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Observation of the Spin Hall
Effect in Semiconductors

Y. K. Kato, R. C. Myers, A. C. Gossard, D. D. Awschalom*

Electrically induced electron-spin polarization near the edges of a semicon-
ductor channel was detected and imaged with the use of Kerr rotation
microscopy. The polarization is out-of-plane and has opposite sign for the two
edges, consistent with the predictions of the spin Hall effect. Measurements
of unstrained gallium arsenide and strained indium gallium arsenide samples
reveal that strain modifies spin accumulation at zero magnetic field. A weak
dependence on crystal orientation for the strained samples suggests that the
mechanism is the extrinsic spin Hall effect.

The Hall effect (1, 2) has proved to be a con-

venient and useful tool for probing charge

transport properties in the solid state and is

routinely used as a standard materials charac-

terization method. It finds widespread appli-

cation in magnetic field sensors (2) and has

led to a wealth of new phenomena, such as the

integer and fractional quantum Hall effects in

two-dimensional systems (3, 4), the anomalous

Hall effect in ferromagnetic systems (1, 5), and

the spin-dependent Hall effect (6). In analogy

to the conventional Hall effect, the spin Hall

effect has been proposed to occur in paramag-

netic systems as a result of spin-orbit interac-

tion, and refers to the generation of a pure spin

current transverse to an applied electric field

even in the absence of applied magnetic fields.

A pure spin current can be thought of as a

combination of a current of spin-up electrons

in one direction and a current of spin-down

electrons in the opposite direction, resulting in

a flow of spin angular momentum with no net

charge current. Similar to the charge accumu-

lation at the sample edges, which causes a Hall

voltage in the conventional Hall effect, spin

accumulation is expected at the sample edges

in the spin Hall effect. Early theoretical studies

predicted a spin Hall effect originating from

asymmetries in scattering for up and down spins

(7–10), which is referred to as an extrinsic spin

Hall effect. More recently, it has been pointed

out that there may exist an intrinsic spin Hall

effect that arises as a result of the band struc-

ture, even in the absence of scattering (11, 12).

This idea has led to much theoretical dis-

cussion (13–16), but experimental evidence

of the spin Hall effect has been lacking.

We report on the optical detection of the

spin Hall effect in thin films of the semicon-

ductors GaAs and InGaAs. Scanning Kerr

rotation measurements show the presence of

electron spin accumulation at the edges of the

samples, consistent with the prediction of a

spin current transverse to the applied electric

field. We investigated the effect in both un-

strained and strained samples and found that

an applied in-plane magnetic field can play

a critical role in the appearance of the spin

accumulation. No marked crystal direction de-

pendence is observed in the strained samples,

which suggests that the contribution from

the extrinsic spin Hall effect is dominant.

Experimental details. Experiments were

performed on a series of samples fabricated

from n-GaAs and n-In
0.07

Ga
0.93

As films

grown on (001) semi-insulating GaAs sub-

strate by molecular beam epitaxy. Our results

are obtained from samples fabricated from two

wafers. The unstrained GaAs sample consists

of 2 mm of n-GaAs grown on top of 2 mm of

undoped Al
0.4

Ga
0.6

As, whereas the strained

InGaAs sample has 500 nm of n-In
0.07

Ga
0.93

As

capped with 100 nm of undoped GaAs. In both

wafers, the n-type layers are Si doped for n 0
3 � 1016 cm–3 to achieve long spin lifetimes

(17). Standard photolithography and wet etch-

ing are used to define a semiconductor channel,

and the n-type layers are contacted with annealed

Au/Ni/Au/Ge/Ni. All the samples are left

attached to the 500-mm-thick substrate to mini-

mize unintentional strain from sample mount-

ing. Samples are placed in a low-temperature

Kerr microscope (18) with the channel orient-

ed perpendicular to the externally applied in-

plane magnetic field B
ext

(Fig. 1A).

Static Kerr rotation (KR) probes the elec-

tron spin polarization in the sample. A mode-

locked Ti:sapphire laser produces È150-fs

pulses at a repetition rate of 76 MHz and is

tuned to the absorption edge of the semicon-

ductor. A linearly polarized beam is directed

along the z axis and is incident normal to the

sample through an objective lens with a nu-

merical aperture of 0.73, focusing the beam

to a circular spot with a full width at half-

maximum of 1.1 mm. The polarization axis of

the reflected beam rotates by an amount pro-

portional to the net magnetization of the
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Fig. 1. The spin Hall effect in unstrained GaAs. Data are taken at T 0 30 K; a linear background has
been subtracted from each Bext scan. (A) Schematic of the unstrained GaAs sample and the
experimental geometry. (B) Typical measurement of KR as a function of Bext for x 0 –35 mm (red
circles) and x 0 þ35 mm (blue circles) for E 0 10 mV mm–1. Solid lines are fits as explained in text.
(C) KR as a function of x and Bext for E 0 10 mV mm–1. (D and E) Spatial dependence of peak KR
A0 and spin lifetime ts across the channel, respectively, obtained from fits to data in (C). (F)
Reflectivity R as a function of x. R is normalized to the value on the GaAs channel. The two dips
indicate the position of the edges and the width of the dips gives an approximate spatial
resolution. (G) KR as a function of E and Bext at x 0 –35 mm. (H and I) E dependence of A0 and ts,
respectively, obtained from fits to data in (G).
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electron spins along the laser propagation

