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Spin Hall effects are a collection of relativistic spin-orbit coupling phenomena in which electrical
currents can generate transverse spin currents and viceversa.Despite being observed only a decade ago,
these effects are already ubiquitous within spintronics, as standard spin-current generators and
detectors. Here the theoretical and experimental results that have established this subfield of spintronics
are reviewed. The focus is on the results that have converged to give us the current understanding of the
phenomena, which has evolved from a qualitative to a more quantitative measurement of spin currents
and their associated spin accumulation. Within the experimental framework, optical-, transport-, and
magnetization-dynamics-based measurements are reviewed and linked to both phenomenological and
microscopic theories of the effect. Within the theoretical framework, the basic mechanisms in both the
extrinsic and intrinsic regimes are reviewed,which are linked to themechanisms present in their closely
related phenomenon in ferromagnets, the anomalous Hall effect. Also reviewed is the connection to the
phenomenological treatment based on spin-diffusion equations applicable to certain regimes, as well as
the spin-pumping theory of spin generation used in many measurements of the spin Hall angle. A
further connection to the spin-current-generating spin Hall effect to the inverse spin galvanic effect is
given, in which an electrical current induces a nonequilibrium spin polarization. This effect often
accompanies the spin Hall effect since they share common microscopic origins. Both can exhibit the
same symmetrieswhen present in structures comprising ferromagnetic and nonmagnetic layers through
their induced current-driven spin torques or induced voltages. Although a short chronological overview
of the evolution of the spin Hall effect field and the resolution of some early controversies is given, the
main body of this review is structured from a pedagogical point of view, focusing on well-established
and accepted physics. In such a young field, there remains much to be understood and explored, hence
some of the future challenges and opportunities of this rapidly evolving area of spintronics are outlined.
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I. INTRODUCTION

Spintronics is a field that jointly utilizes the spin and charge
degrees of freedom to control equilibrium and nonequilibrium
properties of materials and devices (Wolf et al., 2001; Zutic,
Fabian, and Sarma, 2004; Bader and Parkin, 2010). The
generation, manipulation, and detection of spin currents is one
of the key aspects of the field of spintronics. Among the
several possibilities to create and control spin currents, the
spin Hall effect (SHE) has gained a distinct place since its first
observation a decade ago (Kato et al., 2004a; Wunderlich
et al., 2004; Day, 2005; Wunderlich et al., 2005). In the direct
SHE, an electrical current passing through a material can
generate a transverse pure spin current polarized
perpendicular to the plane defined by the charge and spin
current. In its reciprocal effect, the inverse SHE (ISHE), a pure
spin current through the material generates a transverse charge
current. In both cases, the material must possess spin-orbit
coupling.

The SHE borrows its concept from the well-established
anomalous Hall effect (AHE), where relativistic spin-orbit
coupling generates an asymmetric deflection of the charge
carriers depending on their spin direction (Nagaosa et al.,
2010). The AHE can be detected electrically in a ferromagnet
(FM) via a transverse voltage because of the difference in
population of majority and minority carriers. The generali-
zation of this effect to a pure spin current generated by the
SHE in a nonmagnetic material (NM) was proposed over four
decades ago (Dyakonov and Perel, 1971b) based on the idea
of asymmetric Mott scattering (Mott, 1929). This so-called
extrinsic SHE remained unexplored until recent proposals that
put forward a similar prediction (Hirsch, 1999; Zhang, 2000)
as well as the possibility of a strong intrinsic SHE (Murakami,
Nagaosa, and Zhang, 2003; Sinova et al., 2004).
The initial challenge for SHE detection was primarily

the lack of direct electrical signals; therefore initial experi-
ments detected it by optical means, in both the extrinsic
regime (Kato et al., 2004a) and the intrinsic regime
(Wunderlich et al., 2004, 2005). The ISHE was detected
soon thereafter by Saitoh et al. (2006), Valenzuela and
Tinkham (2006), and Zhao et al. (2006). Early measurements
were mostly qualitative. However, more accurate quantitative
measurements of spin Hall angles have been established in
later experiments through the aid of FM detectors in static or
dynamic magnetization regimes, and a much firmer situation
has arisen in the field.
Adding to this flurry of activity and increased understanding,

recent experiments in magnetic structures have aimed to use
spin currents injected from an adjacent spin Hall NM for spin-
transfer torque (STT) switching of a FM (Miron, Garello et al.,
2011; Liu, Pai, Li, et al., 2012). In addition to this SHE-induced
torque, there is also a spin-orbit torque (SOT) (Bernevig and
Vafek, 2005; Chernyshov et al., 2009), which is generated via
the inverse spin galvanic effect (ISGE) (Belkov and Ganichev,
2008). In the ISGE, a charge current can generate a non-
equilibrium uniform spin polarization via spin-orbit coupling
and it is often a companion effect to the spin current generating
SHE (Kato et al., 2004a, 2004b; Wunderlich et al., 2004,
2005). These results underscore the relevance of the SHE for
applications.
As mentioned, the SHE borrows directly from the physics

and mechanisms of the AHE and correspondingly much of
their descriptions are parallel. The family of the AHE, SHE,
and ISHE is illustrated in Fig. 1. The important caveat is that,
unlike the AHE which correlates charge degrees of freedom
via relativistic spin-orbit interaction, the SHE and ISHE
correlate the charge degree of freedom, a conserved quantity,
and the spin degree of freedom, a nonconserved quantity
subject to decay and dephasing.
The aim of this review is to survey the rapid developments

of the SHE field, to give an overview of its current exper-
imental understanding, the basic theoretical tools that are
being applied to describe it and their current level of success
and limitations, the connection to important related phenom-
ena, as well as the potential of the SHE for applications,
particularly in the area of magnetization dynamics.
Given the enormous volume of work that has been

published in just a decade, we can only highlight a selection
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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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Hall effects was observed. The first successful experiment was
realized in a NM semiconductor by Brüne et al. (2010).
InFig. 2(c),we showanearlier variant of the double-scattering

experiment proposed by Hirsch (1999) for observing the SHE-
ISHE in a solid-state device. Instead of considering the spin
current produced directly by the charge current via the SHE,
Hirsch focused on the edges of the SHE part of the sample. Here,
the transverse spin current accumulates, forming a nonequili-
brium spin polarization of opposite sign at the two opposite
edges. In NMs, the nonequilibrium spin polarization corre-
sponds to a splitting of the spin-up and spin-down chemical
potentials. When connecting the two edges, the gradient of the
spin-dependent chemical potentials will generate a circulating
spin current which is then detected by the ISHE spin current
meter inserted into the closed spin-current circuit. The idea for
the experiment was borrowed from the ordinary Hall effect (HE)
in which opposite charge accumulates at opposite edges due to
the Lorentz force, and the resulting electrochemical potential
gradient generates a circulating charge current when the two
edges are connected in the closed circuit geometry.

Realizing the Hirsch (1999) SHE-ISHE device remains a
challenge. Similarly to the Hankiewicz et al. (2004) design
directly copying the Mott double-scattering experiment, the
wires connecting the SHE and ISHE parts of Hirsch’s device
have to be shorter than the characteristic spin-conserving length
scale. The spin-orbit coupling required for the SHE-ISHE in the
first place, however, tends to make the spin lifetime short. The
additional complication is that the spin-orbit coupling also
limits, again via the finite spin lifetime, the width of the sample
edge with nonzero spin accumulation from which the spin
current is extracted in Hirsch’s device proposal.
While difficult to realize experimentally, Hirsch’s concept is

stimulating for comprehending the general key distinctions
between charge and spin current. Electron charge is a con-
served quantity but its spin direction is not conserved. In the
charge HE, the difference between electrochemical potentials
at the edges determines the uniform charge current which in
steady-state flows through the closed circuit. In the SHE, on the
other hand, the spin current in the connecting wire of Hirsch’s
device is not uniform and is not determined by the difference
between the spin-dependent chemical potentials at the left and
right edges. It is determined by the local gradient of the spin-
dependent chemical potentials which vanishes (i.e., the spin
current also vanishes) on the length scale given by the spin
lifetime. As long as the connecting wire is longer than the
characteristic spin-conserving length scale, there is no differ-
ence between a closed and an open spin-current circuit.
Hirsch’s concept also points to the general applicability of

the ISHE as an electrical spin detector. Even in electrically
open circuits, the nonconserving, nonuniform spin current can
still flow. It is then readily separated from the charge current
and can be detected by the ISHE. The Mott polarimetry of
electron beams in vacuum chambers and AHE polarimetry of
charge currents in itinerant magnets is, therefore, comple-
mented by the ISHE polarimetry of pure spin currents.
A spin current in a NM of any origin (not only of the SHE

origin) can be detected by the ISHE. Indeed, ISHE detectors
of pure spin currents became a standard measurement tool.
They led to, e.g., the discovery of the spin Seebeck effect
(Uchida et al., 2008, 2010; Jaworski et al., 2010) and helped
establish the emerging field of spin caloritronics (Bauer,
Saitoh, and van Wees, 2012).
Given the inherent challenges in realizing Hirsch’s device,

it is not surprising that experimentalists initially avoided
attempts to perform the SHE-ISHE double-scattering experi-
ments and that the first observations of the SHE (Kato et al.,
2004a; Wunderlich et al., 2004, 2005) and ISHE (Saitoh et al.,
2006; Valenzuela and Tinkham, 2006; Zhao et al., 2006) were
made separately. When the Hankiewicz et al. (2004) H-bar
microdevice was eventually realized in experiment by Brüne
et al. (2010), both the SHE and ISHE had already been
established independently.

B. Intrinsic spin Hall and quantum Hall effects

Remarkably, the H-bar experiment (Brüne et al., 2010)
discussed in the previous section was performed in a ballistic
transport regime where the picture of Mott scattering, single or
double, did not apply. A fundamental physics principle makes
the SHE in solid-state systems richer than in the Mott electron

beam 
(a)

(b)

(c)

FIG. 2 (color online). (a) Schematics of the Mott (1929) original
double-scattering proposal, (b) SHE-ISHE analog of Mott double
scattering in Hankiewicz et al. (2004) H-bar device, (c) SHE (left)
and ISHE (right) wired as proposed by Hirsch (1999). Instead of
directly injecting a spin current generated in the SHE part of the
experiment, as suggested byMott and byHankiewicz et al., Hirsch
considered that the pure spin current is generated from the opposite
spin accumulations at the edges of the SHE part of the “double-
scattering” device. The effective spin-orbit force that deflects the
spins in the SHE-ISHE is represented by straight black arrows
acting on the carriers. (a) Adapted from Gay and Dunning, 1992.
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beams scattered from spin-orbit-coupled targets in vacuum
chambers. For electrons moving in a crystal, a transverse spin-
dependent velocity can be generated by the relativistic spin-
orbit field of a perfect crystal even in the absence of scattering.
The roots of this intrinsic SHE are clearly distinct from the
Mott (skew) scattering AHE and from the Mott scattering of
free electron beams.
The reactive term responsible for the intrinsic SHE is akin

to the ordinary HE in which the transverse deflection of
electrons is a reaction to the Lorentz force of the applied
magnetic field acting on the moving carriers [see Fig. 3(a)]. In
strong magnetic fields, the quantum Hall effect (QHE)
provides a disorder-independent measure of the quantum
conductance e2=h. The integer multiples of e2=h observed
in the QHE correspond to the number of occupied dissipa-
tionless chiral edge states in the conductor [see Fig. 3(b)].
Besides the externally applied Lorentz force, electrons

moving in a crystal can experience an internal spin-orbit
force. The effect was first recognized in FMs where it
generates the intrinsic AHE [see Fig. 3(a)] (Karplus and
Luttinger, 1954; Jungwirth, Niu, and MacDonald, 2002;
Onoda and Nagaosa, 2002). Murakami, Nagaosa, and
Zhang (2003) and Sinova et al. (2004) predicted that the
same spin-orbit force derived directly from the relativistic
band structure of a NM can induce the SHE without involving
Mott scattering [see Fig. 3(c)]. The first experimental obser-
vations confirmed that the SHE can indeed have the two
distinct origins. While Wunderlich et al. (2004, 2005) ascribed
the circularly polarized luminescence signal from the edge of
the p-GaAs sample to the intrinsic SHE, Kato et al. (2004a)
detected an edge Kerr rotation signal in n-GaAs due to the
extrinsic, skew-scattering SHE.
Following the discovery of the phenomenon, SHE experi-

ments in semiconductors using optical spin detection have
explored the basic phenomenologies of the extrinsic and
intrinsic SHEs (Kato et al., 2004a; Wunderlich et al., 2004,
2005; Nomura et al., 2005; Sih et al., 2005, 2006; Stern et al.,

2006, 2007; Chang et al., 2007; Matsuzaka, Ohno, and Ohno,
2009). They also demonstrated the potential of the SHE as a
spin-current source (Sih et al., 2006). The experimental
observation of the ISHE in a semiconductor was performed
by a two-color optical excitation technique with perpendicular
linear polarizations (Zhao et al., 2006). The spin current
produced by the laser excitation is transferred due to the ISHE
into a transverse electrical current, resulting in a spatially
dependent charge accumulation which was detected by the
optical transmission signal of a probe laser beam. These all-
optical measurements were eventually performed on time
scales shorter than the scattering time and provided a direct
demonstration of the intrinsic SHE signal (Werake, Ruzicka,
and Zhao, 2011).
The intrinsic SHE proposal triggered an intense theoretical

debate which is summarized in several review articles
(Murakami, 2006; Engel, Rasbha, and Halperin, 2006;
Schliemann, 2006; Sinova et al., 2006; Sinova and
MacDonald, 2008; Culcer, 2009; Hankiewicz and Vignale,
2009; Vignale, 2010; Raimondi et al., 2012). Combined with
the established physics of the dissipationless QHE, the
intrinsic SHE led to the prediction and subsequent exper-
imental verification of the quantum spin Hall effect (QSHE) in
a HgTe 2D system (Murakami, Nagaosa, and Zhang, 2004;
Kane and Mele, 2005; Bernevig, Hughes, and Zhang, 2006;
König et al., 2007; Hasan and Kane, 2010). In the time-
reversal symmetric QSHE, the chiral edge states of the QHE
are replaced by pairs of helical spin-edge states [see
Fig. 3(d))]. This leads to a 2e2=h quantization of the observed
transport signal (König et al., 2007) and resistance values in
nonlocal experiments that can be expressed as specific integer
fractions of the inverse conductance quanta (Büttiker, 2009;
Roth et al., 2009). The QSHE initiated the new research field
of topological insulators (Hasan and Kane, 2010; Moore,
2010). In this context, we also point out the connection of the
spin Hall phenomena to the research of 2D systems with spin
and pseudospin degrees of freedom, including graphene and
layered transition-metal dichalcogenides (Avsar et al., 2014;
Qian et al., 2014; Xu et al., 2014).

C. Spin Hall effect and magnetic multilayers

Among the early SHE device proposals, Zhang (2000)
suggested to electrically detect the edge spin accumulation
produced by the SHE using an attached FM probe (Silsbee,
1980; Johnson and Silsbee, 1985). In a broader context, the idea
of connecting the SHEwith themoremature fieldwhich utilized
FMs for injection and detection of spins in NMs fueled
numerous studies of fundamental importance for the SHE field.
Electrical spin injection from a FM contact and electrical
observation of the ISHE on a Hall cross patterned in the NM
was demonstrated by Valenzuela and Tinkham (2006).
The original proposal by Zhang (2000) was first demon-

strated in metal spin Hall devices by Kimura et al. (2007).
They showed that the same NM electrode attached to the FM
can generate the SHE or the ISHE, i.e., can be used as an
electrical spin injector or detector (Valenzuela and Tinkham,
2006; Kimura et al., 2007; Vila, Kimura, and Otani, 2007;
Seki et al., 2008; Mihajlovic et al., 2009).

