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we convincingly validate the long time predictions of
Demkov et al. [8,9].

An atomic hydrogen beam was formed by collimating
hydrogen atoms resulting from the photodissociation of
H2S gas in a first vacuum chamber (see Fig. 2 and the
Supplemental Material [20]). The hydrogen atoms were
ionized in the active region of a velocity map imaging
(VMI) spectrometer [21], where an 808 V=cm static elec-
tric field was applied. The atoms were resonantly excited
to a mixture of n ¼ 2 s and p states by a two-photon
transition (!laser ¼ 243 nm) and were ionized using
narrowband, tunable laser pulses (!laser ¼ 365–367 nm,
"laser ¼ 8 ns) from a Fourier-limited, home-built pulsed
dye amplifier [22]. The polarization of the 365–367 nm
laser was along the static electric field (i.e., perpendicular
to the detector). A dual microchannel plate (MCP) detector
followed by a phosphor screen and a CCD camera was
used to record the photoelectrons. An electrostatic zoom
lens magnified the images by about 1 order of magnitude
compared to the size that would have been measured
without this lens [23].

The main results of the experiments are shown in Fig. 3.
In this figure calculated and experimental results are shown
for four experiments, where the hydrogen atoms were ex-
cited to the ðn1; n2; mÞ ¼ ð0; 29; 0Þ, (1, 28, 0), (2, 27, 0) and
(3, 26, 0) quasibound Stark states. As indicated in Fig. 3, the
states lie at energies of $172:82 cm$1, $169:67 cm$1,
$166:45 cm$1, and $163:30 cm$1 with respect to the
field-free ionization limit, i.e., just above the saddle point

in the Coulombþ dc field potential, which lies at
$174:00 cm$1. According to Eq. (6) of Ref. [24], the
validity of which was checked experimentally [25],
the ionization rate of these states covered a range from
! ¼ 2:2& 1010 s$1 to ! ¼ 7:25& 109 s$1, which
[using #Eðcm$1Þ ¼ 5:3& 10$12 !ðs$1Þ] implies line
widths comparable to the 0:005 cm$1 bandwidth of our
excitation laser. These states could readily be identified
in wavelength scans, since the ionization is complete
before the hydrogen atoms leave the interaction region of
the VMI [26]. By contrast, in the same energy range Stark
states in the n ¼ 31 manifold (!> 1012 s$1) lead to very
broad resonances, while states in the n ¼ 29 manifold
(!< 106 s$1) undergo insufficient ionization before the
atoms fly out of the interaction region. Total ionization
spectra as a function of excitation energy in the given static
electric field were successfully reproduced by means of the
semiclassical Stark theory of Harmin [27,28]. The parabolic
quantum number n1 was identified by comparing the experi-
mental spectrawith separate theoretical excitation curves for

FIG. 2 (color online). Schematic overview of the experiment.
An atomic hydrogen beam was formed by photodissociating H2S
and placing a 3 mm aperture (a) 65 mm downstream. In the
active region of a velocity map imaging (VMI) spectrometer, the
ground state hydrogen atoms were first excited to a mixture of
n ¼ 2 s and p states by a two-photon transition using a pulsed
243 nm laser. Next, they were ionized by a Fourier-limited,
tunable (365–367 nm), UV laser. By applying a voltage differ-
ence across the repeller (b) and extractor (c) electrodes, the
photoelectrons were accelerated towards a two-dimensional
detector (d), consisting of a set of microchannel plates
(MCPs), a phosphor screen and a CCD camera. En route to
the MCP detector, the photoelectrons passed through a three-
element Einzel lens (e), allowing an increase of the diameter of
the recorded image by about one order of magnitude.

FIG. 3 (color online). Experimental observation of the
transverse nodal structure of four atomic hydrogen Stark
states. The images in the middle show experimental measure-
ments for ðn1; n2; mÞ ¼ ð0; 29; 0Þ, (1, 28, 0), (2, 27, 0), and
(3, 26, 0). Interference patterns are clearly observed where the
number of nodes corresponds to the value of n1. The results may
be compared to TDSE calculations shown to the left (for details
see text), revealing that the experimentally observed nodal struc-
tures originate from the transverse nodal structure of the initial
state that is formed upon laser excitation. A comparison of the
experimentally measured (solid lines) and calculated radial
(dashed lines) probability distributions PðRÞ is shown to the right
of the experimental results. In order to make this comparison, the
computational results were scaled to the macroscopic dimensions
of the experiment. Please note that, since PðRÞ ¼ R

PðR;$ÞRd$,
the radial probability distributions PðRÞ have a zero at R ¼ 0,
even if the two-dimensional images PðR;$Þ do not.
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|Ic0.P-AP| ≠ |Ic0.AP-P| due to spin accumulation in
the spin valve and the MTJ magnetoresistance
behavior, respectively. The equivalence of the two
critical currents for a SHE-ST switching device
could be a major technical advantage. From our
measured values of |Ic0| and using Eq. 1 with
m0Meff = 0.76 T (32), we determine JS/Je for
this device to be 0.12 T 0.04 (32), in accord with
our two other spin Hall angle measurements. We
note that our three determinations of JS/Je are
consistent for FM layer thicknesses ranging from
1 to 4 nm and are not sensitive to whether the FM
layer is magnetized in plane or out of plane.

