ¼ 3600 1 m1 , and
Eq. (2) gives SH ¼ 2:4 1 m1 , a factor of 20% smaller
than experiment.
As can be seen from examination of Eq. (2), there are
two expected contributions to the spin Hall conductivity,
one of which scales with xx [skew scattering (SS)] and a
second which is a constant of opposite sign [side jump
(SJ)]. It is possible to tune the mobility, and hence xx , by
approximately 25% by varying the bias current [23]. We
find clear evidence for both contributions in the observed
dependence of SH on xx , which is shown in Fig. 3(a).
The solid lines in this figure are linear fits, with parameters
given in Table I. A negative intercept, indicating the ex-
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TABLE I. Fit parameters for SH ¼ xx þ SJ .

FIG. 3 (color online). (a) Dependence of SH on the xx at
T ¼ 30 K for the x ¼ 0 (squares), 0.03 (circles), 0.05 (triangles),
and 0.06 (diamonds) samples. A linear fit is used to determine 
and SJ for each sample. The fitting parameters are compiled in
Table I. (b) Temperature dependence of SH from T ¼ 30 to
130 K (solid points) and predicted temperature dependence
(curves).

pected sign of the side-jump term, is found in all four
samples. We can write the total spin Hall conductivity as
SH ¼ SS þ SJ ¼ xx þ SJ , where  and SJ are
obtained from Eq. (2). The skewness parameter  for
GaAs is about 4 times larger than the prediction of 1 
103 [5]. We can also compare our experimental results
2
with the expected ratio SJ = ¼ a2
B ne @, which is independent of the spin-orbit coupling so . We find that
SJ =, is about a factor of 2.5 larger than the expected
value for all four samples.
We studied the temperature dependence of the SHE in
the x ¼ 0, 0.03, and 0.05 samples over the range T ¼ 30 to
150 K at jx ¼ 5:7  103 A=cm2 . Figure 3(b) shows the
experimentally determined spin Hall conductivity as a
function of temperature (solid points). The solid lines
show the predicted temperature dependence of SH using
the values of  and SJ determined from Fig. 3(a) and the
measured values of xx ðTÞ and nðTÞ. We find that SH
shows a modest increase over the temperature range of
T ¼ 30 to 100 K due to the increase in electron mobility.
At temperatures above 120 K the measured spin accumulation decreases rapidly due to the rapid decrease of s
with increasing temperature. This suppresses the spin
Hall signal even if SH were constant. The weaker temperature dependence of s in other materials, such as ZnSe,
makes the SHE more readily observable at high temperatures [12].
The measurements and analysis presented here conclusively demonstrate electrical detection of the direct SHE in
Fe=Inx Ga1x As heterostructures. The bias and temperature
dependences of the SHE indicate that both skew and sidejump scattering contribute to the total spin Hall conductivity. The ratios of the side-jump to skew scattering contributions for the four samples are similar but larger than
predicted for ionized impurity scattering alone. We note
that the spin accumulation due to the SHE observed for the
higher In concentrations is comparable to that generated by
direct spin injection from a ferromagnet. This suggests that

x (In concentration)

0.00

ð103 Þ
SJ ð1 m1 Þ
Meas. SJ =ð103 1 m1 Þ
Pred. SJ =ð103 1 m1 Þ

4
12
3:0
1:1

0.03
3
9
3:0
1:4

0.05

0.06

12
35
2:9
1:2

13
28
2:2
0.8

the SHE could function as a tool for probing spindependent phenomena in materials with large spin-orbit
coupling and short spin diffusion lengths.
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