FIG. 3 (color online). Schematics of the HE and the AHE (a), the
QHE (b), the SHE (c), and the QSHE (d). In the HE and QHE, the
carrier deflection is a reaction to the Lorentz force. In the cases of
the intrinsic AHE, SHE, and QSHE, the carriers experience an
internal spin-orbit force.
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Compared to metals, semiconductor spin transport
devices with FM metal electrodes can suffer from the problem
of the resistance mismatch, which hinders efficient spin
transport across the interface (Schmidt et al., 2000). The
introduction of a highly resistive tunnel barrier between the
FM metal electrode and the semiconductor channel solves
this problem (Rasbha, 2000; Lou et al., 2007) and FM
tunnel contacts were successfully used to detect the SHE-
induced spin-accumulation in a semiconductor (Garlid et al.,
2010). Similarly, an electrical spin injection from a FM-
semiconductor tunnel contact was used to demonstrate, side
by side, the electrical spin detection by the ISHE and by the
FM electrode (Olejník et al., 2012).
Using FMs contributed significantly to the basic under-

standing of the SHE. Apart from the transport measurements,
NM-FM hybrid structures also allow one to combine the SHE
physics with the field of magnetization dynamics. The ISHE
and SHE can be investigated using spin pumping (SP) and
other related dynamic methods in structures comprising FMs
and NMs, as illustrated in Fig. 4 (Saitoh et al., 2006; Ando
et al., 2008, 2009; Mosendz, Pearson et al., 2010; Mosendz,
Vlaminck et al., 2010; Czeschka et al., 2011; Liu et al., 2011;
Miron, Garello et al., 2011; Liu, Pai, Li et al., 2012; Saitoh
and Ando, 2012; Bai et al., 2013; Wei et al., 2014). In return,
the SHE was found to provide efficient means for injecting
spin currents into the FM, generating the STT (Ralph and
Stiles, 2008), and by this electrically controlling magnetiza-
tion in FMs with potential applications in spintronic infor-
mation technologies (Miron, Garello et al., 2011; Miron et al.,
2011; Liu, Pai, Li et al., 2012; Emori et al., 2013; Ryu et al.,
2013). Moreover, the ISHE detection of pure spin currents did
not remain limited to NMs but is now used also in FMs (Miao
et al., 2013; Azevedo et al., 2014) and antiferromagnets
(Freimuth, Blügel, and Mokrousov, 2010; Mendes et al.,
2014; Zhang et al., 2014).
In general, when SHE-induced torques in the adjacent FM

are considered in the description of the dynamic magnetiza-
tion (the Landau-Lifshitz-Gilbert equation), two types of
torques can occur. An (anti-)damping-like torque which has
the same functional shape as the Gilbert damping term (and

thus can manifest itself in an increased or decreased Gilbert
damping) and a field-like term which alters the magnetic
energy landscape and can be observed as a shift of the
resonance line in a FMR experiment. FMR allows the
determination of the total internal magnetic field in a sample
as well as investigation of dissipation. Thus, in principle
FMR-like techniques enable determination of field-like and
(anti-)damping-like contributions of SHE-induced torques.
If these current-induced torques arise only from the

absorption of the spin current generated by the SHE in the
NM, the analysis of field-symmetric and field-antisymmetric
contributions of the detected dc output voltage at FMR allows
for a quantitative determination of the strength and symmetry
of the SHE-induced torques, as well as the spin Hall angle of
the NM.
Note that the torque can induce not only the small-angle

FMR precession but the lateral current along a NM-FM
interface can also drive domain walls (Miron et al., 2011;
Emori et al., 2013; Haazen et al., 2013; Ryu et al., 2013) or
switch the magnetization in the FM (Miron, Garello et al.,
2011; Liu, Pai, Li et al., 2012). This may have practical
implications for designing domain-wall based memories or for
three-terminal magnetic tunnel junction bits with the lateral
writing current decoupled from the perpendicular readout
current.

D. Spin Hall effect, spin galvanics, and spin torques

From the early experiments with the relativistic torques, it
was realized that the SHE is not the only possible mechanism
responsible for torques induced by the lateral current in the
NM-FM bilayers (Manchon et al., 2008). The interface breaks
the structural inversion symmetry which implies that the SHE-
STT can be accompanied by another microscopic mechanism.
Its origin is in the so-called spin galvanic phenomena that
were explored earlier in inversion-asymmetric NMs (Ivchenko
and Ganichev, 2008). In the picture discussed in the previous
section, the spin current generated in the NM via the
relativistic SHE is absorbed in the FM and induces the
STT. In the competing scenario, a nonequilibrium spin density
of carriers is generated in inversion-asymmetric systems via
the relativistic ISGE (Ganichev et al., 2004; Kato et al.,
2004b; Silov et al., 2004; Wunderlich et al., 2004, 2005;
Belkov and Ganichev, 2008; Ivchenko and Ganichev, 2008).
A SOT is then directly induced if the carrier spins are
exchange coupled to magnetic moments (Bernevig and
Vafek, 2005; Manchon et al., 2008; Chernyshov et al.,
2009; Miron et al., 2010).
From the early observations in nonmagnetic semiconduc-

tors, SHE and ISGE are known as companion phenomena,
both allowing for electrical alignment of spins in the same
structure (Kato et al., 2004a, 2004b; Wunderlich et al., 2004,
2005). Hand in hand, SHE and ISGE evolved from subtle
academic phenomena to efficient means for electrically
reorienting magnets. Understanding the relation between
the spin Hall and spin galvanic phenomena is, therefore,
important not only from the basic physics perspective but has
also practical implications for spintronic devices.
The term spin galvanic effect (SGE) is derived from the

analogy to the galvanic (voltaic) cell. Instead of a chemical

FIG. 4 (color online). Illustration of the SP spin-current gen-
eration by magnetization dynamics from a FM into a NM. From
Ando et al., 2011b.
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reaction, however, it is the spin polarization that generates an
electrical current (voltage) in the SGE. Inversely, an electrical
current generates the spin polarization in the ISGE.
Following theoretical predictions of the phenomena

(Ivchenko and Pikus, 1978; Aronov and Lyanda-Geller,
1989; Ivchenko, Lyanda-Geller, and Pikus, 1989; Edelstein,
1990; Malâshukov and Chao, 2002; Inoue, Bauer, and
Molenkamp, 2003), it was the SGE that was initially observed
in an asymmetrically confined two-dimensional electron gas
(2DEG) in a GaAs quantum well (Ganichev et al., 2002). The
key signature of the SGE is the electrical current-induced by a
nonequilibrium, but uniform, polarization of electron spins.
The microscopic origin of the effect is illustrated in Fig. 5. In
the nonequilibrium steady state, the spin-up and spin-down
subbands have different populations, induced in the Ganichev
et al. (2002) experiment by a circularly polarized light
excitation. Simultaneously, the two subbands for spin-up
and spin-down electrons are shifted in momentum space
due to the inversion asymmetry of the semiconductor struc-
ture, which leads to an inherent asymmetry in the spin-flip
scattering events between the two subbands. This results in the
flow of the electrical current.
A microscopic picture of the ISGE is illustrated in Fig. 6.

The uniform nonequilibrium spin density occurs as a conse-
quence of an electric-field and scattering induced redistribution
of carriers on the Fermi surface whose texture of spin expect-
ation values has a broken inversion symmetry. For the Rashba
spin-orbit coupling, illustrated in Fig. 6 for one chirality, the
uniform in-plane spin polarization is perpendicular to the
applied electrical current.

Initial observations of the ISGE were made in parallel with
the initial SHE experiments, in both cases employing the Kerr-
Faraday magneto-optical detection methods or circularly
polarized luminescence (Ganichev et al., 2004; Kato et al.,
2004a, 2004b; Silov et al., 2004; Wunderlich et al., 2004,
2005; Belkov and Ganichev, 2008; Ivchenko and Ganichev,
2008). Kato et al. (2004a, 2004b) observed the SHE and ISGE
in the same strained bulk n-InGaAs sample and Wunderlich
et al. (2004, 2005) detected the two effects in the same
asymmetrically confined 2D hole gas (2DHG) in a AlGaAs/
GaAs heterostructure.
Subsequently, it was predicted (Bernevig and Vafek, 2005)

and experimentally verified (Chernyshov et al., 2009) that the
ISGE can generate relativistic SOTs in a ferromagnetic semi-
conductor (Ga,Mn)As with broken inversion symmetry in the
strained crystal structure of a thin film sample. The reciprocal
relativistic effect converting magnetization dynamics into a
charge signal has also been observed in this inversion-
asymmetric (Ga,Mn)As material (Ciccarelli et al., 2014).
In the NM-FM bilayers with broken structural inversion

symmetry, both the SHE- and ISGE-based mechanisms have
been found to contribute to the relativistic spin torques
(Manchon et al., 2008; Miron et al., 2010; Pi et al., 2010;
Miron, Garello et al., 2011; Suzuki et al., 2011; Garello et al.,
2013; Kim et al., 2013; Pai et al., 2014). Similarly to the bulk
inversion-asymmetric materials, in the structurally asymmet-
ric NM-FM bilayers the reciprocal effects converting mag-
netization dynamics into charge signals have been observed
and attributed to the ISHE and SGE (Saitoh et al., 2006;
Rojas-Sánchez, Vila et al., 2013).
As mentioned, the SHE and the Mott scattering of free

electron beams can have the same extrinsic skew-scattering
origin (captured by the second-order Born approximation).
Moreover, in condensed matter systems, the SHE can arise
from the spin-dependent transverse deflection induced by the
intrinsic spin-orbit coupling in a perfect crystal with no
impurities. We also mentioned that this intrinsic SHE has
its direct counterpart in systems with broken time-reversal
symmetry in the intrinsic AHE.

E

k0 kk xx x- +

+1/2 y-1/2 y

FIG. 5. Microscopic origin of the spin galvanic current in the
presence of k-linear terms in the electron Hamiltonian. The σykx
term in the Hamiltonian splits the conduction band into two
parabolas with the spin �1=2 in the y direction. If one spin
subband is preferentially occupied, for example, by spin injection
(the j − 1=2iy states shown in the figure) asymmetric spin-flip
scattering results in a current in the x direction. The rate of spin-
flip scattering depends on the value of the initial and final k
vectors. There are four distinct spin-flip scattering events pos-
sible, indicated by the arrows. The transitions sketched by dashed
arrows yield an asymmetric occupation of both subbands and
hence a current flow. If, instead of the spin-down subband, the
spin-up subband is preferentially occupied the current direction is
reversed. From Ganichev et al., 2002.
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FIG. 6 (color online). Left panel: Rashba spin texture for one of
the chiral states in equilibrium with zero net spin density. Right
panel: nonequilibrium redistribution of eigenstates in an applied
electric field resulting in a nonzero spin density due to broken
inversion symmetry of the spin texture. The opposite chirality
spin texture with lower Fermi wave vector is not drawn for clarity.
This reversed chirality will give and opposite but lower con-
tribution to the one shown, hence not changing the basic physics
illustrated here.
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The spin galvanic phenomena, on the other hand, are tradi-
tionally considered to originate in NMs only from extrinsic
origins (seen already in the first-order Born approximation
scattering). Nevertheless, the physics of the SHE, AHE, spin
galvanics, and relativistic spin torques can be entangled even
when considering the intrinsic effects. In Fig. 7we illustrate that
the same current-induced reactivemechanism that generates the
transverse spin current in the intrinsic SHE can induce a uniform
spin polarization, i.e., a signature characteristic of the ISGE, in
systems with broken space and time-reversal symmetry.
Relativistic SOTs generated by the nonequilibrium uniform
spin polarization of this intrinsic origin were identified in the
FM semiconductor (Ga,Mn)As (Kurebayashi et al., 2014).
Current-induced torques generated by the companion spin

Hall and spin galvanic phenomena are not limited to magnets
with FM order. In antiferromagnets, the SHE- or ISGE-
induced effective fields can have a microscopically staggered
nature, i.e., can alternate in sign between the antiferromag-
netic spin sublattices, and by this couple strongly to the Néel
magnetic order (Železný et al., 2014). Since external magnetic
fields couple weakly to antiferromagnetic moments, the
electrically generated staggered fields are rather unique in
providing efficient means for the manipulation of antiferro-
magnets (Wadley et al., 2015).

III. THEORY OF THE SPIN HALL EFFECT

The SHE is a prime example of a field germinated directly
from several key theoretical predictions and one which needed

the correct timing to come to its full life. It all began with the
seminal prediction of the extrinsic SHE by Dyakonov and
Perel (1971b) based on a phenomenological theory that
considered the consequences of chiral Mott scattering in a
solid-state system. This prediction laid dormant for almost
three decades until Hirsch (1999) and Zhang (2000) made a
similar prediction, but at a time that the nascent field of
spintronics could fully exploit the notion of the SHE.
Shortly after this, Murakami, Nagaosa, and Zhang (2003)

and Sinova et al. (2004) predicted the intrinsic SHE based on
linear response microscopic theories of strong spin-orbit-
coupled materials. It is perhaps at this point that the field
of SHE surged forward in a flurry of enormous theoretical
activity, later on culminating in the parallel discoveries of the
extrinsic (Kato et al., 2004a) and intrinsic (Wunderlich et al.,
2004, 2005) SHE.
The theories of the SHE have naturally emerged from the

theory of the AHE. However, the ever-present key difference
between the SHE and the AHE is that spin, unlike charge, is
not a conserved quantity in most cases. This makes the
examination of experiments and predictions more involved
in the case of the SHE.
In the initial predictions of the extrinsic SHE, this was dealt

with by writing down phenomenological theories based on
coupled spin-charge drift-diffusion equations derived from
symmetry considerations. The approach is well justified in
the weak spin-orbit-coupling regime (Dyakonov and Perel,
1971b; Hirsch, 1999; Zhang, 2000; Dyakonov and Khaetskii,
2008). However, within the strong spin-orbit-coupling regime,
the dominant coherent effects of the intrinsic SHE are more
difficult to couple to such phenomenological theories. This is
particularly relevant for heavy transition metals.
It is within this strong spin-orbit-coupling regime that the

AHE has made its furthest progress within the last decade. The
intrinsic, skew-scattering, and side-jump mechanisms that
give rise to the AHE were initially introduced and defined
only through the nonsystematic semiclassical formalism. This
did not allow for a direct application of fully microscopic
computational approaches to calculate the effect in real
materials. Over the last decade, a more systematic approach
has been followed that aimed at reaching agreement in
nontrivial models using different linear response formalisms.
This has led to a better established, microscopic-theory
description of the mechanisms that is applicable to ab initio
computational techniques of complex materials (Sinitsyn
et al., 2007; Kovalev, Sinova, and Tserkovnyak, 2010;
Nagaosa et al., 2010).
We spend the first part of Sec. III.A defining and explaining

each of the contributions and their origins in the more modern
parsing of the spin-dependent Hall transport theory. We will
try to clarify, in particular, the typical misconceptions that
sometimes linger in the literature regarding which aspect of
the spin-orbit coupling—within the crystal itself or within the
disorder potential—contributes to each mechanism. We bor-
row in this part extensively from Nagaosa et al. (2010) and
direct the interested reader to this previous review for detailed
explanations of the different linear response theories and the
resolution of some of the historical controversies.
We follow in Sec. III.B with a description of the phenom-

enological spin-charge drift-diffusion equations that are often

ky ky

kyky

kx kx

kx
kx

J

J

(a) (b)

(c) (d)

FIG. 7 (color online). (a) A model equilibrium spin texture in a
2D Rashba spin-orbit-coupled system with spins (thick arrows)
pointing perpendicular to the momentum. (b) In the presence of
an electrical current along the x direction the Fermi surface
(circle) is displaced along the same direction. When moving in
momentum space, electrons experience an additional spin-orbit
field (thin arrows). In reaction to this nonequilibrium current-
induced field, spins tilt up for ky > 0 and down for ky < 0,
creating a spin current in the y direction. (c) A model equilibrium
spin texture in a 2D Rashba spin-orbit-coupled system with an
additional time-reversal symmetry breaking exchange field of a
strength much larger than the spin-orbit field. In equilibrium, all
spins in this case align approximately with the direction of the
exchange field. (d) The same reactive mechanism as in (b)
generates a uniform, nonequilibrium out-of-plane spin polariza-
tion. Adapted from Sinova et al., 2004 and Kurebayashi
et al., 2014.
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used to fit experiments. These equations are symmetry based
and their phenomenological parameters are often extracted
from fits to experiments.
Because of the challenge of merging the strong spin-orbit-

coupled microscopic theories and the phenomenological weak
spin-orbit-coupling theories, one of the more popular models
that is used to describe the SHE is based on a simple
Hamiltonian in which the spin-orbit coupling is only present
in the disorder potential. We discuss such a model in
Sec. III.C. This theory has the benefit of having a single
parameter—the strength of the spin-orbit coupling of the
disorder potential. The parameter can be fitted to the spin-
diffusion length and from this the value of the SHE can be
estimated (Zhang, 2000; Crépieux and Bruno, 2001; Engel,
Halperin, and Rashba, 2005; Maekawa and Takahashi, 2012).
However, as seen by comparing to experiment, this model
gives sensible results in the weak spin-orbit-coupling regime
but misses the coherent effects of the band structure in
strongly spin-orbit-coupled materials.
In Sec. III.D, we discuss in detail the theory of SP and how

it is utilized to measure the ISHE and the spin Hall angle. The
theory of SP introduces the concept of the spin-mixing
conductance (Tserkovnyak, Brataas, and Bauer, 2002a),
another parameter borrowed from the weak spin-orbit-coupled
systems, which is at present often used in analyzing mag-
netization-dynamics experiments in connection to the physics
of the SHE (Saitoh et al., 2006). Besides introducing the basic
concepts of SP and its connection to the measurements of the
ISHE, we discuss the range of assumptions and limits which
are often used when analyzing experiments.
In Sec. III.E, we present the formalism primarily used in the

strong spin-orbit-coupled systems. The formalism is based in
the Kubo formula and exploited successfully in transition
metals (Tanaka et al., 2008; Freimuth, Blügel, and
Mokrousov, 2010). Calculations seem to indicate that for
these metals the principal contribution, as in the AHE, arises
from the intrinsic deflection mechanism.