Technology applications. Improvements to
this initial three-terminal SHE device can be very
reasonably expected to result in substantial
reductions in the switching currents for thermally
stable nanomagnets. By reducing the width of the
Ta microstrip to be equal to the dimension of the
long axis of the nanopillar, we can easily decrease
Ic0 by a factor of 3 without affecting thermal sta-
bility. A further reduction in Ic0 could be achieved
by reducing the demagnetization field of the FM
free layer from 700 mT to ≤100 mT (37, 38).
With such improvements, Ic0 could be reduced to
<100 mA, at which point the three-terminal SHE
devices would be competitive with the efficiency

of conventional ST switching in optimized MTJs
(31, 33, 39) while providing the added advantage
of a separation between the low-impedance switch-
ing (write) process and high-impedance sensing
(read) process. This separation solves the reliability
challenges that presently limit applications based
onconventional two-terminalMTJswhile alsogiving
improved output signals. Other three-terminal spin-
torque devices based on conventional spin-filtering
have been demonstrated previously (40–43), but
the SHE-ST design can provide better spin-torque
efficiency and is much easier to fabricate. More-
over, the discovery of materials with even larger
values of the spin Hall angle than in b-Ta could
also add to the competitiveness of the SHE-ST.
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Fig. 3. Spin Hall effect–induced switching for an in-plane magnetized nanomagnet at room
temperature. (A) Schematic of the three-terminal SHE devices and the circuit for measurements. The
direction of the spin Hall spin transfer torque is not the same as in Fig. 1A because the CoFeB layer now
lies above the Ta rather than below. (B) TMR minor loop of the MTJ as a function of the external applied
field Bext applied in-plane along the long axis of the sample. (Inset) TMR major loop of the device. (C)
TMR of the device as a function of applied dc current IDC. An in-plane external field of –3.5 mT is
applied to set the device at the center of the minor loop. (D) Switching currents as a function of the
ramp rate for sweeping current. Red squares indicate switching from AP to P; blue triangles indicate
switching from P to AP. Solid lines represent linear fits of switching current versus log(ramp rate). Error
bars are smaller than the symbol size.
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voltage terms in Eq. (5) due to the anomalous Nernst and
spin Seebeck effects. In Pt/Co/AlOx dots, a small Nernst
signal due to an in-plane thermal gradient was found and
subtracted from the R

2f
H data [6]. We find this effect to be

entirely negligible in Ta/CoFeB/MgO layers for the ac current
density employed here (<107 A/cm2). Moreover, we have
considered the possible effects of a perpendicular thermal
gradient. By performing angular-dependent measurements of
the anisotropic magnetoresistance, we conclude that such
effects, if relevant for the current range employed in this study,
have an influence smaller than 5% on the measured R

2f
H data.

Therefore, we conclude that thermal effects cannot account for
the strong variations of the spin-orbit torques as a function of
annealing temperature and/or magnetization angle θ reported
in Sec. IV.

3. Magnetization switching induced by current pulses

When increasing the current density to about 5 ×
107 A/cm2, the spin torques achieve sufficient amplitude
to induce reversal of the magnetization. We have shown in
previous work that the switching process can be controlled by
adding a small external field parallel to the current direction
[1]. The diagram in Fig. 2(c) exemplifies how this occurs
for a perpendicularly magnetized layer. For simplicity, we
consider only a torque of the form T ∥ ∼ m × ( y × m), which
corresponds to an effective field B∥ ∼ ( y × m) that rotates
in the xz plane perpendicular to the magnetization. During
a current pulse, B∥ induces a rotation of the magnetization,
which can be either assisted or counteracted by applying an
external field parallel to x, thereby destabilizing or stabilizing
the magnetization in one direction (up or down), depending on
the sign of the current [Fig. 2(c)]. Another way to see the same
effect is to consider that, when m is tilted parallel to x, B∥ has
a vertical component that points either up or down depending
on the sign of the current [1]. In reality, however, we remark
that the switching dynamics is more complex than described
above, even in the macrospin approximation. This is because
B∥ is not simply proportional to ( y × m) [Eq. (4)] and because
the combined action of B∥ and B⊥ should be considered in a
time-dependent model [33,34].

In Sec. V, we focus on the efficiency of the switch-
ing process, independently on the dynamics that leads to
magnetization reversal. We have studied the probability of
magnetization switching upon the injection of short current
pulses (50 ns → 1 µs) as a function of pulse amplitude,
duration, and external field applied parallel to the current
direction. To ensure the transmission of fast current pulses
without significant reflection, we connected a 100-" resistance
in parallel to the sample and 100 k" in series with the
Hall voltage arms. VH was measured before and after each
pulse using a dc current of 0.1 mA in order to probe the
magnetization.