direction (19). The KR is detected with the

use of a balanced photodiode bridge with a

noise equivalent power of 600 fW Hz–1/2

in the difference channel. We apply a square

wave voltage with a frequency f
E
0 1.169 kHz

to the two contacts, producing an alternating

electric field with amplitude E for lock-in

detection. Measurements are done at a tem-

perature T 0 30 K unless otherwise noted.

Detecting spin currents. An unstrained

GaAs sample with a channel parallel to [110]

with a width w 0 77 mm, a length l 0 300 mm,

and a mesa height h 0 2.3 mm was prepared

(Fig. 1A) and was measured using a wave-

length of 825 nm and an average incident

laser power of 130 mW. We took the origin

of our coordinate system to be the center of

the channel. In Fig. 1B, typical KR data for

scans of B
ext

are shown. The red curve is

taken at position x 0 –35 mm; the blue curve

is taken at x 0 þ35 mm, corresponding to the

two edges of the channel. These curves can

be understood as the projection of the spin

polarization along the z axis, which dimin-

ishes with an applied transverse magnetic

field because of spin precession; this is

known as the Hanle effect (8, 20). The data

are well fit to a Lorentzian function A
0
/

[(w
L
t

s
)2 þ 1], where A

0
is the peak KR, w

L
0

gm
B
B

ext
/I is the electron Larmor precession

frequency, t
s

is the electron spin lifetime, g

is the electron g factor (21), m
B

is the Bohr

magneton, and I is the Planck constant.

Strikingly, the signal changes sign for the

two edges of the sample, indicating an

accumulation of electron spins polarized in

the þz direction at x 0 –35 mm and in the –z

direction at x 0 þ35 mm. This is a strong

signature of the spin Hall effect, as the spin

polarization is expected to be out-of-plane

and change sign for opposing edges (7–12).

A one-dimensional spatial profile of the spin

accumulation across the channel is mapped

out by repeating B
ext

scans at each position

(Fig. 1C). It is seen that A
0
, which is a mea-

sure of the spin density, is at a maximum at

the two edges and falls off rapidly with

distance from the edge, disappearing at the

center of the channel (Fig. 1D) as expected

for the spin Hall effect (10, 11). We note that

equilibrium spin polarization due to current-

induced magnetic fields cannot explain this

spatial profile; moreover, such polarization

is estimated to be less than 10–6, which is

below our detection capability.

An interesting observation is that the width

of the Lorentzian becomes narrower as the

distance from the edge increases, correspond-

ing to an apparent increase in the spin lifetime

(Fig. 1E). It is possible that the finite time

required for the spins to diffuse from the edge

to the measurement position changes the

lineshape of B
ext

scans. Another conceivable

explanation is the actual change in t
s

for spins

that have diffused away from the edge. Be-

cause these spins have scattered predomi-

nantly toward the center of the channel, spin

relaxation due to the D’yakonov-Perel mecha-

nism (20) may be affected. In Fig. 1G, B
ext

scans at x 0 –35 mm for a range of E are

shown. Increasing E leads to larger spin accu-

mulation (Fig. 1H), but the polarization satu-

rates because of shorter t
s

for larger E (Fig.

1I). The suppression of t
s

with increasing E

is consistent with previous observations (22).

The homogeneity of the effect is ad-

dressed by taking a two-dimensional image

of the entire sample (Fig. 2, A and B). Here,

instead of taking a full B
ext

scan, B
ext

is

sinusoidally modulated at f
B
0 3.3 Hz with

an amplitude of 30 mT, and signal is

detected at f
E
T 2f

B
. The measured signal is

then proportional to the second derivative of

a B
ext

scan around B
ext

0 0 mT and can be

regarded as a measure of the spin density n
s
.

The image shows polarization localized at

the two edges of the sample and having op-

posite sign, as discussed above. The polar-

ization at the edges is uniform over a length

of 150 mm but decreases near the contacts.

The latter is expected as unpolarized elec-

trons are injected at the contacts.