A. Mechanisms of the spin Hall effect

The spin-dependent Hall effects (AHE, SHE, and ISHE)
originate from three distinct microscopic mechanisms that
they all share: the skew, the side jump, and the intrinsic
mechanisms. The mechanisms are caused by coherent band
mixing effects induced by the external electric field and the
disorder potential. This makes them more complex than the
simpler single-band diagonal transport.
As with other coherent interference transport phenomena,

they cannot be directly explained using traditional semi-
classical Boltzmann theory. It is then not surprising that the
original proposals based on semiclassical theory for the
intrinsic, skew-scattering, and side-jump mechanisms brought
insightful new concepts, as well as seeds for ensuing con-
troversies in the debate over the quantum-mechanical micro-
scopic origins of the AHE and SHE.
There exists now a more modern, stricter definition of the

mechanisms within microscopic theories. However, to keep
continuity and not create further confusion, this more modern
approach has inherited the already established lexicon [see
Nagaosa et al. (2010), Sec. IV].

The new parsing of the microscopic mechanisms is based
on both experimental and microscopic-transport theory con-
siderations, rather than on the identification of one particular
effect within semiclassical theory. The justification here is, of
course, primarily on the AHE, not the SHE. For the SHE, the
spin Hall conductivity and its consequences have to be
ultimately coupled to the spin accumulation that it induces
and can therefore depend on the method of measurement. In
other words, depending on the measurement, the spin accu-
mulation induced by the SHE may vary, e.g., in nonlocal
transport measurements versus FMR-based measurements.
As mentioned in the introduction of Sec. III, the key recent

development that led to a better understanding of the mech-
anisms was linking directly the semiclassical and microscopic
theory of spin-dependent Hall transport. This link between the
semiclassically defined processes and their fully equivalent
mutliband microscopic theories was established by fully
generalizing the Boltzmann transport theory to take interband
coherence effects into account (Sinitsyn et al., 2007; Nagaosa
et al., 2010).
Based on what we have learned from the AHE, a very

natural classification of contributions is to separate them
according to their dependence on the transport lifetime τ.
This classification is directly guided by experiment and by the
microscopic theory of metals. Within the metallic regime,
disorder is treated perturbatively and higher order terms vary
with a higher power of the quasiparticle scattering rate τ−1. As
we discuss, it is relatively easy to identify contributions to the
anomalous or spin Hall conductivity σHxy, which vary as τ1 and
as τ0. In experiments of the AHE, a similar separation can
sometimes be achieved by plotting σxy vs the longitudinal
conductivity σxx ∝ τ, when τ is varied by altering disorder or
varying temperature.
However, it is important to note that several microscopically

distinct contributions can share the same τ dependence
(Sinitsyn et al., 2007; Sinitsyn, 2008). The contribution
proportional to τ1 we define as the skew-scattering contribu-
tion, σH−skew

xy . The second contribution proportional to τ0 (or
independent of σxx) we further separate into two terms:
intrinsic and side jump.
The first term arises from the evolution of spin-orbit-coupled

quasiparticles as they are accelerated by an external electric field
in the absence of disorder. The second termarises from scattering
events from impurities that do not include the skew-scattering
contribution. This then leaves a unique definition for the side-
jump term, as σH−sj

xy ≡ σHxy − σH−skew
xy − σH−int

xy .
We further describe these contributions below. We note that

the above definitions have not relied on linking the terms to
semiclassical processes such as side-jump scattering (Berger,
1970) or skew scattering from asymmetric contributions to the
semiclassical scattering rates (Smit, 1958), as was done in
earlier theories.
The ideas explained briefly in this section are substantiated

in the recent review by Nagaosa et al. (2010), which analyzes
the tendencies in the AHE data of several material classes and
extensively discusses the AHE theory. The extensions to the
other spin-dependent Hall effects, such as SHE and ISHE,
require the coupling of these spin-current generating mech-
anisms to spin-charge drift-diffusion transport equations that
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are appropriate to describe the particular experiment, be it
optical or electrical.

1. Intrinsic mechanism

Among the three contributions, the easiest to evaluate
accurately and the one that has dominated most theoretical
studies is the intrinsic contribution. There is a direct link of the
intrinsic effect to the semiclassical theory in which the
induced interband coherence is captured by an anomalous
velocity arising from a momentum-space Berry phase.
In the context of the AHE, this contribution was first

derived by Karplus and Luttinger (1954) but its topological
nature was not fully appreciated until recently (Jungwirth,
Niu, and MacDonald, 2002; Onoda and Nagaosa, 2002). The
work of Jungwirth, Niu, and MacDonald (2002) was moti-
vated by the experimental importance of the AHE in FM
semiconductors and also by the analysis of the relationship
between momentum-space Berry phases and anomalous trans-
verse velocities in semiclassical transport theory (Sundaram
and Niu, 1999; Xiao et al., 2010). Its connection to the SHE
was described by Murakami, Nagaosa, and Zhang (2003) and
Sinova et al. (2004).
The intrinsic contribution to the spin Hall conductivity is

dependent only on the band structure of the perfect crystal,
hence its name. Pictorially, it can be seen to arise from the
nonequilibrium electron dynamics of the Bloch electrons as
they are accelerated in an electric field and undergo spin
precession due to the induced momentum-dependent mag-
netic field, as illustrated in Sec. II.D, Fig. 7. Here the system is
described by a 2D Rashba Hamiltonian,

H ¼ p2

2m
−
λ

ℏ
σ · ðẑ × pÞ; ð3:1Þ

where p ¼ ℏk is the 2D electron momentum, λ is the Rashba
coupling constant, σ the Pauli matrices, m the electron
effective mass, and ẑ the unit vector perpendicular to the
2DEG plane.
For this example, the dynamics of an electron spin in the

presence of time-dependent spin-orbit coupling is described
by the Bloch equation (Sinova et al., 2004),

ℏdn̂
dt

¼ n̂ × ΔðtÞ þ α
ℏdn̂
dt

× n̂; ð3:2Þ

where n̂ is the direction of the spin and α is a damping
parameter that we assume is small. In Eq. (3.2), the
p-dependent effective Zeeman coupling induced by the
spin-orbit-coupling term is given by −s · Δ=ℏ, where Δ ¼
2λ=ℏðẑ × pÞ. For a Rashba effective magnetic field with
magnitude Δ1 that initially points in the x̂1 direction, the
effective field then tilts (arbitrarily slowly) slightly toward x̂2,
where x̂1 and x̂2 are orthogonal in-plane directions. It follows
from the linear response limit of Eq. (3.2) that

ℏdn2
dt

¼ nzΔ1 þ αdnz=dt;

ℏdnz
dt

¼ −Δ1n2 − αdn2=dtþ Δ2;
ð3:3Þ

where Δ2 ¼ Δ · x̂2. By solving these inhomogeneous coupled
equations, it follows that to leading order in the slow-time
dependences n2ðtÞ ¼ Δ2ðtÞ=Δ1, i.e., the x̂2 component of the
spin rotates to follow the direction of the spin-orbit field, and
that

nzðtÞ ¼
1

Δ2
1

ℏdΔ2

dt
: ð3:4Þ

The dynamics give rise to the spin current in the ŷ direction,

js;y ¼
Z
annulus

d2p
ð2πℏÞ2

ℏnz;p
2

py

m
¼ −eEx

16πλm
ðpFþ −pF−Þ; ð3:5Þ

where pFþ and pF− are the Fermi momenta of the majority
and minority spin Rashba bands (Sinova et al., 2004).
We choose the example based on the Rashba system because

it is simple to see pictorially the intrinsic contribution.However,
for this particular simple example, in a large range of Fermi
energies the result for the intrinsic spin Hall conductivity turns
out to be σH−int

xy ¼ −ðe=ℏÞjs;y=Ex ¼ e2=8πℏ. This contribution
is eventually canceled by short-range disorder scattering
because the induced spin current is proportional to the spin
dynamics, which should vanish in the steady state (Inoue,
Bauer, and Molenkamp, 2004; Dimitrova, 2005; Raimondi
et al., 2012). The issue of the cancellation between the intrinsic
and side-jump contribution, the so-called vertex corrections, has
been debated extensively and we discuss it briefly below. Here,
we point out that the exact cancellation is only present in the
parabolic 2D linear Rashba Hamiltonian and is not present in
other spin-orbit-coupled Hamiltonians corresponding to real-
istic material systems (Shytov et al., 2006; Sinova et al., 2006;
Raimondi et al., 2012).
The above result, illustrated in a simple semiclassical form,

is usually best evaluated directly from the Kubo formula for
the spin Hall conductivity for an ideal lattice (Sinova et al.,
2004),

σH−int
xy ¼ e2

V

X
k;n≠n0

ðfn0;k − fn;kÞ

×
Im½hn0kjĵzspin xjnkihnkjvyjn0ki�

ðEnk − En0kÞðEnk − En0k − ℏω − iηÞ ; ð3:6Þ

where n; n0 are band indices, jzspin ¼ ℏ
4
fσz; vg is the spin-

current operator, ω and η are set to zero in the dc clean limit,
and the velocity operators at each p are given by ℏvi ¼
ℏ∂HðpÞ=∂pi. It is important to emphasize that the semi-
classical derivation describing the time-dependent polariza-
tion of the Bloch states as they are accelerated and the Kubo
formalism are entirely equivalent, as they should be from a
correct treatment of linear response of this contribution. The
intrinsic contribution to the AHE and SHE conductivity can
also be obtained from the semiclassical theory of wave packet
dynamics (Sundaram and Niu, 1999; Jungwirth, Niu, and
MacDonald, 2002; Culcer et al., 2004; Xiao et al., 2010).
What makes the intrinsic contribution quite unique, par-

ticularly in the AHE, is that it is directly linked to the
topological properties of the Bloch states. Specifically, it is
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proportional to the integration over the Fermi sea of the
Berry’s curvature of each occupied band.
One of the motivations for identifying the intrinsic con-

tribution σH−int
xy is that it can be evaluated accurately even for

materials with relatively complex electronic band structure
using microscopic ab initio theory techniques. In many
materials which have strongly spin-orbit-coupled bands, the
intrinsic contribution seems to dominate the SHE and AHE.
The calculations have given semiquantitative predictions of
the expected spin Hall angles, particularly in metals. This is
illustrated in the density-functional calculation for Pt (Guo
et al., 2008), shown in Fig. 8, and in the microscopic tight-
binding calculations for other 4d and 5d metals (Tanaka et al.,
2008), shown in Fig. 9. As is clear from Fig. 8, the largest
contributions to the spin Hall conductivity arise, similar to
AHE, whenever bands connected via spin-orbit coupling are
near each other at the Fermi energy. The calculated spin Hall
conductivities are predicted to be large in these transition
metals, and, in particular, a sign change is predicted going

from Pt to Ta which has been observed in experiments. More
recent density-functional calculations on a range of hcp metals
and antiferromagnetic Cr, show a strong anisotropy of the spin
Hall conductivity (Freimuth, Blügel, and Mokrousov, 2010),
as illustrated in Fig. 10.

2. Skew-scattering mechanism

The skew-scattering contribution to the SHE and the AHE
is the mechanism proportional to the Bloch state transport
lifetime τ. It will therefore tend to dominate in nearly perfect
crystals. It is the only contribution to the SHE and AHE which
appears in traditional Boltzmann transport theory where
interband coherence effects are usually neglected. Skew
scattering is due to chiral features which appear in the disorder
scattering in the presence of spin-orbit coupling. This mecha-
nism was first identified in FMs by Smit (1958) and has its
origins in the Mott scattering in relativistic physics (Mott,
1929, 1932).
Typical treatments of semiclassical Boltzmann transport

theory found in textbooks often appeal to the principle of
detailed balance. This states that the transition probability
Wn→m from state n tom is identical to the transition probability
in the opposite direction (Wm→n). In Fermi’s golden-rule
approximation, where Wn→n0 ¼ð2π=ℏÞjhnjVjn0ij2δðEn−En0 Þ,
with V being the perturbation inducing the transition, the
detailed balance indeed holds. However, detailed balance in
the microscopic sense is not generic. In the presence of spin-
orbit coupling, either in theHamiltonian of the perfect crystal or
in the disorder Hamiltonian, a transition which is right handed
with respect to the magnetization direction has a different
probability than the corresponding left-handed transition.When
the transition rates are evaluated perturbatively, asymmetric
chiral contributions appear at third order. In simple models, the
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FIG. 8 (color online). Band structure (a) for Pt calculated with
(solid lines) and without (dotted lines) spin-orbit coupling. The
spin Hall conductivity (b) is shown calculated at each energy. In
the lower figure, the Berry curvature is calculated (total) (c) as
well as the one corresponding for each subband (d). From Guo
et al., 2008.
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asymmetric chiral contribution to the transition probability of
momenta k;k0 is often assumed to have the form

WA
kk0 ∼ ðk × k0Þ ·M: ð3:7Þ

Inserting this asymmetry into the Boltzmann equation leads to a
current proportional to the longitudinal current driven by the
electric fieldE and perpendicular to bothE andM, whereM is
themagnetization direction in case of theAHE and the direction
of the polarization of the spin current in case of the SHE. The
corresponding contribution to theHall conductivity σH−skew

xy and
the conductivity σxx are proportional to the transport lifetime τ.
Therefore, the spin or anomalous Hall resistivity is proportional
to the longitudinal resistivity ρxx, whenever this contribution
dominates, since ρH−skew

xy ≈ σH−skew
xy ρ2xx ∼ ρxx.

There are several specific mechanisms for skew scattering
[see Sec. IV.B and Sec. V.A. in Nagaosa et al. (2010)]. To
evaluate the skew-scattering contribution to the Hall conduc-
tivity, one needs an accurate solution of the chiral part to the
collision integral of Boltzmann equation. In practice, our
ability to accurately estimate the skew-scattering contribution
to the SHE and AHE of a real material is limited only by the
accuracy of the characterization of its disorder.
In simple models, the skew-scattering contributions to the

SHE or AHE are considered to arise only from the spin-orbit
coupling in the disorder potential. This is only valid when the
typical disorder broadening is larger than the splitting of the
bands due to the spin-orbit coupling. In systems with strong
spin-orbit coupling in the bands, such as heavy transition
metals, considering the spin-orbit coupling only in the disorder
potential would be incorrect. The reason is because, in this case,
a strong contribution to the skew scattering also arises from the
scattering of the spin-orbit-coupled quasiparticle from the
scalar potential. In fact, the spin-orbit coupling of the disorder
potential is typically strongly renormalized by the other nearby
subbands as well, and therefore the effect of the multiband
character can never be ignored in these materials.
Studies focused on the skew scattering from an ab initio

perspective were started by Gradhand et al. (2010). Further
recent studies of skew scattering based on ab initio electronic
structure and the Boltzmann equation in systems with impu-
rities of Cr, Mn, Fe, Co, and Ni in Pt, Au, and Pd hosts have
yielded contributions to the spin Hall angle of a fraction of a
percent (Long et al., 2014; Zimmermann et al., 2014). Results

related to 1% doping of impurities to a Pt host are shown
in Fig. 11.
An additional contribution, not considered often, can arise

from the variation of the spin-orbit coupling in real space.
This possibility exists in certain semiconductor devices with
2D-Rashba spin-orbit coupling. Such variations have been
shown to yield a contribution to the spin Hall effect in these
2D systems (Dugaev et al., 2010).
We end this section with a note directed to the interested

reader who is more versed in the latest development of the
links between the full semiclassical and the microscopic
theory of the SHE and AHE. We have been careful above
not to define the skew-scattering contribution as the sum of all
the contributions arising from the asymmetric scattering rate
present in the collision term of the Boltzmann transport
equation. We know from microscopic theory that this asym-
metry also makes an AHE contribution of order τ0 (Sinitsyn
et al., 2007). There exists a contribution from this asymmetry
which is present in the microscopic theory treatment asso-
ciated with the so-called ladder-diagram corrections to the
conductivity, and therefore of order τ0. In the more modern
parsing of the contributions to the SHE and AHE, we do not
associate this contribution with skew scattering but place it
under the umbrella of side-jump scattering even though
it does not physically originate from any side-step type of
scattering.