III. STRUCTURE AND EQUILIBRIUM MAGNETIC
PROPERTIES

A. Structure

Cross-sectional TEM images are shown in Figs. 3(a) and
3(b) of as-deposited, 3(c) annealed to 240 °C, and 3(d)

FIG. 3. Cross-sectional TEM images of the samples annealed to
different temperatures: (a) and (b) as grown, (c) Tann = 240 °C,
(d) Tann = 296 °C.

296 °C. The images reveal that the layers are rather uniform
in thickness and homogeneous in the direction parallel to
the sample plane. The Ta and CoFeB layers cannot be
distinguished due to the small thickness of CoFeB and their
similar contrast. Lattice fringes are absent in the Ta/CoFeB
region, indicating that it is amorphous, whereas the MgO layer
is partially crystalline with (100) texture, as expected for this
type of structures [35,36]. Since both MgO and CoFeB have
interplanar spacings around 2.1 Å, it is not easy to discern the
presence of crystalline CoFeB grains in the vicinity of MgO,
if any. No obvious change of MgO crystallinity is observed
by TEM after annealing to 240 or 296 °C, consistently with
TEM studies of CoFeB/MgO/CoFeB structures grown by rf
sputtering and annealed up to 375 °C, which show defective
crystallization of the MgO layer [37].

Figures 4(a) and 4(b) show the XAS spectra of
Ta/CoFeB/MgO layers annealed at different temperatures
measured across the Fe and Co L2,3 absorption edges. In
the as-grown samples, we observe pronounced oxide satellite
features on the high-energy side of the L3 and L2 resonances
for both Fe and Co, which indicate the formation of interfacial
Fe-O and Co-O bonds. In agreement with previous findings
[38,39], the intensity of the oxide multiplet peaks gradually
decreases with annealing temperature and finally vanishes at
Tann = 296 °C, indicating that Fe and Co are reduced back to
the metallic state upon heating. The Mg K-edge spectra shown
in Fig. 4(c) are typical of crystalline MgO, where Mg ions
occupy the center of oxygen octahedra [40]. We observe only
minor changes of the Mg line shape from the as-grown sample
to Tann = 240 °C, after which the spectra remain the same at

214419-5
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In ferromagnetic materials, all magnetic moments sitting on
individual atoms point in the same direction and can be
switched by running an electrical current through a nearby

electromagnet. This is the principle of recording in ferromagnetic
media used from the 19th century magnetic wire recorders to
today’s hard-drives. Magnetic storage has remained viable
throughout its entire history and today is the key technology
providing the virtually unlimited data space on the internet.
To keep it viable, the 19th century inductive coils were
first removed from the readout and replaced by the 20th century
spin-based magneto-resistive technology1. Twenty first century
physics brought yet another revolution by eliminating the
electromagnetic induction from the writing process in magnetic
memory chips and replacing it with the spin–torque
phenomenon1. In the non-relativistic version of the effect,
switching of the recording ferromagnet is achieved by
electrically transferring spins from a fixed reference permanent
magnet. In the recently discovered relativistic version of the spin
torque2–5, the reference magnet is eliminated and the switching is
triggered by the internal transfer from the linear momentum to
the spin angular momentum under the applied writing current6.
The complete absence of electromagnets or reference permanent
magnets in this most advanced physical scheme for writing in
ferromagnetic spintronics has served as the key for introducing
the physical concept7 for the efficient control of magnetic
moments in antiferromagnets (AFs) that underpins our work.

In their simplest form, compensated AFs have north poles of
half of the microscopic atomic moments pointing in one direction
and the other half in the opposite direction. This makes the
external magnetic field inefficient for switching magnetic
moments in AFs. Instead, our devices rely on the recently
dicovered special form of the relativistic spin torque7,8. When
driving a macroscopic electrical current through certain AF
crystals whose magnetic atoms occupy inversion-partner lattice
sites (for example, in AF CuMnAs or Mn2Au), a local relativistic

field is generated which points in the opposite direction on
magnetic atoms with opposite magnetic moments. The staggered
relativistic field is then as efficient in switching the AF as a
conventional uniform magnetic field in switching a ferromagnet.
This reverses the traditionally sceptical perception of the utility of
AFs in microelectronics and opens avenues for spintronics
research and applications9–12.