The origin of the observed spin Hall

effect is likely to be extrinsic, as the intrinsic

effect is only expected in systems with spin

splitting that depends on electron wave

vector k. Although k3 spin splitting in bulk

GaAs (23) may give rise to an intrinsic spin

Hall effect, this is unlikely because negligi-

ble spin splitting has been observed in

unstrained n-GaAs (24). Measurements were

also performed on another sample with a

channel parallel to [110], and essentially the

same behavior was reproduced (Fig. 3).

Effects of strain. The strained InGaAs sam-

ple, in contrast, offers the possibility of display-

ing the intrinsic spin Hall effect in addition to the

extrinsic effect. The lattice mismatch causes

strain in the InGaAs layer (25), and partial strain

relaxation causes the in-plane strain to be aniso-

tropic (26). Using reciprocal space mapping with

x-ray diffraction at room temperature, we deter-

mined the in-plane strain along [110] and [110]

to be –0.24% and –0.60%, respectively, and the

strain along [001] to be þ0.13%. These strained

layers show electron spin precession at zero

applied magnetic field when optically injected

electron spins are dragged with a lateral electric

field (24), which is due to an effective internal

magnetic field B
int

perpendicular to both the

growth direction and the electric field (Fig. 4A).

A possible explanation for such behavior may

be strain-induced k-linear spin splitting terms

in the Hamiltonian, which is expected to give

rise to the intrinsic spin Hall effect (16).

The strained InGaAs sample was processed

into a channel oriented along [110] with w 0
33 mm, l 0 300 mm, and h 0 0.9 mm. A laser

wavelength of 873 nm and an incident power

of 130 mW were used for this measurement,

and typical results are shown in Fig. 4B. Sur-

prisingly, the spin polarization is suppressed at

B
ext

0 0 mT, and we observe two peaks offset

from B
ext

0 0 mT. We attribute this behavior

to the presence of B
int

. Because electron spins

respond to the sum of B
ext

and B
int

, the spin

polarization is maximum at B
ext

0 –B
int

when

B
ext

cancels out B
int

. The application of a

square-wave voltage causes the signal to arise

from both positive and negative electric-field

directions, resulting in a double-peak structure.

Although the spin polarization reverses direc-
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tion for opposing electric field directions, the

two peaks have the same sign. This is because

lock-in measurement detects the signal differ-

ence between the two electric field directions,

so both positive polarization at positive E and

negative polarization at negative E produce pos-

itive signal. The data are fit to A
1
/[(wþt

s
)2 þ

1] þ A
1
/[(w

–
t

s
)2 þ 1], where A

1
is the peak

KR, and wþ 0 gm
B
(B

ext
þ B

int
)/I and w

–
0

gm
B
(B

ext
– B

int
)/I are the precession frequen-

cies when B
int

adds to and subtracts from

B
ext

, respectively (21). We note that the

spatially uniform current-induced spin polar-

ization (22) is not detected in this geometry,

as this polarization is parallel to B
ext

.

Spatial dependence in this sample (Fig. 4C)

reproduces the characteristic signatures of the

spin Hall effect. The polarization is localized

at the channel edges and has opposite sign for

the two edges, disappearing at the center (Fig.

4D). The slight asymmetry of the spin polar-

ization for the two edges may be due to in-

homogeneous strain. The peak width narrows

as the distance from the channel edge in-

creases, reproducing the apparent increase of

t
s

in this sample as well. In addition, we find

that the splitting of the two peaks decreases

with increasing distance from the channel

edge (Fig. 4E). A possible explanation is that

the spins detected far away from the edge

have average k, which has some component

transverse to E; in this case, B
int

will have a

smaller component along B
ext

, causing the

splitting to decrease. The electric field depen-

dence (Fig. 4G) exhibits similarity to the

unstrained GaAs sample, showing polariza-

tion saturation (Fig. 4H) as the spin lifetime

diminishes (Fig. 4I). In this sample, it is pos-

sible to correlate the KR angle to the actual

spin density. We define the spin density n
s
0

bs
z
Àn, where bs

z
À is the expectation value of

the Pauli operator and n is the electron den-

sity. To obtain a calibration for n
s
, we used

the Kerr microscope to measure the current-

induced spin polarization in a sample from the

same wafer with known characteristics (27).

The peak spin density reaches 10 mm–3, a

value comparable to that of current-induced

spin polarization. The electric field depen-

dence of B
int

is also plotted in Fig. 4I, and it

shows very similar values to the B
int

measured

by spin drag experiments (24) on another chip

from the same wafer. Additional measurements

between 10 K G T G 60 K with E 0 15 mV

mm–1 show no marked changes in the spin

polarization or its spatial profile.