3. Side-jump mechanism

Given the sharp definition we have provided for the
intrinsic and skew-scattering contributions to the SHE and
AHE conductivity, the equation

FIG. 10 (color online). Intrinsic spin Hall conductivity for hcp
metals Sc, Ti, Zn, Y, Zr, Tc, Ru, Cd, La, Hf, Re, and Os and for
antiferromagnetic Cr. From Freimuth, Blügel, and Mokrousov,
2010.

FIG. 11 (color online). Skew-scattering spin Hall angle in a Pt
host with 1% level of impurities. From Zimmermann et al., 2014.
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σHxy ¼ σH−int
xy þ σH−skew

xy þ σH−sj
xy ð3:8Þ

defines unambiguously the side-jump contribution as the
difference between the full SHE-AHE conductivity and the
skew and intrinsic contributions. In using the term side jump
for the remaining contribution, we are appealing to the
historically established taxonomy outlined in the previous
section. Establishing this connection rigorously has been the
most controversial aspect of the AHE theory and, not
surprisingly, some confusion has spilled over to the discussion
of the SHE.
The basic semiclassical argument for a side-jump contribu-

tion can be stated straightforwardly: when considering the
scattering of a Gaussian wave packet from a spherical impurity
with spin-orbit interaction [Hso¼ð1=2m2c2Þðr−1∂V=∂rÞSzLz],
a wave packet with incident wave vector k will undergo a
displacement transverse to k equal to 1

6
kℏ2=m2c2. This type of

contribution was first noticed, but discarded, by Smit (1955,
1958) and reintroduced by Berger (1964) who argued that
it was the key contribution to the AHE. Most of the earlier
developments were based on physical arguments of how to
incorporate this physics in a semiclassical Boltzmann formal-
ism. Because this cannot be done systematically, errors ensued
(Nagaosa et al., 2010).
A common misconception is that the side jump can be

generally computed by taking only into account the spin-
orbit-coupling interaction of the disorder scattering potential.
This can only be justified in a weak spin-orbit-coupled system,
e.g., n-doped GaAs, where indeed this is likely to be the case.
This is the consideration in the Crépieux-Bruno model
(Crépieux and Bruno, 2001), where the spin-orbit coupling
is only present in the disorder potential and which has been
subsequently used by others to model the extrinsic SHE
(Engel, Halperin, and Rashba, 2005; Maekawa and Takahashi,
2012). However, when addressing materials with strong spin-
orbit coupling, it is important to remember that there are
always two sources of side-jump scattering:

(1) Extrinsic side jump: the contribution arising from the
non-spin-orbit-coupled part of the wave-packet scat-
tering off the spin-orbit-coupled disorder.

(2) Intrinsic side jump: the contribution arising from the
spin-orbit-coupled part of the wave packet formed by
the Bloch electrons scattering off the scalar potential
alone without spin-orbit coupling.

Both can be important and independent of each other,
depending on the crystalline environment and the type of
scattering impurity. In heavy-element materials, such as Pt and
Ta, the dominant contribution is likely to be the second type of
contribution. In FMs, it has been demonstrated that the second
type of contribution, termed here intrinsic side jump to
distinguish them clearly, can be very large. Both of these
side-jump contributions add to the scattering-independent
mechanisms, i.e., they are independent of τ (Weischenberg
et al., 2011).
The intrinsic SHE-AHE contribution and the side-jump

contribution, which we further separated into the extrinsic side
jump and the intrinsic side jump, have all quite different
dependences on specific material parameters, particularly in
systems with complex band structures. [For a detailed review

on these delicate issues, see Sinitsyn (2008)]. Most of the prior
mistakes surrounding the theory of side jump can be traced
back to the physical meaning ascribed to quantities which
were gauge dependent, like Berry’s connection, which is
typically identified as the definition of the side step upon
scattering. Studies of simplified models, e.g., semiconductor
conduction bands, also gave results in which the intrinsic-
side-jump contribution seemed to be of the same magnitude
but opposite in sign compared to the intrinsic contribution
(Nozieres and Lewiner, 1973). It is well understood now that
these cancellations are unlikely in more complex models
(Sinitsyn et al., 2007; Weischenberg et al., 2011). The prior
cancellations can be traced back to the fact that, in these very
simple band structures, Berry’s curvature of the Bloch
electrons is a constant independent of momentum. One is
reminded in this case of the famous quote attributed to Albert
Einstein, “Things should be made as simple as possible but
not simpler.”
It is only through a careful comparison between different

fully microscopic linear response theory calculations, based
on equivalently valid microscopic formalisms such as Keldysh
(nonequilibrium Green’s function), the Kubo formalisms, and
the systematically developed semiclassical theory, that the
specific contributions due to the side-jump mechanism can be
identified with confidence (Sinitsyn et al., 2007; Nagaosa
et al., 2010).
Recently, there have been major steps forward in the theory

of the AHE in developing full theories with predictive power
to calculate all the AHE contributions in FM materials with a
complex band structure (Freimuth, Blügel, and Mokrousov,
2010; Kovalev, Sinova, and Tserkovnyak, 2010; Lowitzer,
Ködderitzsch, and Ebert, 2010; Weischenberg et al., 2011;
Czaja et al., 2014). In the theory of the SHE, on the other
hand, such progress still remains to be undertaken fully. The
reason is perhaps because of the complexity of the measure-
ments, the dephasing of spin, and the lack of practical general
theories that can bring one from a weak to a strong spin-orbit-
coupled regime.

4. Cancellation of mechanisms in model systems

Wementioned earlier that in certain simplified models there
exist relative cancellations, either total or partial, between the
contributions that depend to zeroth order on the scattering
lifetime. This is a topic that has entertained the research
community of the AHE and the SHE for quite some time.
The reader familiar with the early history of the AHE and

with the early history of the intrinsic SHE will have seen many
works debating these issues. Some simplified models that
allow for an analytical treatment show such cancellations. The
two key ones are the linear wave vector 2D Rashba model
(with parabolic dispersion) and the direct gap conduction band
III-V semiconductor model (Kane model).
In the 2D Rashba model, the intrinsic contribution and the

intrinsic-side-jump contribution cancel each other directly in
the presence of short-range disorder scattering. The easiest
way to see this is by noticing that the spin dynamics is directly
proportional in this model to the spin current generated.
Therefore, in the steady state, the spin current must vanish
(Inoue, Bauer, and Molenkamp, 2004; Dimitrova, 2005;
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Shytov et al., 2006; Sinova et al., 2006). For an extensive
discussion of the issues of this particular model, see Raimondi
et al. (2012). When one incorporates to the model higher
dimensions or a nonparabolic dispersion, such cancellations
do not occur. For example, a graphene-like model (linear
dispersion) does not exhibit such cancellations and provides a
useful model to study the relative dependence of the mech-
anisms (Sinitsyn et al., 2007).
Also, as mentioned, another extensively studied model is

the Kane model (Nozieres and Lewiner, 1973). In this model,
the relative cancellation is a 2 to 1 ratio. The fact that the
intrinsic contribution and the intrinsic-side-jump contribution
have the same dependence on the parameters (up to the factor
of −2) can be traced back to Berry’s curvature being constant
(independent of momentum) in such a model.
For most other spin-orbit-coupled Hamiltonians, corre-

sponding to a realistic materials system, these exact cancella-
tions do not seem to arise. This has been verified primarily by
comparison to experiments. Nevertheless, this remains an
important topic in the SHE field which will continue to be
refined as better approximations are created to treat the effects
of disorder.

B. Phenomenological drift-diffusion theory

Dyakonov and Perel (1971a, 1971b) considered the phe-
nomenological theory of the SHE by coupling the usual drift-
diffusion equation for charge transport to the spin-current
drift-diffusion equations. Hence, the spin-charge drift-
diffusion equations applicable to electrical transport measure-
ments can be written from symmetry considerations as
(Dyakonov and Khaetskii, 2008)

jc ¼ eμnEþD∇nþeαSHμðE×PÞþeαSHDð∇×PÞ; ð3:9Þ

jsij¼−ℏμnEiPjþD
∂Pj

∂xi −ℏαSHϵijk

�
μnEkþD

∂n
∂xk

�
; ð3:10Þ

where the first two terms of Eqs. (3.9) and (3.10) correspond
to the definition of the uncoupled charge and spin currents.
Here P corresponds to the spin polarization, D is the electron
diffusion constant, μ is the spin-independent electron mobility,
n is the electron density, E is the electric field, and αSH is the
spin Hall angle defined by the ratio of the spin Hall
conductivity to the diagonal charge conductivity.
In Eq. (3.9), the third term corresponds to the AHE. The

fourth term describes the ISHE if a charged diffusive current is
absent, i.e., in the case of the pure spin current in the system.We
distinguish this from the situation in which a polarized charge
diffusive current, e.g., generated by optical excitation (Bakun
et al., 1984), leads to a charge transverse current which we
associate herewith a regime closer to the AHE. This distinction
is made more clear by the fact that the SHE has a precise
definition of a pure spin current being generated by a charge
current, and therefore its inverse is associated with a pure spin
current generating a transverse charge current. In Eq. (3.10), the
third term represents the SHE from an electric field, while
the fourth term represents its diffusion-driven counterpart. The
equations are written to first order in the spin Hall angle.

Equations (3.9) and (3.10) can be directly extended to
include junctions (Johnson and Silsbee, 1987). Recently, there
has been also an extension of these equations to incorporate
thermal SHEs within the emerging field of spin caloritronics
(Bauer, MacDonald, and Maekawa, 2010; Bauer, Saitoh, and
van Wees, 2012). The treatment, for the most part, remains
phenomenological with connections, in particular, to the
Onsager relations between the thermodynamic forces and
their corresponding entropy fluxes. Within this emerging
subfield of spintronics, many theoretical challenges remain,
not least a better treatment of scattering coherent effects driven
by statistical forces and the ability of going beyond the simple
adiabatic frozen phonon approximations.
A connection has also been made between the diffusion

regime treated by the above equations and the microscopic
treatment considering the specific boundary conditions in 2D
Rashba systems (Adagideli and Bauer, 2005). In this case, the
spin accumulation at the edges remains in a diffusive system
even though no spin current exists in the bulk for this model.
The results are also relevant when connecting the drift-
diffusion equations to the indirect detection of the SHE by
ferromagnetic contacts (Adagideli, Bauer, andHalperin, 2006).

C. Crépieux-Bruno model of extrinsic side jump and skew
scattering

We discuss here the Crépieux and Bruno (2001) model that
incorporates spin-orbit coupling only through the disorder
potential, i.e., there is no spin-orbit coupling present directly
in the Bloch electron bands at the Fermi surface. This model
has been applied to weak spin-orbit-coupled materials, such as
n-GaAs, to explain the extrinsic origin of their SHE (Engel,
Halperin, and Rashba, 2005), schematically illustrated in
Fig. 12, and has also been applied to weakly spin-orbit-
coupled metals (Maekawa and Takahashi, 2012). The model
builds on the influential work of Nozieres and Lewiner (1973),
where they studied the AHE in semiconductors with a simple
band structure. In particular, they focused on how to account
for the effects of the spin-orbit coupling by projecting multi-
band systems to an effective two-band model. There are many
subtle issues in such treatment already at the level of this
simple model. However, extrapolating some of its results to
generalities, e.g., specific cancellations, is dangerous since

k (a)

k 2 (b)

FIG. 12. Schematic of the (a) skew-scattering and the
(b) extrinsic-side-jump mechanisms from a quantum point of
view (⊙ corresponds to spin up and ⊗ to spin down). The bold
curves represent the anisotropic enhancement of the amplitude of
the wave packet due to spin-orbit coupling. Here the electrons
themselves contain no spin-orbit coupling. From Crépieux and
Bruno, 2001.
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“the side-jump is no longer given by the simple expression”
derived in these works, as they themselves state (Nozieres and
Lewiner, 1973).
The two-band model Hamiltonian is given by

H ¼ ℏ2k2

2m� þ VðrÞ þ λe−soσ · ðk × ∇VÞ ¼ H0 þW: ð3:11Þ

Here m� is the effective mass of the Bloch electron, VðrÞ is
the disorder potential, σ are the Pauli matrices, and λe−so is
the effective spin-orbit coupling parameter. For a free
electron, λ2e−so ¼ ℏ2=2m2c2 is an extremely small parameter
(∼10−12 Å2), but in a solid-state environment it is strongly
renormalized by nearby bands. For the effective two-band
model of conduction electrons, obtained from the 8 × 8 Kane
description of the semiconductor band structure, λe−so¼
ðP2=3Þ½1=E2

g−1=ðEgþΔsoÞ�, with Eg being the gap, P the
s-p dipolematrix element, andΔso the spin-orbit splitting of the
valence band. For n-GaAs, for example, this value is 5.3 Å2.
The total scattering potential is W.
In this model, the velocity operator is modified by the spin-

orbit-coupled term to read

v̂ ¼ p̂
m� þ

λe−so
ℏ

½σ × ∇V�; ð3:12Þ

and the scattering amplitude due to the disorder potential from
state jk; si to jk0; s0i is given by

hk0; s0jWjk; si ¼ ~Vkk0 ½δss0 þ iλe−soðσs0s × k0Þ · k�; ð3:13Þ

where ~Vkk0 is the Fourier transform of V. The disorder
potential is considered to be short ranged for simplicity
[for ionic scattering, see Engel, Halperin, and Rashba
(2005)] such that VðrÞ¼ ui

P
jδðr− rjÞ and ~Vkk0 ¼ uiδk;k0 .