In the present paper we focus on the multi-level switching
characteristics of the memory bit-cells patterned into an
elementary cross-shape geometry from a single metallic layer of
the CuMnAs AF deposited on a III–V or Si substrate. The
multiple-stability, reflecting series of reproducible, electrically
controlled domain reconfigurations13, is not favourable for
maximizing the retention and the bit-cell size scalability.
However, in combination with the simplicity of the bit-cell
geometry and unique features of AFs stemming from their zero
net moment, the multi-level nature may provide additional
functionalities, such as a pulse counter, with a utility in
future specialized embedded memory-logic components in the
‘More than Moore’14 internet of things (IoT) applications. The
endurance, retention, and the bit-size scalability are important
parameters governing the development of bistable ferromagnetic
bit-cells for non-volatile magnetic random access memories
(MRAMs). Outside the realm of high-density main computer
memories, the requirements on these parameters might be less
stringent as long as the memories have other merits suitable for
the specific embedded applications. In particular, the components
we perceive are multi-level AF bit-cell chips with each bit-cell
integrating memory and pulse-counter functionalities.

Results
Overview. In the first and second parts of the paper we focus
on the response of our bit-cells to electrical pulses in the
microsecond to millisecond range. To highlight the realistic

[001]

[010]

[100]

GaP

GaP

Au

CuMnAs

CuMnAs

a c

b

7

6.9

6.8

6.7

1

0

5

R
ea

do
ut

 (
m

V
)

W
rit

e 
pu

ls
e 

(1
/0

)

10 15
Step

20

5 10 15
Step

20

Figure 1 | Antiferromagnetic microelectronic memory device. (a) Scanning transmission electron microscopy image in the [100]–[001] plane of the
CuMnAs epilayer grown on a GaP substrate. (b) Optical microscopy image of the device containing Au contact pads (light) and the AF CuMnAs
cross-shape bit cell on the GaP substrate (dark). Scale bar length is 2 mm. (c) Picture of the PCB with the chip containing the AF bit cell and the input
write-pulse signals (red dots) and output readout signals (blue dots) sent via a USB computer interface.
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FIG. 1. (a) Structure of the tetragonal phase of CuMnAs. In
RTP, Cu/As/Mn atoms occupy the sites S1/S2/S3. In the inverted
phase, Cu and Mn atoms are swapped. (b)–(d) Electron diffraction
(PEDT) patterns: (0kl)*, (hk0)*, and (hk1)* sections of the reciprocal
space reconstructed from PEDT data (PETS program [13]). The
conditions h + k = 2n on hk0, h = 2n on h00 and k = 2n on 0k0
are characteristic of the n glide.

and As/Mn at S2/S3 (Wyckoff position 2c). We will refer
to this as the reference tetragonal phase (RTP). The second,
inverted structure is obtained by swapping Mn and Cu so that
the basal positions S1 are occupied by manganese. Regarding
the magnetic structure of the latter phase, we only consider the
case of antiferromagnetic ordering within the basal plane
where the unit cell contains six atoms.

Using XRD, we find lattice constants differing by less than
1% for samples grown on GaP and GaAs (e.g., a = 0.3853 nm
and a = 0.3820 nm at room temperature, respectively). For
effects considered in this work, such differences lead to negli-
gible changes in observed (optical and photoelectron emission)
spectra, which renders, within the scope of this paper, all our
thin film samples interchangeable. Further details about x-ray
characterization can be found in the Supplemental Material
[12] (Sec. I) and we now turn our attention to the electron
diffraction analysis.

For PEDT characterization, a cross section of the
CuMnAs/GaP(001) thin film was prepared by mechanic pol-
ishing followed by ion milling. Four PEDT data sets were
recorded on several parts of the film using a Philips CM120
electron transmission microscope (Vacc = 120 kV, LaB6) with
the precession device Nanomegas Digistar and a side-mounted
CCD camera Olympus Veleta with 14bit dynamic range. The
precession angle and the tilt step of the goniometer were both
set to 1 degree. The data were analyzed using the computer
programs PETS [13] and JANA2006 [14].

The tetragonal structure as shown in Fig. 1(a) was confirmed
by the PEDT data. Extinction conditions observed on the
sections of the reciprocal space shown in Figs. 1(b)–1(d) are
compatible with the space group P 4/nmm. RTP was used
as a starting structure and refined from the PEDT data using
the dynamical theory of diffraction (“dynamical refinement”)
according to Refs. [15,16]. All four PEDT data sets were
combined to increase the statistics of the refinement and the
coverage of the reciprocal space. Results of the refinement are
summarized in Table I. We measured over four thousand re-
flections in all data sets (Nall) and found Nobs reflections with a
significant intensity. Among model parameters, there are seven
structural parameters (two z/c parameters, three displacement
parameters, and two occupancy factors), an average thickness
of the analyzed area for each of the four datasets and one scaling
parameter per each experimental diffraction pattern giving
in total Nparam ≪ Nobs optimized parameters. Note that data-
to-parameter ratio Nall/Nparam > 10 is required for a reliable
structure determination. The quality of the fit is demonstrated
by the R value [17] of 10.46 and only slightly larger weighted
R value. For atomic positions z/c, we obtain values in a
good agreement with the corresponding values inferred from
x-ray analysis [12]. The occupancy of S3 is found significantly
different from one suggesting that our samples are copper rich.