It is possible to calculate the spin current

from the values of the accumulated spin den-

sity. In a simple picture ignoring the position

dependence of t
s
, the solution to the spin drift-

diffusion equation (10, 11) is n
0

sinh(x/L
s
)/

cosh[w/(2L
s
)], where n

0
0 i

s
t

s
/L

s
is the spin

density at the edge, L
s
0 (D

s
t

s
)1/2 is the spin

diffusion length, Ds is the spin diffusion co-

efficient, i
s
0 bs

z
vÀn is the spin current den-

sity, and v is the velocity operator. By fitting

the spatial dependence for various values of E

(Fig. 5A), we obtain both n
0

and L
s
. Values of

t
s

are averaged between 10 mm G x G 15 mm

for the calculations of i
s
. We note that L

s
does

not change noticeably with E (Fig. 5B), where-

as t
s

decreases with increasing E. This implies

that D
s

increases with E, consistent with

previous measurements (24). In Fig. 5C, we

plot the spin current density j
s
0 ei

s
, where e is

the unit charge. The spin current is converted

into units of charge current to allow compar-

ison with the longitudinal charge current den-

sity j
c
, which is also plotted in Fig. 5C. The

spin Hall resistivity r
s
0 E/j

s
and the longi-

tudinal charge resistivity r
c
0 E/j

c
are plotted

in Fig. 5D. The intrinsic spin Hall resistivity,
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when neglecting the effect of scattering, is

predicted to be 4p2I/(e2k
F
) 0 1.69 kilohmImm,

where k
F

is the Fermi wave vector (16); the

measured values are È2 megohmImm. We

estimate the effect of scattering by noting that

a factor of (Dt/I)2 enters the expression for

spin current (14), where D is the spin splitting

at the Fermi energy and t is the momentum

relaxation time. Although this result is derived

for other systems, this factor is È10–6 for our

samples and may explain why the observed

spin current is small.

In an effort to identify a possible contri-

bution from the intrinsic effect, we investi-

gated crystal orientation dependence. The spin

splitting in these strained InGaAs samples has

crystal anisotropy (24), and therefore the in-

trinsic contribution should be sensitive to the

crystal axis. Samples oriented along [110] and

[110] were fabricated on a single chip to

minimize the effect of inhomogeneous strain.

The results are shown in Fig. 6, where we

observe that the splitting of the two peaks is

smaller for E // [110] because B
int

is smaller in

this direction (24), whereas no marked differ-

ence in n
s

is seen, which suggests that the

extrinsic effect is also dominant in the strained

InGaAs samples.

Conclusion. The observed spin Hall effect

provides new opportunities for manipulating

electron spins in nonmagnetic semiconductors

without the application of magnetic fields. The

spin current and spin accumulation induced by

the spin Hall effect may be used to route spin-

polarized current depending on its spin, or to

amplify spin polarization by splitting a channel

into two and cascading such structures. In ad-

dition, the suppression of spin accumulation at

B
ext

0 0 mT caused by B
int

is an important

aspect that has not been considered previously

and may possibly allow control of the spin

accumulation by means of, for example, gate

voltage control of the Rashba effect (28).
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Transient Interface Sharpening
in Miscible Alloys
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Desző L. Beke,1 Bogdan Sepiol3

We observed that diffuse interfaces sharpen rather than broaden in com-
pletely miscible ideal binary systems. This is shown in situ during heat treat-
ments at gradually increasing temperatures by scattering of synchrotron
radiation in coherent Mo/V multilayers containing initially diffuse interfaces.
This effect provides a useful tool for the improvement of interfaces and offers
a way to fabricate better x-ray or neutron mirrors, microelectronic devices, or
multilayers with giant magnetic resistance.

Computer simulations have recently shown

(1, 2) that on the nanoscale, for strongly

composition-dependent diffusion coeffi-

cients, an initially diffuse interface of species

A and B can become chemically abrupt even

in ideal (either crystalline or amorphous)

systems with complete mutual solubility.

This sharpening is surprising at first sight,

because the direction of diffusion is always

opposite to the direction of the composition

gradient: J 0 –D grad c, where J is the atomic

flux, D is the diffusion coefficient, and c is

the concentration. Indeed, for constant D, the

composition profile will gradually decay and

a broadening of the interface is expected.

However, when the diffusion coefficient is

strongly dependent on the local composi-

tion, the flux distribution can lead to a

sharpening of the interface (Fig. 1). For

example, the sharpening can occur when the

diffusion of A and B in B is much faster

than the diffusion of either in A. The

sharpening can be qualitatively predicted

from the classical Fick I law, although it is

not able to provide correct kinetics on the

nanoscale (1, 3).
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Fig. 6. Crystal orientation dependence of the
spin Hall effect in the strained InGaAs sample
with w 0 18 mm. (A and B) KR as a function of
x and Bext for E // [110] and E // [110],
respectively, with E 0 15 mV mm–1. A linear
background has been subtracted from each Bext
scan. (C and D) Spatial profile of ns obtained
from the fits for E // [110] and E // [110],
respectively.
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