One can then connect this procedure with the Boltzmann
equation, which will also yield the spin-diffusion equation
(Zhang, 2000). Microscopically, the scattering from this
disorder potential induces a collision integral in the
Boltzmann formalism of the form

�∂fk;s
∂t

�
coll

¼
X
k0;s0

½Pks;k0s0fk0s0 − Pk0s0;ksfks�; ð3:14Þ

with the transition scattering probabilities available from the T
matrix, which yields a symmetric and antisymmetric contri-
bution,

Psym
k0s0;ks¼

2π

ℏ
ni
V
u2i ½δs;s0 þλ2e−sojðk0×kÞ·σs;s0 �δðϵk0−ϵkÞ; ð3:15Þ

Pant
k0s0;ks ¼ −

ð2πÞ2
ℏ

λe−so
ni
V
u3i ½Nð0Þδs;s0 ðk0 × kÞ · σs;s0 �

× δðϵk0 − ϵkÞ: ð3:16Þ

Here, ni is the density of impurities and Nð0Þ is the density of
states at the Fermi level. Within the framework of the
semiclassical Boltzmann equation, one then writes (Zhang,
2000; Maekawa and Takahashi, 2012)

vk · ∇fks þ
eE
ℏ

·∇kfks ¼ −
δfks
τtr

−
f0ks − f0k0s

τsfðθÞ
; ð3:17Þ

where

τ−1tr ¼
X
k0;s0

Psym
ks;k0s0 ¼

1

τ0tr
ð1þ 2k4Fλ

2
e−so=3Þ ð3:18Þ

and

τ−1sf ¼
X
k0

Psym
k1;k0−1 ¼

k4Fλ
2
e−so

3τ0tr
½1þ cos2ðθÞ�: ð3:19Þ

Here τtr is the transport lifetime, τ0tr is the transport lifetime
when neglecting the spin-orbit coupling part of the disorder
potential, and τsf is the spin-flip time. Further expanding the
equilibrium and nonequilibrium distribution functions yields
the spin-diffusion equation,

∇2ðμ1 − μ−1Þ ¼
1

λ2sd
ðμ1 − μ−1Þ; ð3:20Þ

with λ2sd ¼ Dτsf=2, D ¼ ð1=3Þτtrv2F, and μs representing the
spin-dependent chemical potentials (s ¼ �1 is the spin
index). Averaging over the scattering angle, one obtains that
the ratio of spin-flip time and transport time for this particular
model is

τtr
τsf

≈
1

2
k4Fλ

2
e−so: ð3:21Þ

This is one of the key aspects that has made this model
appealing. The model provides a means to obtain its effective
spin-orbit-coupling parameter λe−so by measuring the spin-
diffusion length, independently of the spin Hall angle. At this
point, it should be emphasized that the model is applicable to
the weak spin-orbit-coupling regime, i.e., when τtr=τsf ≪ 1.
From either a microscopic or Boltzmann-like analysis, the

result for this model for the extrinsic-side-jump contribution to
the spin Hall angle is (Crépieux and Bruno, 2001; Engel,
Halperin, and Rashba, 2005)

αsjSH ≡ σH−sj
xy

σxx
¼ −

2λe−som�

τtr
¼ −

2k2Fλe−so
kFl

: ð3:22Þ

Here, l ¼ τtrkF=m� is the mean free path. The skew-scattering
contribution is given by

αskSH ¼ 4π

3
k2Fλe−soNð0Þui: ð3:23Þ

In the SHE experiments in n-GaAs, the spin Hall angle
is dominated by the skew-scattering contribution versus
the extrinsic-side-jump contribution by a factor of 2, σH−skew

xy =
σH−sj
xy ∼ −1.7=0.8 (Engel, Halperin, and Rashba, 2005).
When this simplified model is used for metals, it yields a

mixture of results and inconsistencies. This can be seen in
Table I, where we show for a series of metals the experimental
SHE angles and the independently experimentally inferred
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effective spin-orbit-coupling parameters k2Fλe−so. It is not
possible to estimate the skew scattering from the model
expression (3.23) without knowing the specific value for ui.
However, we know from the AHE that skew scattering has
only been seen to dominate for extremely conductive metals,
so it is neglected in the discussion of Table I. When comparing
the extrinsic-side-jump contribution estimates to the measured
values of αSH, the results vary extensively. In some cases, like
Ta, the theoretical extrinsic-side-jump contribution is 24 times
larger than the measured αSH. The failure of Eq. (3.22) is not
surprising here, since it was derived assuming the weak spin-
orbit-coupling regime and Ta is a 5d heavy transition metal. In
others, like in Pt, Eq. (3.22) gives a value that is smaller than
the measured αSH, in some cases approaching the experi-
mental value. However, even in this case, ascribing the
measured spin Hall angle to the extrinsic-side-jump contri-
bution of Eq. (3.22) is questionable because the independently
inferred parameter k2Fλe−so is close to 1. This is inconsistent
with τtr=τsf ≪ 1, i.e., with the weak spin-orbit-coupling
regime assumed in the model. In the heavy-element materials,
the intrinsic SHE estimates have had much more success.
Hence, the simple expression arising from the model [see
Eq. (3.22)], although illustrative and appealing, should only
be considered as such, not as a quantitative predictive theory
of the SHE.
Beyond this simplified model based on the spin-orbit

coupling scattering which ignores interband coherent effects
in strongly spin-orbit-coupled metals, an even more simplified
model was put forward based a classical treatment (Drude
model) of the equations of motions of the Bloch electrons
(Chudnovsky, 2007, 2009). For a cubic crystal it predicts a
spin Hall angle of hσxx=2mc2 which disagrees with

experimental observations (Hoffmann, 2013a). Although
the theory has also been questioned (Kravchenko, 2008;
Chudnovsky, 2009), it is nonetheless popular, particularly
in the treatment of the spin-motive force in ferromagnetic
systems. The symmetry being built directly into the theory, it
will always give a parameter to which experiment can be
fitted, similar to the model presented.

D. Theory of the inverse spin Hall effect induced by spin pumping

To measure the ISHE, it is necessary to generate a spin
current that flows into the NM whose spin Hall angle is being
measured. In the nonlocal transport schemes, this is achieved
indirectly by spin diffusion into the NM.
A key alternative to generating spin currents is to exploit SP

in a FM-NM bilayer system. This phenomenon was observed
experimentally in early 2000s (Mizukami, Ando, and
Miyazaki, 2001, 2002; Urban, Woltersdorf, and Heinrich,
2001). The experiments showed an enhanced Gilbert damping
in FMR measurements associated with the loss of angular
momentum by a spin current flowing from the FM to the NM.
In this setup, the NM served as a spin sink.
The associated SP theory based on the scattering formalism

was developed by Tserkovnyak, Brataas, and Bauer (2002a,
2002b) and Tserkovnyak, Brataas, and Halperin (2005). It
extends the theory of adiabatic quantum pumping (Büttiker,
Thomas, and Prêtre, 1993; Brouwer, 1998) by incorporating
the spin degrees of freedom. It can be shown that the precessing
magnetization in the FM generates a time-dependent spin
current at the FM-NM interface that flows into the NM
given by

TABLE I. Experimental spin Hall angles and effective spin-orbit-coupling parameters, k2Fλe−so. The values marked by an asterisk are not
measured but taken from the literature. The Fermi momenta are taken to be kF ¼ 1.75 × 108 cm−1 (Al), 1.21 × 108 cm−1 (Au), 1.18 ×
108 cm−1 (Nb), and 1.0 × 108 cm−1 (Mo, Pd, Ta, Pt). Here, kFl ¼ ð3π=2Þσ=kFðh=e2Þ. References: (1) Valenzuela and Tinkham (2006, 2007);
(2) Seki et al. (2008); (3) Mosendz et al. (2010b); (4) Niimi et al. (2011); (5) Morota et al. (2009); (6) Morota et al. (2011); (7) Ando and Saitoh
(2010); (8) Kimura et al. (2007); (9) Vila, Kimura, and Otani (2007); (10) Ando et al. (2008); and (11) Liu et al. (2011).

λsd (nm) kFl k2Fλe−so αSH (%) jαsjSH=αSHj Refs. (see caption)

Al (4.2 K) 455� 15 73 0.0079 0.032� 0.006 0.67 1 NL
Al (4.2 K) 705� 30 118 0.0083 0.016� 0.004 0.88 1 NL
Au (295 K) 86� 10 371 0.3 11.3 0.014 2 NL
Au (295 K) 35� 3� 253 0.52 0.35� 0.03 1.17 3 SP
CuIr (10 K) 5–30 2.1� 0.6 4 NL
Mo (10 K) 10 36.8 0.32 −0.20 8.7 5 NL
Mo (10 K) 10 8.11 0.07 −0.075 23 5 NL
Mo (10 K) 8.6� 1.3 34.1 0.34 −ð0.8� 0.18Þ 2.5 6 NL
Mo (295 K) 35� 3� 56.7 0.14 −ð0.05� 0.01Þ 9.9 3 SP
Nb (10 K) 5.9� 0.3 11.3 0.14 −ð0.87� 0.20Þ 2.9 6 NL
Pd (295 K) 9� 24.0 0.23 1.0 1.9 7 SP
Pd (10 K) 13� 2 26.8 0.18 1.2� 0.4 1.1 6 NL
Pd (295 K) 15� 4� 48.6 0.28 0.64� 0.10 1.8 3 SP
Pt (295 K) 77.9 0.74 0.37 5.1 8 NL
Pt (5 K) 14 97.3 0.61 0.44 2.9 9 NL
Pt (295 K) 10 67.6 0.58 0.9 1.9 9 NL
Pt (10 K) 11� 2 98.5 0.77 2.1� 0.5 0.74 5 NL
Pt (295 K) 7� 77.8 0.97 8.0 0.31 10 SP
Pt (295 K) 3–6 60.8 0.88–1.75 7.6þ8.4

−2.0 0.57 11 SP
Pt (295 K) 10� 2� 29.2 0.25 1.3� 0.2 1.31 3 SP
Ta (10 K) 2.7� 0.4 3.90 0.17 −ð0.37� 0.11Þ 24 6 NL
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js;pumpσðtÞ ¼
ℏ
4π

Arm̂ ×
dm̂
dt

: ð3:24Þ

Here m̂ðtÞ is the unit vector of the magnetization, σ is the unit
vector of the spin-current polarization, js;pump its magnitude,
and Ar is defined as the SP conductance of the particular
sample. The spin current generated at the interface which
propagates into the NM decays on a length scale connected to
the effective spin-diffusion length λsd of the NM. A sketch of
the physics is shown in Fig. 13.Note that in systemswith strong
spin-orbit coupling, this length scale can be difficult to define
since it can be as short as several atomic layers. Also, proximity
effects as well as roughness at the interface with the NM can
blur the sharpness of such an interface.
The scattering-matrix theory introduces the concept of a

complex spin-mixing conductance at the interface based on
spin-conserving channels and no spin losses at the interface.
Theoretical ab initio calculations and phase randomization at
the scattering interface seem to indicate that only the real part
of the mixing conductance dominates the physics. In the
diffusive regime, this will be approximately the Sharvin
conductance given by the number of conducting channels.
In this approximation (Tserkovnyak, Brataas, and Bauer,
2002b),

Ar ≈ Re½g↑↓� ¼ k2F
4π

≈
1

4π
ð3π2nÞ2=3; ð3:25Þ

where kF and n are the Fermi wave vector and electron density
in the NM, respectively. Direct ab initio calculations of the
mixing conductance (Xia et al., 2002; Zwierzycki et al., 2005;
Carva and Turek, 2007) have verified that, for a FM-NM
interface with moderate spin-orbit coupling, the spin-mixing
conductance is of this order of magnitude.
As the magnetization rotates, the spin current injected from

the FM into the NM is time dependent, but the ac spin current
when averaged over time has a nonzero dc component, which
is given by

js;dc ¼
ℏω
4π

Arsin2Θ: ð3:26Þ

Here ω is the driving radio frequency (rf) and Θ is the cone
angle of precession (see Fig. 13). Under the assumption of the
NM being a perfect spin sink, the SP conductance will be the

spin-mixing conductance. However, in systems where the NM
has a finite thickness of the order of the spin-diffusion length,
the induced spin accumulation in the NM due to the pumped
spin current from the FM will create a spin accumulation,
which in turn will generate a spin-current backflow
(Tserkovnyak, Brataas, and Bauer, 2002a; Costache,
Sladkov, van der Wal, van Wees, 2006; Wang et al., 2006).
The spin accumulation in the NM within the spin-diffusive
regime μs ≡ μ↑ − μ↓ is governed by

dμs
dt

¼ D∂2
zμs −

μs
τsf

; ð3:27Þ

with the boundary conditions

z ¼ 0∶ ∂zμs ¼ −
4e2ρ
ℏ

js;0;

z ¼ tNM∶ ∂zμs ¼ 0;
ð3:28Þ

where ρ is the NM resistance and tNM is the thickness of
the NM. In the NM, the spin current decays away from the
FM-NM interface due to the combination of spin-diffusion
and spin-flip scattering. The z-dependent spin-current
density jsðzÞ in the NM (Mosendz, Pearson et al., 2010;
Azevedo et al., 2011) with the above boundary conditions
reads

jsðzÞ ¼ −
ℏ

4e2ρ
∂zμsðzÞ ¼ js;0

sinh ½ðtNM − zÞ=λsd�
sinh ðtNM=λsdÞ

: ð3:29Þ

The backflow current density js;back at the interface can be
taken into account with js;backð0Þ ≈ 2Re½g↑↓�μsð0Þ. This
allows the following expression to be solved for the total
spin current crossing the interface:

js;0σðtÞ ¼ ðjs;pump − js;backÞσðtÞ ¼
ℏ
4π

~Arm̂ ×
dm̂
dt

: ð3:30Þ

The result is that the effective spin-mixing conductance gets
reduced due to a backflow factor given by (Tserkovnyak,
Brataas, and Bauer, 2002b)

β≡ τsfδsd=h
tanh ðtNM=λsdÞ

; ð3:31Þ

where δsd is an effective spin-flip scattering energy obtained
by the inverse of the product of the volume defined by the
scattering cross section and spin-diffusion length and the
density of states. This then gives the result (Tserkovnyak,
Brataas, and Bauer, 2002b)

~Ar ≈ g↑↓
1

1þ βg↑↓
; ð3:32Þ

~Ar ≈ g↑↓
1

1þ 1=4
ffiffi
ϵ
3

p
tanh ðtNM=λsdÞ

≈ g↑↓eff ; ð3:33Þ

where g↑↓ is now the real part of the spin-mixing conductance.
The last approximation assumes a weak spin-orbit-coupling

FIG. 13 (color online). Schematic of SP comprising a spin-pump
current flowing from the FM to the NM and a backflow current
that depends on the thickness of the NM.
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limit. More explicitly, it assumes ϵ ¼ τtr=τsf ≪ 1 (see
Sec. III.C). Hence, the larger ϵ, the more efficiently the
injected spin current is relaxed in the NM and the smaller
is the amount of backflow (Tserkovnyak, Brataas, and Bauer,
2002b). However, one has to be aware of the limitations of
the approximation since in the strongly spin-orbit-coupled
systems many of these assumptions fail.
The detection of the net spin current flowing into the NM

can be done electrically via the ISHE, as was demonstrated by
Saitoh et al. (2006). Earlier experiments by Azevedo et al.
(2005) showed similar results in trilayer FM-NM-FM thin
films, although they were not identified with the ISHE. By
measuring the Hall voltage induced by the spin current, one
can infer the spin Hall angle of the material,

jc ¼ αSH
2e
ℏ
js × σðtÞ: ð3:34Þ

Here the vector of the spin-current density js points
perpendicular to the NM-FM interface. Note that the vector
of the spin current polarization σðtÞ is a time varying quantity.
In the geometry sketched in Fig. 13 the propagation direction
of the spin current is along z and its polarization is along
the x axis. For the detection of a dc voltage along the y
direction, one has to consider the charge current

jcŷ ¼ αSH
2e
ℏ
ð1=tNMÞ

Z
tNM

0

jsðzÞẑ × x̂

with magnitude (Azevedo et al., 2011)

jc ¼ αSH
2e
ℏ
js;0

λsd
tNM

tanh

�
tNM
2λsd

�
: ð3:35Þ

To convert this charge current density into the actual measured
voltage, one has to take into account the details of the
measurement geometry and the resistivity of the bilayer. This
will be discussed in Sec. IV.D. In addition, as described as well
in Sec. IV.D, the ac component can be directly measured. An
extension of the above theory to incorporate the ac component
has been done by Jiao and Bauer (2013), with the result that
backflow is important to distinguish between the measured
voltages for both the ac and dc configurations.
We conclude this section with a discussion regarding the

assumptions of the SP theory. In the derivations, whenever
ϵ ∼ 1, the approximations do not hold anymore since for the
given boundary conditions and for the use of the spin-
diffusion equation (and the spin-resolved spin-mixing con-
ductance) one assumes ϵ ≪ 1 (Tserkovnyak, Brataas, and
Bauer, 2002b). However, for ϵ > 0.1, most of the spin
scattering occurs right at the interface and consequently the
films are almost perfect sinks. Hence, in this case there is no
dependence on the thickness of the film. Since in such films
the interface plays the prominent role and scattering occurs at
or near the interface, many issues regarding proximity effects,
the induced spin-accumulation, and the spin Hall angle
inferred from the measurements should be taken as phenom-
enological parameters rather than direct connections to a
quantitative value of the bulk spin Hall angles.