The key added value of PEDT in the context of this study is
the ability to better distinguish RTP from the inverted structure,
and to this end, the isotropic displacement parameters Uiso(S1)
and Uiso(S3) (also known as ADP) are the most sensitive
indicators. If atomic types are correctly assigned to individual
atomic positions, their values should be approximately equal.
For the S1 and S3 sites in Fig. 1, the ADPs in the RTP model do
have similar values, consistent with previous studies [18,19].
However, they change unfavorably for the inverted tetragonal
phase: The ADP drops (increases) by about 65% for the S1

(S3) site, respectively. This result is consistent with the higher
electron atomic scattering amplitude of Cu (f B

Cu) relative to
Mn (f B

Mn). In other words, RTP seems more consistent with
the electron diffraction data. Note that also the R value in
Table I for the inverted structure is appreciably larger than
for RTP. From this point on, we will focus on the RTP and will
not consider the inverted structure (phase) unless explicitly
stated.

A Mueller matrix ellipsometer JA Woollam RC2 was
employed to acquire experimental spectra of ellipsometric
parameters ! and ". To ensure a sufficiently large ensem-
ble of experimental data necessary for fitting, spectra were
measured at several angles of incidence (55◦,60◦,65◦,70◦).
The experimental data were fitted using the Woollam Comple-
teEase software starting with a model structure of nominally
20-nm-thick CuMnAs layer on GaP substrate and a surface
oxide layer was accounted for, which naturally occurs when
the sample is exposed to air (see Sec. II of Supplemental
Material [12] for details). Optical constants of GaP were taken
from literature [20], while the permittivity of CuMnAs was
parametrized by a combination of Drude, Tauc-Lorentz, and
three Lorentz functions. All parameters were fitted together
with the layer thickness (lCuMnAs) and surface roughness.
The resulting lCuMnAs = 22.6 nm along with a negligible
surface roughness confirm the high level of sample growth
control. Also, the mean square error (MSE) was lower than 1,
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of reports that contributed significantly to the field. Our review
covers most of the major aspects of the field. It surveys both
metals and semiconductors, as well as optical, transport, and
magnetization dynamics experiments. The theory survey
covers most of the relevant microscopic and phenomenologi-
cal modeling, as well as resolutions of earlier controversies.
The reader interested in this field should complement this

reading with other recent reviews. Hoffmann (2013b)
reviewed extensively the transport measurements in metallic
systems. Other focused reviews published recently are
Gradhand et al. (2012), Jungwirth, Wunderlich, and
Olejník (2012), Maekawa and Takahashi (2012), Raimondi
et al. (2012), Valenzuela and Kimura (2012).

II. OVERVIEW

In this section, we provide an overview that starts from the
original seeds of the SHE field and connects afterwards to
the broader context of the phenomenon within spintronics.
The overview is organized as follows: First, we look back to
how the Mott scattering of electron beams in vacuum and the
skew scattering of electrons in FMs germinated into the
prediction of the extrinsic SHE in NMs. Second, we discuss
that in a solid-state system there is in addition an intrinsic
spin-deflection, arising from the internal spin-orbit coupling
forces in a perfect crystal. This key distinction from electrons
in a vacuum makes the spin-dependent Hall physics in
condensed matter systems much richer. We also note here
the connection of this intrinsic mechanism to the quantum
Hall effects. Third, we summarize studies of spin injection and
detection in hybrid FM-NM structures, which were particu-
larly impactful on the research of the SHE. Here, we highlight
dc transport as well as ac ferromagnetic resonance (FMR)
experiments. Finally, we connect the physics of the SHE,
which considers pure spin currents and nonuniform spin
accumulations, to the physics of the spin galvanic effects.
The latter effects represent a seemingly distinct family of
relativistic phenomena relating to the generation or detection
of uniform nonequilibrium spin polarizations. However, as we

point out, the spin Hall and spin galvanic effects can have
common features in their microscopic physical origins and
both can contribute to spin-charge conversion phenomena.
These two relativistic effects are now at the forefront of
current-induced magnetization dynamics research and both
effects also contribute to the reciprocal conversion of mag-
netization dynamics into electrical signals.

A. Spin Hall, anomalous Hall, and Mott polarimetry

In their original work, Dyakonov and Perel (1971b) referred
to the phenomena of Mott scattering (Mott, 1929) and of the
AHE (Hall, 1881) to theoretically predict the extrinsic SHE. In
particular, they pointed out the following: (i) spin-dependent
asymmetric deflection is observed in electron beams in
vacuum due to Mott scattering (Mott, 1929, 1932; Shull,
Chase, and Myers, 1943; Gay and Dunning, 1992). (ii) Mott’s
skew scattering is regarded among the origins of the AHE of
electron carriers in FMs (Karplus and Luttinger, 1954; Smit,
1955, 1958; Berger, 1970; Nagaosa et al., 2010). The two
points imply that under an applied electrical current, asym-
metric spin-dependent deflection should occur in NMs.
Unlike in FMs, NMs in equilibrium have the same number
of spin-up and spin-down electrons and no transverse charge
imbalance will occur. Instead, the SHE generates an edge spin
accumulation that has opposite polarization at opposite edges.
We now explore the Mott scattering seed of the SHE in