E. Kubo formalism

The Kubo formalism provides a fully quantum-mechanical
formally exact expression for the spin and anomalous Hall
conductivity in linear response theory (Mahan, 2000). In this
section, we review how it is employed in the calculations of
the intrinsic SHE. The key approximation within the formal-
ism is how disorder is treated. For most studies, it is
incorporated through a simple finite quasiparticle lifetime,
but can also have more sophisticated treatments, such as
coherent potential approximations when treating metal alloys.
Here we emphasize the key issues in studying the SHE within
this formalism and how it relates to the semiclassical formal-
ism described in the previous sections.
For the purpose of studying the SHE and AHE, it is best to

reformulate the current-current Kubo formula for the conduc-
tivity in the form of the Bastin formula [see Appendix A in
Crépieux and Bruno (2001)], which can be manipulated into
the more familiar form for the conductivity of the Kubo-Streda
formula for the zero-temperature Hall conductivity, σHxy ¼
σIðaÞxy þ σIðbÞxy þ σIIxy, where

σIðaÞxy ¼ e2

2πV
Trhfŝz; v̂gxGRðϵFÞv̂yGAðϵFÞic; ð3:36Þ

σIðbÞxy ¼ −
e2

4πV
Trhfŝz; v̂gxGRðϵFÞv̂yGRðϵFÞ þ c:c:ic; ð3:37Þ

σIIxy ¼
e2

4πV

Z þ∞

−∞
dϵfðϵÞTr

�
fŝz; v̂gxGRðϵÞvy

GRðϵÞ
dϵ

− fŝz; v̂gx
GRðϵÞ
dϵ

vyGRðϵÞ þ c:c:

�
: ð3:38Þ

Here the subscript c indicates a disorder configuration
average. The last contribution σIIxy was originally derived by
Streda in the context of the QHE (Streda, 1982). In these
equations GR=AðϵFÞ ¼ ðϵF −H � iδÞ−1 are the retarded and
advanced Green’s functions evaluated at the Fermi energy of
the total Hamiltonian.
Looking more closely at σIIxy we notice that every term

depends on products of retarded Green’s functions only, or on
products of advanced Green’s functions only. It can be shown
that only the disorder free part of σIIxy is important in the weak
disorder limit, i.e., this contribution is zeroth order in the
parameter 1=kFl. The only effect of disorder on this contri-
bution (for metals) is to broaden the Green’s functions (see
below) through the introduction of a finite lifetime (Sinitsyn
et al., 2007). By a similar argument, σIbxy is of order 1=kFl and
can be neglected in the weak scattering limit (Mahan, 2000).
Thus, important disorder effects beyond a simple quasiparticle
lifetime broadening are contained only in σIaxy. For these
reasons, it is standard within the Kubo formalism to neglect
σIbxy and evaluate the σIIxy contribution with a simple lifetime
broadening approximation to the Green’s function.
In this formalism, the effect of the disorder-configuration

averaged Green’s function is often captured by the use of the T
matrix, defined by the integral equation T ¼ W þWG0T,
whereW ¼ P

iV0δðr − riÞ andG0 are the Green’s function of
the pure lattice. From this, one obtains
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Ḡ ¼ G0 þ G0TG0 ¼ G0 þ G0ΣḠ: ð3:39Þ

Upon disorder averaging, we obtain

Σ ¼ hWic þ hWG0Wic þ hWG0WG0Wic þ � � � . ð3:40Þ

To linear order in the impurity concentration ni this translates
to

Σðz;kÞ ¼ niVk;k þ ni
V

X
k

Vk;k0G0ðk0; zÞVk0;k þ � � � ; ð3:41Þ

with Vk;k0 ¼ Vðk − k0Þ being the Fourier transform of the
single impurity potential, which in the case of delta scatterers
is simply V0. Note that Ḡ and G0 are diagonal in momentum
but, due to the presence of spin-orbit coupling, nondiagonal in
spin index in the Pauli spin basis.
One effect of disorder on the spin and anomalous Hall

conductivity is taken into account by inserting the disorder
averaged Green’s function ḠR=A directly into Eqs. (3.36) and
(3.38) for σIaxy and σIIxy, respectively. This step captures the
effect of disorder on the intrinsic contribution to the SHE and
AHE, which is generally weak in metallic systems.
The so-called ladder diagram vertex corrections contribute

to the AHE and SHE at the same order in 1=kFl as the intrinsic
contribution. To capture their effect, we define a ladder-
diagram corrected velocity vertex ~vαðϵFÞ≡ vα þ δ ~vαðϵFÞ,
where

δ ~vαðϵFÞ ¼
niV2

0

V

X
k

ḠRðϵFÞ½vα þ δ ~vαðϵFÞ�ḠAðϵFÞ: ð3:42Þ

Note again that ~vαðϵFÞ and vα ¼ ∂Ĥ0=∂ℏkα are matrices in
the spin-orbit-coupled band basis. The skew-scattering con-
tributions are obtained by evaluating third order processes in
the disorder scattering, without doing an infinite partial sum as
in the case of the ladder diagrams.
As may seem obvious from the above machinery, calculat-

ing the intrinsic contribution is not very difficult. However,
calculating the full effects of the disorder in a systematic way
(beyond calculating a few diagrams) is challenging for any
disorder model beyond the simple delta-scattering model.
An important recent development has taken place within the

theory of the AHE, which we expect will have a direct analogy
to the spin Hall conductivity. Assuming uncorrelated Gaussian
noise disorder, i.e., ignoring any skew-scattering contribution,
it has been shown that all the scattering-independent con-
tributions (side-jump and intrinsic) can be formulated in terms
of the band structure of the crystal alone (Kovalev, Sinova, and
Tserkovnyak, 2010; Weischenberg et al., 2011). Note that
spin-orbit coupling is not included in the scattering potential
W in the microscopic theories we discuss in this section and,
therefore, the side-jump contribution is given by the intrinsic
side jump only.
For the short-range scattering disorder model, the starting

point to calculate the scattering-independent intrinsic-side-
jump contribution is the retarded Green’s function in equi-
librium and the Hamiltonian H of a general multiband
noninteracting system. The first step in the calculation is to

expand the self-energy of the system Σeq in powers of the
potential V0, which describes scattering off impurities. One
then inserts the expression for the self-energy into the
equations for the current densities (spin or charge) derived
following the Kubo-Středa formalism mentioned earlier.
The next step is to rotate into the chiral eigenstate represen-
tation (eigenstates with spin-orbit coupling) and keeping only
the leading order terms in the limit of vanishing disorder
parameter V0. Having done this, the scattering-independent

part of the AHE conductivity may be written as σH−ð0Þ
xy ¼

σH−int
xy þ σH−sj

xy , where

σH−int
ij ¼ 2e2

ℏ

Z
d3k
ð2πÞ3 Im

X
n≠m

ðfn − fmÞ
vnm;iðkÞvmn;jðkÞ

ðωn − ωmÞ2

ð3:43Þ

is the intrinsic contribution. In this expression, the band
indices n and m run from 1 to N, vnm;i are the matrix elements
of the velocity operator v̂i ¼ ∂ℏki Ĥ, and ωnðkÞ ¼ εnðkÞ=ℏ.
The scattering-independent intrinsic-side-jump contribution to
the AHE conductivity for inversion-symmetric systems reads

σH−sj
ij ¼ e2

ℏ

XN
n¼1

Z
d3k
ð2πÞ3ReTr

�
δðεF− εnÞ

γc
½γc�nn

×

�
SnAkið1−SnÞ

∂εn
∂kj−SηAkjð1−SnÞ

∂εn
∂ki

��
: ð3:44Þ

Here the imaginary part of the self-energy Im½Σeq� ¼ −ℏV0γ is
taken to be in the eigenstate representation, i.e., γc ¼ U†γU,
with

γ ¼ 1

2

XN
n¼1

Z
d3k
ð2πÞ2 USnU†δðωF − ωnÞ; ð3:45Þ

U as the unitary matrix that diagonalizes the Hamiltonian at
point k,

½U†HðkÞU�nm ¼ εnðkÞδnm: ð3:46Þ

Here Sn is a N × N matrix that is diagonal in the band indices,
½Sn�ij ¼ δijδin, and the so-called Berry connection matrix is
given by Ak ¼ iU†∂kU. Not included in Eq. (3.44) are the

TABLE II. AHE conductivities for bcc Fe and hcp Co in S/cm for
selected high-symmetry orientations of the magnetization. σH−int

xy ,

σH−sj
xy and σH−intþsj

xy stand for intrinsic contribution, intrinsic-
side-jump contribution, and their sum, respectively. The experimental
values are for the scattering-independent conductivity. From
Weischenberg et al., 2011.

Fe [001] [111] [110] Co [001] [100]

σH−int
xy 767 842 810 σH−int

xy 477 100

σH−sj
xy 111 178 141 σH−sj

xy 217 −45
σH−intþsj
xy 878 1020 951 σH−intþsj

xy 694 55

Exp. 1032 Exp. 813 150
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vertex corrections, which vanish for an inversion-symmetric
system in the Gaussian disorder model. For an inversion-
asymmetric system, the vertex corrected velocity operator
would have to be explicitly calculated. Because the intrinsic-
side-jump contribution in the short-range disorder model is
solely determined by the electronic structure of the pristine
crystal, it is thus directly accessible by ab initio methods.
Table II shows a comparison of the improvement in

predictive power of the AHE theory when including the
intrinsic-side-jump term. Figure 14 shows the nontrivial
angular dependence, within the Fermi surface, of the
intrinsic-side-jump contribution and the intrinsic contribution.
This is reminiscent of the spin-hot spots observed previously
in the theory of spin dephasing, and emphasizes the impor-
tance of anisotropies induced by the band structure itself.
Finally we note that a study that incorporates the intrinsic

contribution as well as the skew-scattering contribution within
ab initio calculations has shown a good semiquantitative
agreement within certain simple alloys (Lowitzer et al., 2011).

IV. EXPERIMENTAL STUDIES OF SPIN HALL EFFECT

Several experimental schemes to detect the SHE were
outlined by Dyakonov and Perel (1971b) in their seminal
theory work. They proposed to use paramagnetic resonance
for detecting the edge spin polarization, to measure the nuclear
magnetization resulting from the Overhauser effect, to exploit
the gyrotropy, i.e., the difference in the propagation of
electromagnetic waves with opposite helicities through the

spin-polarized edges, or, in semiconductors, to detect circular
polarization of the luminescence excited by an unpolar-
ized light.
Variants of the two latter schemes, namely, the Kerr

magneto-optical microscopy and circularly polarized electro-
luminescence from the sample edges, were indeed employed
in the pioneering SHE experiments (Kato et al., 2004a;
Wunderlich et al., 2004, 2005). These were, however, per-
formed more than 30 years after the original proposal by
Dyakonov and Perel (1971b). Within these three decades, the
interest in the phenomenon was scarce. The experimental SHE
research only picked up momentum after the theoretical work
by Hirsch (1999) who rediscovered the phenomenology of
the extrinsic SHE, and after the prediction of the intrinsic
SHE (Murakami, Nagaosa, and Zhang, 2003; Sinova
et al., 2004).
The renewed theoretical interest occurred in the midst of an

extraordinary growth of the nascent field of spintronics (Zutic,
Fabian, and Sarma, 2004), which had already found important
applications in the hard-disk-drive industry and promised
revolutionary concepts for memory and logic devices. In this
setting, the theoretical SHE proposals not only ignited an
extensive theoretical debate for their inherent fundamental
interest but also attracted significant attention due to the
potential of spin Hall phenomena as new spin injection and
detection tools. The proposals started to materialize shortly
thereafter with the observations of the SHE in n-doped
semiconductors (Kato et al., 2004a) and in the 2DHG
(Wunderlich et al., 2004, 2005), and of the ISHE in metallic
systems (Saitoh et al., 2006; Valenzuela and Tinkham,
2006, 2007).
In this section, we review the experimental studies of the

spin Hall phenomena. In Sec. IV.A, we summarize AHE
experiments in nonferromagnetic materials that were per-
formed within the three decades separating the first theoretical
proposal and the experimental observations of the SHE. The
rest of the section is devoted to modern experiments divided
according to the techniques used to generate, detect, and
manipulate the SHE and ISHE in experimental samples
(Secs. IV.B–IV.D). The overall understanding of the experi-
ments is still incomplete regarding some materials and
structures, in particular, when trying to quantify the magnitude
of the SHE. Therefore, in those cases, we attempt to provide
an overview of the current status of the field while stressing
the strengths and weaknesses of the different techniques and
methods employed.
Apart from the basic research interest in this relativistic

quantum-mechanical phenomenon, Sec. IV.D provides an
illustration of the application potential of the SHE in spin-
tronic devices. This prompted detailed studies of the SHE
efficiency for the charge-spin conversion in a variety of
materials. Measurements of the corresponding spin Hall
angles are summarized in Sec. IV.E.

A. Early experiments of anomalous Hall effect in paramagnets

Chazalviel and Solomon (1972) reported a pioneering work
on a spin-dependent Hall effect in nonmagnetic semiconduc-
tors. They detected the AHE in InSb and n-doped Ge at low
temperatures (<25 K), where the spin polarization was

FIG. 14 (color online). Angular distribution of the (a) intrinsic-
side-jump contribution for Ni [001], (b) intrinsic-side-jump
contribution for Ni [110], (c) intrinsic contribution for Ni
[001], and (d) intrinsic-side-jump contribution for Fe [001] on
a sphere in the Brillouin zone. The dark regions correspond to
large contributions. The color code of each surface point
corresponds to the sum of all contributions along the path from
the origin to the particular surface point. From Weischenberg
et al., 2011.
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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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precession, and associated suppression of the observed signal
to the applied magnetic field, as predicted by Dyakonov and
Perel (1971a) and Hirsch (1999).
Zhang (2000) showed, by solving the spin-dependent

drift-diffusion equations for a finite width channel, that the
spin-diffusion length λsd defines the length scale of the edge
spin accumulation. By fitting to the spin-drift-diffusion
equation, Kato et al. (2004a) extracted the transverse spin
current and the spin Hall resistivity ρH. This analysis, which
assumes well-resolved spin-up and spin-down transport
channels (Hirsch, 1999; Zhang, 2000), is valid in the weak
spin-orbit limit, which is verified by noting that Δsoτ=ℏ ∼
10−3 ≪ 1, where Δso is the spin-orbit coupling energy and τ is
the momentum scattering time. The measured value of ρH ∼
2 Ωm is consistent with that obtained from modeling based
on scattering by screened and short-range impurities (Engel,
Rasbha, and Halperin, 2006; Tse and Das Sarma, 2006).
Noting that the charge resistivity ρ ∼ 4 × 10−6 Ωm, this
corresponds to a spin Hall angle of ∼10−4. In the weak
spin-orbit coupling regime, the spin-orbit splitting of the
quasiparticle bands is smeared out by disorder which favors
the extrinsic SHE interpretation of the measured signal. The
absence of the intrinsic SHE was confirmed by measurements
in the strained InGaAs sample which showed no dependence
of the SHE signal on the strain induced anisotropies of the
spin-orbit-coupled band structure.
Experiments in 2DHG devices (Fig. 16) were carried out in

the strong spin-orbit coupling limit, Δsoτ=ℏ ∼ 4, which favors
the intrinsic mechanism (Wunderlich et al., 2004, 2005;
Nomura et al., 2005). The device comprised coplanar
p-n junction light emitting diodes (LEDs) that were patterned
in ðAl;GaÞAs=GaAs heterostructures grown by molecular-
beam epitaxy and using modulation donor (Si) and acceptor
(Be) doping in (Al,Ga)As barrier materials. The heterostruc-
ture consisted of an n-doped AlGaAs/GaAs heterojunction,
followed by the growth of 90 nm of intrinsic GaAs and a
p-doped AlGaAs/GaAs heterojunction. The coplanar p-n
junctions were created by removing the p-doped layer of
the wafer and thus creating a hole channel, with a carrier
density 2 × 1012 cm−2. The 2DEG at the bottom heterojunc-
tion was almost depleted. The removal of p-doped surface
layer populated the 2DEG, forming the n-side of the coplanar
p-n junction.
A current Ip was applied to drive the electroluminescence at

the edge of the channel due to recombination near p-n
junctions. The detection of spin polarization in the 2DHG
was done by measuring the circular polarization of the emitted
light, shown in Figs. 16(d) and 16(e). The magnitude of the
signal reached ∼1% at 4 K. Consistent with the SHE
phenomenology, the experiments demonstrated that the spin
accumulation was opposite at opposite sides of the channel
and that it reversed sign following current reversal.
Calculations of the SHE conductivity showed that the SHE

originating from the spin-orbit-coupled quasiparticle bands of
the 2DHG is only weakly affected by disorder for the
parameters of the studied system (Wunderlich et al., 2005).
A quantitative microscopic description of the measured edge
spin-accumulation signal was developed and further exper-
imentally tested by Nomura et al. (2005). The theory analysis
pointed out that the length scale of the edge spin accumulation

is defined in the strong spin-orbit coupling regime by the spin-
orbit precession length Lso ¼ vFτso, where τso ¼ ℏπ=Δso is
the precession time of the spin in the internal spin-orbit field
and vF is the Fermi velocity. With increasing strength of the
spin-orbit coupling, the edge spin-accumulation region nar-
rows down and, simultaneously, the amplitude of the spin
polarization increases. For the experimental parameters of the
studied 2DHG, Lso ∼ 10 nm and the calculated amplitude of
the edge spin polarization was 8%, in good agreement with the
1% polarization of the measured electroluminescence signal
which was averaged over a ∼100 nm sensitivity range of the
coplanar light emitting diode. A comparison between mea-
surements in devices with 1.5 and 10 μm wide channels
confirmed the expectation that the SHE signal is independent
of the channel width.
Subsequent magneto-optical measurements of the SHE in

the n-GaAs 3D epilayers have experimentally demonstrated
that the SHE-induced spin accumulation is due to a transverse
spin current which can drive spin polarization tens of microns
into a region in which there is minimal electric field (Sih et al.,
2006). The work proved experimentally that the SHE can be
used as a source of spin current generated in a NM.

FIG. 16 (color online). Observation of the SHE by the circularly
polarized electroluminescence of coplanar p-n diodes. (a) Sche-
matic configuration of the lateral p-n junction to detect spin
accumulation. (b) Light emission from the p-n junction recorded
by a charged-couple device camera. (c) Electron microscope
image of the microdevice with symmetrically placed p-n diodes
at both edges of the 2DHG channel. (d),(e) Emitted light
polarization of recombined light in the p-n junction for the
current flow indicated in (c) at 4 K. From Nomura et al., 2005.
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A systematic doping dependence of the SHE angle was
studied in n-GaAs 3D epilayers with electron densities
n ¼ 1.8 × 1016–3.3 × 1017 cm−3 and the results were found
consistent with theory predictions for the extrinsic SHE
(Matsuzaka, Ohno, and Ohno, 2009). The measured SHE
angles of ∼5 × 10−4–5 × 10−3 increase with increasing dop-
ing with a tendency to saturate at the high doping end of the
studied set of samples at a value corresponding to ∼1% edge
spin polarization. It was concluded from this systematic
analysis that the spin accumulation is reduced by an enhanced
spin relaxation due to the Dyakonov-Perel mechanism, while
the spin current induced by the SHE is enhanced with
increasing n (Matsuzaka, Ohno, and Ohno, 2009). The
SHE was observed also in other semiconductor systems
including n-ZnSe 3D epilayers (Stern et al., 2006) and
InGaN/GaN superlattices (Chang et al., 2007).

2. Optical generation of the inverse spin Hall effect

A traditional way of generating spin-polarized photocar-
riers in semiconductors is by absorption of circularly polarized
light (Meier and Zakharchenya, 1984). Because of the optical
selection rules, the out-of-plane spin polarization of photo-
carriers is determined in this technique by the sense and
degree of the circular polarization of vertically incident light.
This technique was used to observe the AHE in semicon-
ductors (Bakun et al., 1984; Miah, 2007), which was
discussed in Sec. IV.A, and eventually led also to the detection
of the ISHE generated by the pure spin current.
Ando et al. (2010) reported an experiment in a NM-

semiconductor hybrid structure in which they demonstrated
the conversion of circularly polarized light absorbed in a
semiconductor to an electrical signal in the attached NM ISHE
sensor (Fig. 17). The photoinduced ISHE was observed in a
Pt/GaAs hybrid structure. In the GaAs layer, circularly
polarized light generates spin-polarized carriers, inducing a
pure spin current into the Pt layer through the interface. This
pure spin current is converted into an electrical voltage due to
the ISHE in Pt. Systematic changes of the ISHE signal were
observed upon changing the direction and ellipticity of
the circularly polarized light, consistent with the expected
phenomenology of the photoinduced ISHE. The observed
phenomenon allows the direct conversion of circular-
polarization information into the electrical voltage and can
be used as a spin photodetector.
Using a similar detector configuration, Kampfrath et al.

(2013) demonstrated the control of the transmission of
terahertz spin current pulses. The samples consisted of
Fe/Au and Fe/Ru heterostructures. The absorption of a
femtosecond laser pulse in the Fe layer generates a non-
equilibrium electron distribution and associated spin current,
dominated by the majority-spin sp-like electrons, that flow
into the Au(Ru) nonmagnetic layer. The transport dynamics is
different in the Fe/Au and Fe/Ru heterostructures because of
the much larger electron mobility of Au; the flow of the
nonequilibrium electrons occur much more slowly in Ru than
in Au, and are accompanied by significantly more spin
accumulation. The nonmagnetic layer can thus be used to
either trap or transmit electrons, and thus engineer ultrafast
spin pulses, which change in temporal shape and delay.

The detection of the spin-current pulses used by Kampfrath
et al. (2013) relied on the ISHE.
While in the static experiments by Ando et al. (2010) the

resulting charge current is measured as a voltage, Kampfrath
et al. (2013) detected the electromagnetic pulse emitted by the
charge current burst by electro-optical sampling using a GaP
crystal. The feasibility of the experiment demonstrated the
operation of the ISHE as a spin-current detector up to
frequencies as high as 20 THz.
Wunderlich et al. (2009, 2010), using the same type of

lateral p-n diodes as in Nomura et al. (2005) and Wunderlich
et al. (2005), exploited optical spin injection by a circularly
polarized laser beam to observe the ISHE and to fabricate
experimental optospintronic and spin-transistor devices. In the
SHE measurements in Nomura et al. (2005) and Wunderlich
et al. (2005), the p-n junctions were fabricated along the
edges of the 2DHG channel and under forward bias could
sense the spin state of recombining electrons and holes
through polarized electroluminescence. In Wunderlich et al.
(2009, 2010), on the other hand, the spin Hall channel was
fabricated in the etched part of the epilayer with the 2DEG, the
channel was oriented perpendicular to the p-n junction, and

(a)

(c)

(b)

FIG. 17 (color online). (a) Schematic illustration of the band
structure of GaAs and spin-polarized electrons generated by the
absorption of circularly polarized light. (b) Schematic illustration
of the ISHE induced by photoexcited pure spin currents in the
Pt/GaAs system. (c) The illumination angle θ dependence of
VR − VL measured for the Pt/GaAs hybrid structure. θ is the in-
plane angle between the incident direction of the illumination and
the direction across the electrodes attached to the edges of the Pt
layer as shown in the inset. VR − VL is the difference in the
electromotive force for illumination with right and left circularly
polarized light. The filled circles are the experimental data. The
solid curve shows a fitting result using a function proportional to
sin θ. From Ref Ando et al., 2010.
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the diode was under zero or reverse bias, operating as a
photocell as shown in Fig. 18. The optical activity of the
lateral diode confined to a submicron depletion region,
combined with a focused (∼1 μm) laser beam, allowed for
a well localized injection of spin-polarized photoelectrons into
the planar 2DEG channel.
The Hall signals were detected electrically on multiple Hall

crosses patterned along the channel. Two regimes of operation
of the device are distinguished: One corresponds to an AHE
regime, in which the reverse-bias charge current is drained
behind the Hall crosses at the opposite end of the channel from
the p-n junction injection point [Fig. 18(a)]. The other regime
corresponds to the ISHE measurement since in this case the
charge current is drained before the Hall crosses, allowing
only the pure spin current to diffuse further in the channel
[Fig. 18(b)]. In both cases, the measured transverse electrical
signals were consistent with the phenomenology of the spin-
dependent Hall phenomena (Wunderlich et al., 2009, 2010).
The sign of the voltage was opposite for opposite helicities of
the incident light, i.e., opposite spin polarizations of injected
photoelectrons. Moreover, the amplitude of the electrical
signals was found to depend linearly on the degree of circular

polarization of the light, rendering the device an electrical
polarimeter (Wunderlich et al., 2009). The electrical signals
were observable over a wide temperature range with spin Hall
angles of 10−3–10−2. The measured 2DEG was in the weak
spin-orbit coupling regime, Δsoτ=ℏ ∼ 10−1, and the measured
data were consistent with the extrinsic mechanism
(Wunderlich et al., 2009).

3. All-optical generation and detection

The SHE and ISHE were also observed using two-color
optical coherence control techniques in intrinsic GaAs at 80 K
with polarized 70 fs, 715 and 1430 nm pulses (Zhao et al.,
2006). When the pulses were orthogonally polarized, a pure
spin source current was generated that yielded a transverse
Hall pure charge current via the ISHE. When the pulses were
parallel polarized, a pure charge source current was generated
that yielded a pure spin current via the SHE. By varying the
relative phase or polarization of the incident pulses, the type,
magnitude, and direction of both the source and transverse
currents were tuned without applying electric or magnetic
fields. In contrast to the previous steady-state experiments,
where drift currents are generated by electric fields, the
injected currents are ballistic with electrons traveling initially
at ∼1000 km=s.
The generation of spin and charge currents results from the

quantum interference between absorption pathways for one-
and two-photon absorption connecting the same initial and
final states as illustrated in Fig. 19(a). For a spin current, a
coherent pulse centered at frequency ω with phase φω is
normally incident along ẑ and linearly polarized along the x̂
direction which can be arbitrary with respect to crystal axes
since the effects are not strongly sensitive to crystal orienta-
tion. A copropagating 2ω pulse with phase φ2ω is linearly
polarized along the orthogonal ŷ direction. Excited spin-up

(a)

(b)

(c)

FIG. 18 (color online). ISHE based transistor. (a) Schematics of
the spin-injection Hall effect measurement setup with optically
injected spin-polarized electrical current propagating through the
Hall bar and corresponding experimental Hall effect signals at
crosses H1 and H2. The Hall resistances RH ¼ VH=IPH for the
two opposite helicities of the incident light are plotted as a
function of the focused light spot position, i.e., of the position of
the injection point. The optical current IPH is independent of the
helicity of the incident light and varies only weakly with the light
spot position. (b) Same as (a) for the ISHE measurement
geometry in which electrical current is closed before the first
detecting Hall cross H1. (c) Schematics of the setup of the spin
Hall transistor and experimental Hall signals as a function of the
gate voltage at a Hall cross placed behind the gate electrode
for two light spot positions with a relative shift of 1 μm.
From Wunderlich et al., 2010.

2

z [100]^
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ŷ
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FIG. 19 (color online). Observation of the ISHE using the two-
color optical pump-and-probe technique. (a) Illustration of
orthogonally polarized ω and 2ω pulses producing a pure spin
current (double headed straight arrow) along the ω beam
polarization direction (x̂). The charge current due to the ISHE
(curved arrows) along ŷ leads to electron accumulation near one
edge of the illuminated region. (b) Measured charge accumu-
lation due to the ISHE. From Zhao et al., 2006.
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electrons are polarized along ẑ and move preferentially in one
direction along x̂, while spin-down electrons move in the
opposite direction. Together they generate a spin current
proportional to cosðΔφÞ where Δφ ¼ 2φω − φ2ω. The spin
current is dominated by electrons as holes lose their spin in
<100 fs. Because of the ISHE, a charge current is generated
[Fig. 19(a)] that has the same cosine dependence as the spin-
current source. Consistent with the ISHE phenomenology, the
excess charge on one side and the deficit on the other side of
the sample, shown in Fig. 19(b), was observed along the
direction perpendicular to the driving spin current.
The ballistic nature of transport in these experiments was

fully exploited in fs time-resolved measurements (Werake,
Ruzicka, and Zhao, 2011). They allowed one to infer the
momentum scattering time τ ≈ 0.45 ps and with a much
shorter time delay of the probe pulses to observe in real time
the transverse charge current. The measurements showed that
the charge current was generated well before the first
scattering event, providing a direct demonstration of the
intrinsic ISHE.

4. Electrical manipulation

A distinct feature of the ISHE experiments in the 2DEG is
the observed spin precession due to internal Rashba and
Dresselhaus spin-orbit fields (Wunderlich et al., 2009, 2010).
Since the spin-diffusion length scales approximately as
∼L2

so=w (Wunderlich et al., 2010), it was possible to observe
a few spin precessions in channels of a width w ¼ 1 μm for
Lso ∼ 1 μm of the studied 2DEG. The corresponding oscil-
lations of the spin Hall voltages were consistently observed by
measuring at different Hall crosses along the channel or by
shifting the laser spot, i.e., the spin-injection point (Fig. 18).
The lateral ISHE channels also allow one to place top gate
electrodes in between the Hall crosses as shown in Fig. 18(c).
(The gates are formed by unetched regions of the wafer.) The
strength of the Rashba and Dresselhaus spin-orbit fields and,
therefore, also the spin precession can be manipulated electri-
cally in the device shown in Fig. 18(c). To demonstrate an AND

logic functionality, two gates were fabricated on top of the
channel and the Hall electrical signal was measured at a cross
placed behind both gates. Intermediate gate voltages on both
gates represented the input value 1 and gave the largest
electrical ISHE signal, representing the output value 1. When
a large reverse gate voltage was applied to any of the two
gates, representing input 0, the electrical ISHE signal dis-
appeared, i.e., the output was 0.
A different approach to achieve the control of spin currents

is by directly modifying the spin-orbit coupling strength on a
given material, which in turn determines the spin Hall angle.
The electronic band structure and impurity states are weakly
dependent on an external electric field and therefore cannot be
used to change the spin-orbit strength. However, Okamoto
et al. (2014) noted that the electric field can induce a carrier
redistribution within a band or multiple bands. Therefore, if
the electrons generating the SHE can be controlled by
populating different areas (valleys) of the electronic structure,
the spin-orbit interaction (and the spin Hall angle) can be
tuned directly within a single sample. Okamoto et al. (2014)
reported such a tuning in bulk GaAs at room temperature by

means of an electrical intervalley transition induced in the
conduction band. The spin Hall angle was determined by
measuring an electromotive force driven by photoexcited spin-
polarized electrons drifting through n-GaAs Hall bars. By
controlling electron populations in the Γ and L valleys with an
applied electric field (part of the p character in the L valley
provides a larger effective spin-orbit interaction), the spin Hall
angle was changed by a factor of 40, from 0.0005 to 0.02 for
moderate electric fields beyond 100 kVm−1. Thus the highest
spin Hall angle achieved is comparable to that of Pt.