more detail. In 1925, the spin of the electron was inferred
indirectly by atomic spectra (Uhlenbeck and Goudsmit, 1925).
Based on the then recently derived Dirac equation (Dirac,
1928), Mott proposed his scattering experiment (Mott, 1929,
1932) to provide direct evidence that spin is an intrinsic
property of a free electron. The ensuing quest for the
experimental verification of Mott scattering (Shull, Chase,
and Myers, 1943) was among the founding pillars of the entire
relativistic quantum mechanics concept. Since Mott scattering
of electron beams from heavy nuclei in a vacuum chamber can
be regarded as the SHE in a non-solid-state environment, the
seeds of the SHE date back to the very foundations of the
electron spin and relativistic quantum mechanics.
Figure 2(a) shows the Mott (1929) double-scattering experi-

ment proposal. First, an unpolarized beam of electrons is
scattered fromheavy nuclei in a target. Because of the relativistic
spin-orbit coupling, large angle (∼90°) scattering from the first
target produces a polarized beam with the spin polarization
transverse to the scattering plane. Scattering of these polarized
electrons from the second target results, again due to the spin-
orbit coupling, in a left-right scattering asymmetry that is
proportional to the polarization induced by the first scattering.
In a complete analogy to the Mott double-scattering effect,

but instead of vacuum now considering a solid-state system,
Hankiewicz et al. (2004) proposed an H-bar microdevice
schematically shown in Fig. 2(b). In the SHE part of the device,
an unpolarized electrical current generates a transverse spin
current due to an effective spin-orbit force Fso that acts on the
carriers. The spin current injected into the second leg generates,
via the ISHE, an electrical current, or in an open circuit
geometry a voltage across the second leg. The first attempt
to implement this H-bar SHE-ISHE experiment was carried out
by Mihajlovic et al. (2009) in gold, but no signature of the spin

magnetic
AHE

SHE
non-magnetic non-magnetic

ISHE

FIG. 1 (color online). An illustration of the connected family of
the spin-dependent Hall effects. In the AHE, a charge current
generates a polarized transverse charge current. In the SHE, an
unpolarized charge current generates a transverse pure spin
current. In the ISHE, a pure spin current generates a transverse
charge current.
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created by the application of a magnetic field and the
spin-dependent Hall effect was separated from the larger
ordinary HE by magnetic resonance of the conduction
electrons (Chazalviel and Solomon, 1972; Chazalviel,
1975). The magnitude of the measured anomalous Hall angles
was of the order of 10−4 for InSb, and of 10−5 for Ge, while its
sign was observed to change depending on the degree of
carrier compensation (InSb) and temperature (Ge). The
change in sign was associated with competing contributions
from the side-jump and skew-scattering mechanisms. The
former was expected to be favored in low mobility samples,
which was confirmed in the experiment.
In the early 1980s, Fert and collaborators studied diluted

magnetic alloys based on nonmagnetic hosts, such as Au and
Cu, and magnetic impurities such as Mn, Fe, or Cr (Fert,
Friederich, and Hamzic, 1981). They found that CuMn
showed negligible skew-scattering effects, but that the
exchange scattering by polarized Mn impurities created a
spin-polarized current. They also noted that the addition of
nonmagnetic impurities to CuMn gave rise to skew scattering
of the polarized current by the unpolarized impurities. By
analyzing variations of the Hall coefficient, they were able to
extract the Hall angle for the nonmagnetic impurities.
They found that they varied from −1.4 × 10−2 for Lu to
−2.6 × 10−2 for Ir.
In another type of AHE measurement, a circularly polarized

beam at the normal incidence to the surface of a bulk
semiconductor was used to excite spin-polarized photoelec-
trons (Bakun et al., 1984; Miah, 2007). These electrons
diffused in the vertical direction from the surface and after
aligning their spins along an axis parallel to the surface by an
applied magnetic field (via Hanle precession), an electrical
voltage was detected in the transverse in-plane direction
(Bakun et al., 1984). Alternatively, the vertically spin-
polarized electrons can be accelerated in the in-plane
direction by an applied electrical bias yielding also a trans-
verse in-plane voltage (Miah, 2007). Since in these experi-
ments the source spin current is accompanied by a diffusive or
drift charge current, the geometry corresponds to the AHE
(see Sec. III.B).

B. Optical tools in spin Hall experiments

1. Optical detection of the spin Hall effect

The experimental discovery of the SHE was prompted by
the intrinsic SHE proposals (Murakami, Nagaosa, and Zhang,
2003; Sinova et al., 2004) which focused on semiconductors
and suggested to utilize the optical activity of these materials
for detecting the SHE. Similar to the original work by
Dyakonov and Perel (1971b), Murakami, Nagaosa, and
Zhang (2003), and Sinova et al. (2004) proposed a circularly
polarized electroluminescence or a spatially resolved
magneto-optical Faraday and Kerr effects. These methods
were indeed used in the first measurements of the phenome-
non. Kato et al. (2004a) employed a magneto-optical Kerr
microscope to scan the spin polarization across the channel
while Wunderlich et al. (2004, 2005) used coplanar p-n
diodes to detect circularly polarized electroluminescence at
opposite edges of the spin Hall channel. Wunderlich et al.

(2004, 2005) ascribed the observed signal to the intrinsic SHE
while Kato et al. (2004a) to the extrinsic SHE.
Kato et al. (2004a) performed the experiments in n-GaAs

and n-In0.07Ga0.93As films grown by molecular-beam epitaxy
on (001) semi-insulatingGaAs substrates. The filmswere doped
with Si with n ¼ 3 × 1016 cm−3 in order to obtain long spin
relaxation lifetimes of τs ∼ 10 ns, which result in spin-diffusion
lengths λsd ¼

ffiffiffiffiffiffiffiffi
Dτs

p
∼ 10 μm. The unstrained GaAs sample

consisted of 2 μm of n-GaAs grown on 2 μm of undoped
Al0.4Ga0.6As, whereas the strained InGaAs sample had 0.5 μm
of n-In0.07Ga0.93As and 0.1 μm of undoped GaAs. Static Kerr
rotationmeasurementswere performed at 30Kwith a pulsed Ti:
sapphire laser tuned to the absorption edge of the semiconductor
with normal incidence to the sample. In this technique, the laser
beam is linearly polarized and the polarization axis of the
reflected beam is determined. The rotation angle is proportional
to the net magnetization along the beam direction.
Figure 15(a) shows a schematic of the experimental

geometry. The epilayers were patterned into 300 × 77 μm2

(GaAs) and n-InGaAs 300 × 33 μm2 (InGaAs) channels. An
electric field was applied along the channel while a magnetic
field B could be applied perpendicular to it in the film plane.
Figure 15(b) shows a two-dimensional scan of the GaAs
sample, which demonstrates the existence of spin accumu-
lation close to the edges. The amplitude of the measured edge
spin polarizations reaches ∼0.1%. The polarization has
opposite sign at the two edges and decreases rapidly with
the distance from the edge as expected for the SHE. This is
clearly seen in the one-dimensional profile in Fig. 15(c).
Further experiments demonstrated the effect of spin (Hanle)

FIG. 15 (color online). Observation of the SHE by the magneto-
optical Kerr microscope. (a) Schematics of the GaAs sample.
(b) Two-dimensional images of the spin density ns (left) and
reflectivity R (right) for an unstrained GaAs sample measured at
temperature 30 K and applied driving electric field
E ¼ 10 mV μm−1. (c) Kerr rotation as a function of x and
external magnetic field Bext for E ¼ 10 mV μm−1. (d) Spatial
dependence of the peak Kerr rotation A0 across the GaAs
channel. From Kato et al., 2004a.
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of antiferromagnetic exchange Hex = �AF · J. This interaction
leads to the ferromagnetic alignment of magnetic moments of
Mn ions and equilibrium polarization of hole spins. If further,
non-equilibrium spin polarization of the holes hJEi is induced, the
interaction of the hole spins with magnetic moments of Mn ions
enables one to control ferromagnetism bymanipulating J. Magnetic
properties of (Ga,Mn)As are thus tightly related to the electronic
properties of GaAs. For example, strain-induced spin anisotropy of
the hole energy dispersion is largely responsible for the magnetic
anisotropy in this material. (Ga,Mn)As, epitaxially grown on the
(001) surface of GaAs, is compressively strained, which results in
magnetization M lying in the plane of the layer perpendicular to
the growth direction, with two easy axes along the [100] and [010]
crystallographic directions22,23. Recently, control of magnetization
by means of strain modulation has been demonstrated24. In this
letter, we use spin–orbit-generated polarization hJEi to manip-
ulate ferromagnetism.

We report measurements on two samples fabricated from
(Ga,Mn)As wafers with different Mn concentrations. The devices
were patterned into circular islands with eight non-magnetic
ohmic contacts, as shown in Fig. 1a and discussed in the Methods
section. In the presence of a strong external magnetic field H,
the magnetization of the ferromagnetic island is aligned with the
field. For weak fields, however, the direction of magnetization
is primarily determined by magnetic anisotropy. As a small field
(5 < H < 20mT) is rotated in the plane of the sample, the
magnetization is re-aligned along the easy axis closest to the field
direction. Such rotation of magnetization by an external field is
demonstrated in Fig. 2. For the current I||[11̄0], the measured Rxy is
positive forM||[100] and negative forM||[010]. Note that Rxy , and
thus also the magnetization, switches direction when the direction
ofH is close to the hard axes [110] and [11̄0], confirming the cubic
magnetic anisotropy of our samples. The switching angles'H =\HI
whereRxy changes sign are denoted as '(i)

H on the plot.
In the presence of both external and spin–orbit fields, we

expect to see a combined effect of Hso +H on the direction of
magnetization. For small currents (a few microamperes) H so ⇡ 0,
and Rxy does not depend on the sign or the direction of the
current. At large d.c. currents, the value of '(i)

H becomes current
dependent and we define 1'(i)

H (I )= '(i)
H (I )�'(i)

H (�I ). Specifically,
for I||[11̄0], the switching of magnetization [010] ! [1̄00] occurs
for I = +0.7mA at smaller '(1)

H than for I = �0.7mA, 1'(1)
H < 0.

For the [01̄0] ! [100] magnetization switching, the I dependence
of the switching angle is reversed, 1'(3)

H > 0. There is no
measurable difference in switching angle for the [1̄00]! [01̄0] and
[100]! [010] transitions (1'(2,4)

H ⇡0).When the current is rotated
by 90� (I||[110]), we observe 1'(2)

H > 0, 1'(4)
H < 0 and 1'(1,3)

H ⇡ 0.
Figure 2c shows that 1'(2)

H (I ) decreases as current decreases and
drops below experimental resolution of 0.5� at I< 50 µA. Similar
data are obtained for sample B (see Supplementary Fig. S4).

The data can be qualitatively understood if we consider an
extra current-induced effective magnetic field Heff, as shown
schematically in Fig. 1b. When an external field H aligns the
magnetization along one of the hard axes, a small perpendicular
field can initiate magnetization switching. For I||[110], the effective
field Heff||[1̄10] aids the [100] ! [010] magnetization switching,
whereas it hinders the [1̄00] ! [01̄0] switching. For '(1)

H ⇡ 90� and
'(3)
H ⇡ 270�, where [010]! [1̄00] and [01̄0]! [100] magnetization

transitions occur, Heff||H does not affect the transition angle,
1'(2,4)

H = 0. For I||[11̄0], the direction of the field Heff||[110] is
reversed relative to the direction of the current, compared with
the I||[110] case. The symmetry of the measured Heff with respect
to I coincides with the unique symmetry of the strain-related
spin–orbit field (Fig. 1c).

The dependence of 1'(i)
H on various magnetic fields and current

orientations is summarized in Fig. 3a,b. Assuming that the angle of
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Figure 2 | Dependence of transverse anisotropic magnetoresistance
on current and field orientation. a,b, Transverse anisotropic
magnetoresistance Rxy as a function of external field direction 'H for
H= 10 mT and current I= ±0.7 mA in sample A. The angles '(i)

H mark
magnetization switchings. c, Magnetization switching between [̄100] and
[01̄0] easy axes for several values of the current.

magnetization switching depends only on the total field Heff +H,
we can extract the magnitude H eff and angle ✓ = \IHeff from
the measured 1'(i)

H , thus reconstructing the whole vector Heff.
Following a geometrical construction shown in Fig. 3d and taking
into account that1'(i)

H is small, we find that

H eff ⇡H sin(1'(i)
H /2)/sin(✓ �'(i)

H )

and ✓ can be found from the comparison of switching at two
angles. We find that ✓ ⇡ 90�, or Heff? I for Ik[110] and Ik[11̄0].
To further test our procedure, we carried out similar experiments
with small current I =10 µAbut constant extramagnetic field �H?I
having the role of Heff. The measured �H (1'H) coincides with
the applied �H within the precision of our measurements. (See
Supplementary Fig. S5.)

In Fig. 3c, H eff is plotted as a function of the average current
density hji for both samples. There is a small difference in the
H eff versus hji dependence for Ik[110] and Ik[11̄0]. The difference
can be explained by considering the current-induced Oersted field
HOe / I in the metal contacts. The Oersted field is localized
under the pads, which constitutes only 7% (2.5%) of the total
area for sample A (B). The Oersted field has the symmetry
of the field shown in Fig. 1d, and is added to or subtracted
from the spin–orbit field, depending on the current direction.
Thus, H eff = H so + HOe for Ik[110] and H eff = H so � HOe for
Ik[11̄0]. We estimate the fields to be as high as 0.6mT under
the contacts at I = 1mA, which corresponds to HOe ⇡ 0.04mT
(0.015mT) averaged over the sample area for sample A (B). These
estimates are reasonably consistent with the measured values of
0.07mT (0.03mT). Finally, we determine H so as an average of H eff

between the two current directions. The spin–orbit field depends
linearly on j, as expected for strain-related spin–orbit interactions:
dH so/dj = 0.53⇥ 10�9 and 0.23⇥ 10�9 T cm2 A�1 for samples A
and B respectively.

We now compare the experimentally measured H so with
theoretically calculated effective spin–orbit field. In (Ga,Mn)As,
the only term allowed by symmetry that generates H so linear
in the electric current is the �" term, which results in the
directional dependence of Hso on j precisely as observed in
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