C. Transport experiments

Hirsch (1999) and Zhang (2000) discussed specific con-
cepts for the experimental detection of the SHE and ISHE
using dc transport techniques. Hirsch (1999) proposed a
device that consists of a metallic slab in which spin accu-
mulation is generated by an electrical current via the SHE, as
described in Sec. II (see Fig. 2). A transverse strip connects the
edges of the slab, allowing the spin current to flow through it.
Because of the ISHE, a voltage is generated that can be
measured with a voltmeter. In an alternative approach, Zhang
(2000) proposed to detect the spin accumulation electrically
using a FM probe. The concept borrows from techniques for
spin injection and detection in NM implemented in nonlocal
spin devices (Silsbee, 1980; Johnson and Silsbee, 1985).
Shortly after the optical SHE detection in semiconductors

(Kato et al., 2004a; Wunderlich et al., 2004, 2005),
Valenzuela and Tinkham (2006) reported an observation of
the voltage generated by the ISHE. Instead of generating the
spin current by the SHE, which would render a second-order
voltage in the spin Hall angle, they used electrical spin
injection from a FM in combination with a Hall cross
patterned in the ISHE paramagnet. Independently, Saitoh
et al. (2006) observed the voltage generated by the ISHE
in a setup where the spin injection from the FM to the NMwas
achieved using the SP techniques. Kimura et al. (2007)
combined the concept of the spin Hall cross and the proposal
by Zhang (2000) to detect both the SHE and ISHE in the same
device. It took a few more years to demonstrate the idea of
Hirsch of simultaneously exploiting both the SHE and the
ISHE in an electrical device. It was first attempted by
Mihajlovic et al. (2009) using a gold H-bar device
(Hankiewicz et al., 2004), but they did not succeed in
observing a spin Hall related signal. Eventually, this was
achieved by Brüne et al. (2010), who performed the experi-
ment in a ballistic semiconductor H-bar device. The transport
SHE and ISHE experiments are described in detail in
Secs. IV.C.1–IV.C.5.
More recently, the SHE was also detected via the manipu-

lation of magnetization in FMs (Liu et al., 2011; Miron,
Garello et al., 2011). Spin currents generated by the SHE were
shown to be sufficiently large to induce magnetization
dynamics, drive domain walls, or switch magnetization in
the FM, demonstrating the potential of the SHE for applica-
tions (Miron, Garello et al., 2011; Miron et al., 2011; Liu, Pai,
Li et al., 2012; Emori et al., 2013; Ryu et al., 2013). These
SHE experiments together with the ISHE measurements via
SP are discussed in Sec. IV.D.
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1. Concepts of nonlocal spin transport: Electrical injection and
detection

Johnson and Silsbee (1985) reported the injection and
detection of nonequilibrium spins using a device that con-
sisted of a NM (N), with two attached FM electrodes (F1, F2),
illusrated in Fig. 20. In this device, spin-polarized electrons
are injected from F1 into N by applying a current I from F1
that results in spin accumulation in N. The population of, say,
spin-up electrons in N increases by shifting the electrochemi-
cal potential by δμN, while the population of spin-down
electrons decreases by a similar shift of −δμN . Overall,
this corresponds to a spin-accumulation splitting of 2δμN .
The spin accumulation diffuses away from the injection point
and reaches the F2 detector, which measures its local
magnitude.
As first suggested by Silsbee (1980), the spin accumu-

lation in N can be probed by the voltage VNL, which is
induced at F2. Silsbee noted that the polarization density in
N, or equivalently the nonequilibrium magnetization, acts as
the source of the spin electromotive force that produces
VNL. The magnitude of VNL is associated with δμN , while
its sign is determined by the relative magnetization ori-
entation of F1 and F2.
Because the current is drained to the left of N, there is no

charge current toward the right, where the detector F2 lies
[Fig. 20(a)]. For this reason, the spin detection is said to be
implemented nonlocally, where no charge current circulates by
the detection point, and thus VNL is sensitive to the spin degree
of freedom only. Accordingly, nonlocal measurements elimi-
nate the presence of spurious effects associated to charge
transport, such as anisotropic magnetoresistance (AMR) or the
ordinary HE that could mask subtle signals related to spin
injection. Typically, nonlocal devices exhibit a small output
background allowing sensitive spin-detection experiments.
This approach has been widely used in recent years to
characterize the spin transport in metals, semimetals, semi-
conductors, superconductors, carbon nanotubes, and graphene.
It has also been used to study the spin-transfer properties of
FM-NM material interfaces.

2. Nonlocal detection of inverse spin Hall effect with lateral spin
current

Valenzuela and Tinkham (2006, 2007) adapted the nonlocal
detection techniques to study the ISHE. Their device is
schematically shown in Fig. 21(a). By using a FM electrode,
a spin-polarized current is injected in a NM strip (N).
It propagates to both sides away from the injection point
and decays within the spin-diffusion length λsd. A laterally
induced voltage VSH, which results from the conversion of the
injected spin current into charge imbalance owing to
the ISHE, is then measured using a Hall-cross structure.
The magnitude of VSH is proportional to the anomalous Hall
operator σSH σ ×Es, where σSH denotes the spin Hall
conductivity, σ is the direction of the spin polarization
injected from the FM electrode, and Es is an effective
spin-dependent “electric” field, which follows from the
spin-dependent electrochemical potential μs along the NM
strip, i.e., EsðrÞ ¼ −∇μsðrÞ.
In the device of Fig. 21(b), the injector FM electrode (F1) is

made of CoFe, while the NM strip material is Al of thickness
tAl. The entire structure is fabricated without breaking vacuum
using electron-beam evaporation and shadow evaporation
techniques. An Al2O3 tunnel barrier is used for spin-current
injection. The purpose of the barrier is twofold. First, it
enhances the polarization of the injected electrons and,
second, it assures a uniform current injection. The latter is
essential because it suppresses the flow of charge current
toward the Hall cross, preserving the nonlocal character of the
measurements and eliminating the previously mentioned
spurious effects.
The FM electrode is magnetized in-plane at zero magnetic

field due to shape anisotropy and thus an out-of-plane
magnetic field B⊥ is used to generate a perpendicularly
polarized spin current at the Hall cross [Fig. 21(b)]. Spin
imbalance in the Al film occurs with a defined spin direction
given by the magnetization orientation of the F1 electrode.
Consequently, VSH is expected to vary when B⊥ is applied and
the magnetization M of the electrode is tilted out of the
substrate plane. Defining θ as the angle between M and
the electrode axis, it follows from the cross product in the
anomalous Hall operator that VSH is proportional to sin θ,
correlating with the component of M normal to the substrate
[Fig. 21(b)].

FIG. 20 (color online). Nonlocal spin detection and spin accu-
mulation. (a) Schematic illustrations of the device layout. An
injected current I on the source (F1) generates spin accumulation
in the NM (N) which is quantified by the detector (F2) voltage
VNL. (b) Schematic representation of the spin splitting in the
electrochemical potential induced by spin injection. The splitting
decays over characteristic lengths λsd over the N side. (c) Detector
behavior for an idealized Stoner FM with a full spin subband for
the parallel magnetization orientation (top) and for the antipar-
allel magnetization orientation (bottom).

FIG. 21 (color online). (a) Spin-current-induced Hall effect or
inverse spin Hall effect. Schematic representation of an actual
device where the pure spin current is generated by spin injection
through a FM (F) with out-of-plane magnetization. (a) Device
fabricated with CoFe electrodes (light gray) and an Al channel
(dark gray). Adapted from Valenzuela and Tinkham, 2006.
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The device layout in Fig. 21(b) is more sophisticated than
the schematics in Fig. 21(a), where only F1 is required. The
second FM electrode (F2) together with the injection FM
electrode (F1) and the NM strip form a spin injection and
detection device [Fig. 22(a)] for calibration purposes.
Calibration procedures are necessary to demonstrate consis-
tency with standard nonlocal methods. Explicitly, this device
can be utilized to measure the spin accumulation in the NM
and then determine its associated spin-diffusion length λsd, the
amplitude of the spin polarization of the injected electrons P,
and the magnetization orientation of the FM electrodes θ in
the presence of an external magnetic field (perpendicular to
the substrate). For this purpose, batches of samples are
commonly used where the distance between the two FMs
LF is modified and the spin-precession signal acquired
[Fig. 22(b)]. The distance of F1 relative to the Hall cross
LSH is also modified in order to test the consistency of the
spin-diffusion results. Subsequent measurements [Fig. 22(d)]
in the configuration of Fig. 22(c), performed in Al of different
tAl, and thus different λsd, yielded σSH ∼ 20 − 40 Ω cm−1 and
αSH ∼ ð1–3Þ × 10−4, which compares well with theoretical
estimates based on extrinsic mechanisms (Shchelushkin and
Brataas, 2005).
Olejník et al. (2012) used the same geometry to detect the

ISHE in n-GaAs using epitaxial ultrathin Fe/GaAs injection
contacts with strong in-plane magnetic anisotropy. Hybrid
semiconductor–metal FM structures suffered for a long time
from the resistance mismatch problem (Schmidt et al., 2000).
Since the spin transport relies on different conductivities for
spin-up and spin-down electrons and is governed by the least
conductive part of the device, the effects are weak in devices in
which the nonmagnetic semiconductor with equal spin-up and
spin-down conductivities dominates the resistance of the

device (Rasbha, 2000). The introduction of a highly resistive
tunnel barrier between the FM metal electrode and the
semiconductor channel solved the problem (Rasbha, 2000;
Lou et al., 2007).
The device of Olejník et al. (2012), shown in Fig. 23(a),

comprised the n-GaAs channel, a Hall cross, and two
ferromagnetic (Fe) electrodes [as described in Fig. 21(a)]
with Fe Schottky injection contact. The Fe=n-GaAs hetero-
structure was grown epitaxially in a single molecular-beam
epitaxy chamber without breaking ultrahigh vacuum. The
heterostructure contained 250 nm of low Si-doped GaAs
(5 × 1016 cm−3), 15 nm of GaAs with graded doping, and
15 nm of highly Si-doped GaAs (5 × 1018 cm−3). The
purpose of the doping profile was to create a narrow tunnel
Schottky barrier between GaAs and Fe favorable for spin
injection or detection. It was then possible to simultaneously
detect the spin current in n-GaAs generated by nonlocal
injection from a Fe contact by using the ISHE and the spin
accumulation by using the additional Fe contact [Figs. 23(b)
and 23(c)]. The spins were manipulated by spin precession
with an external magnetic field combined with drift using an
external bias (Huang, Monsma, and Appelbaum, 2007). In this
case, the magnetic field was applied in-plane (x direction) to
precess the spin accumulation into the out-of-plane direction,
so that it could be detected by the ISHE. The signal first
increases at low fields but then is suppressed due to spin
dephasing [Fig. 23(c)].
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FIG. 22 (color online). Observation of the ISHE (right) in a metal
device with an electrical spin injection from a FM, compared with
the spin detection by the nonlocal spin valve effect (left). The
light gray FM electrodes in the micrographs are made of a CoFe
alloy. The dark gray Hall cross is made of Al. (a) and (c) represent
the measurement configurations; (b) and (d) show typical spin
precession and ISHE signals, respectively. From Valenzuela and
Tinkham, 2006.

FIG. 23 (color online). (a) Schematic of the device used to detect
the ISHE in n-GaAs. Current is injected on the Fe electrode on
the right, the voltage generated by ISHE and by spin accumu-
lation are detected simultaneously with the Hall cross and the Fe
electrode on the left, respectively. The spin transport can be
further modified by a drift current applied between the outermost
Au electrodes. (b),(c) The experimental symmetrized nonlocal
spin injection or detection signal and the antisymmetrized ISHE
signal in the in-plane hard-axis field for constant spin-injection
bias current (300 μA) and for three different drift currents. From
Olejník et al., 2012.
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The devices described required the application of a magnetic
field for observing the ISHE. Seki et al. (2008) used a FM (FePt)
with an out-of-plane anisotropy, which enabled them to inves-
tigate the ISHE in Au without magnetic fields. The device was
fabricated with the geometry in Fig. 21 using Ohmic contacts.
Themeasurements presented a rather large background voltage,
which is likely due to the flowof charge current at the position of
the Hall cross (Mihajlovic et al., 2009). The use of Ohmic
contacts, as opposed to tunnel barriers, results in inhomo-
geneous in-plane current injection. Because thewidth of the Au
wire and the distance of the Hall cross were comparable, some
current reached the Hall cross contributing to the background;
therefore the experimental artifacts discussed previously cannot
be ruled out completely. By considering that the voltage was
independent of themagnetization of the injector electrodes, Seki
et al. deduced αSH ¼ 0.113 for Au at 295 K, which was weakly
dependent on temperature. This large αSH was first attributed to
resonant scattering in the orbital-dependent Kondo effect of Fe
impurities in the Au host metal (Guo, 2009). In the follow-up
work, Sugai, Mitani, and Takanashi (2010) found that αSH ∼
0.07 was approximately independent of the Fe concentration.
Seki et al. (2010) further observed a reduction ofαSH from0.1 to
0.03 when the Au thickness was increased from 10 to 20 nm.
Additionally, Gu et al. (2010) obtained similar results in Pt-
doped Au by codeposition of Pt and Au with magnetron
sputtering (1.4%Pt). These results in combinationwith ab initio
and quantum Monte Carlo calculations for the skew scattering
due to a Pt impurity led to the proposal of a much larger αSH in
the surface of Au than in the bulk (Gu et al., 2010).

3. Nonlocal detection of spin Hall effects with vertical spin
current

The approach described in the previous section enables
proper quantification of the spin Hall angle because of the
direct measurements of the spin-diffusion length and the fact
that no additional interfaces are required. However, it is suitable
for materials that have spin-diffusion lengths beyond tens of
nanometers. For smaller spin-diffusion lengths, Kimura et al.
(2007) used a similar approach with the device structure shown
in Fig. 24(a). The structure comprises a Hall cross where the
material of the transverse arm is the large spin-orbit coupling

NM with short λsd, which acts as a spin-current absorber that
induces VSH via the ISHE. The longitudinal arm (N1), on the
other hand, ismade of aNMwith long spin-diffusion length and
fulfils the purpose of transporting spin information between the
FM electrode (F) and N2.
The way the measurements are performed is sketched in

Fig. 24(b) (left). A charge current is injected from F into N1
that induces a spin current toward N2 polarized in-plane in the
direction parallel to the N1 arm. When the distance between F
and the cross is smaller than the spin-diffusion length in N1,
the spin current is preferably absorbed into the transverse arm
N2 because of the strong spin relaxation in N2. The injected
vertical spin current into N2 vanishes in a short distance from
the N1-N2 interface because of the short spin-diffusion length
of N2 and generates a transverse voltage via the ISHE.
Owing to the broken inversion symmetry at the N1-N2

interface, the crystal field can induce an interface contribution to
the spin-orbit coupling (Linder and Yokoyama, 2011) and
therefore an additional source of SHE as well as a contribution
of the spin to charge conversion from SGE (Rojas-Sánchez
et al., 2013b; Zhang et al., 2015). In the following discussion,
the SGE is not invoked to explain the results when using the
device in Fig. 24. This is rooted in the fact that the relevance of
SGE-ISGE in metals was brought to the attention of the
community in the recent SOT studies, only after most of the
SHE experiments discussed here were carried out. Future
experiments might require a more careful analysis to determine
the relative weight of the ISHE and SGE in the measurements.
The device shown in Fig. 24 can be also used to measure the

SHE (or the ISGE). The bias configuration ismodified as shown
in Fig. 24(b) (right). Here N2 acts as a spin-current source,
which induces a spin accumulation in N1 that is detected with
the FM electrode F, as originally proposed by Zhang (2000).
Kimura et al. (2007) used permalloy (Py) as the FM source,

and Cu and Pt as N1 and N2, respectively (see Fig. 25). The

FIG. 24 (color online). (a) Schematic illustration of a nonlocal
device to measure the direct and inverse spin Hall effect in
materials (N2) with short spin relaxation length λN2

sd . (b) Sche-
matic illustration of the charge accumulation process in N2 (left)
due to the ISHE when a spin current is injected from F as in (a).
Schematic illustration of the charge to spin-current conversion
due to the SHE when a current is applied to N2. This process
generates spin accumulation that is detected by measuring the
voltage at which F floats. See Kimura et al. (2007). Adapted from
Valenzuela and Kimura, 2012.

FIG. 25 (color online). (a) Scanning electron microscope (SEM)
image of the fabricated spin Hall device to measure the SHE in Pt
together with a schematic illustration of the fabricated device.
(b) Signal due to the ISHE at 77 K. The black and grey curves
show measurements for the two opposite sweeps of the magnetic
field. Spin-accumulation signal generated by SHE at 77 K. Insets:
measurement setup. NiFe, Cu, and Pt are in different colors. From
Kimura et al., 2007.
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materials were deposited by electron-beam evaporation. The
devices were fabricated with transparent interfaces between
Py and Cu and between Pt and Cu. Ar ion beam etching was
done prior to depositing Cu in order to clean the surfaces of Py
and Pt, a method that has been repeated in the other studies
described below. The long spin-diffusion length of Cu (about
500 nm) assured that the spin current reached Pt, which was
4 nm thick. The measurements were interpreted with a one-
dimensional model by assuming that the induced spin current
at the Cu-Pt interface was completely absorbed by the Pt and
was uniform along the vertical direction. The spin relaxation
length for Py was assumed (not measured) to be 3 nm. Kimura
et al. (2007) then obtained that σSH ∼ 2.4 × 102 Ω cm−1
and αSH ¼ 3.7 × 10−3.
Over the last few years some of the initial simplifications

that are mentioned have been removed, leading to more
reliable quantitative interpretations of the experimental
results. Vila, Kimura, and Otani (2007) noted that the
absorption efficiency of the spin current may depend on
the device geometry and temperature. They modified the
design of Fig. 25 to a conventional nonlocal spin injection or
detection structure where a Pt electrode was inserted between
the FM Py electrodes (see Fig. 26). This change enabled them
to determine explicitly the magnitude of the absorbed spin
current. By comparing with reference devices without the Pt
insertion, they observed that the ratio between the spin signal
with and without Pt varied from 0.35 at 5 K to 0.2 at room
temperature, irrespective of the Pt thickness. They then
performed systematic spin-absorption studies as a function
of the Pt thickness, obtaining that λsd for Pt was 10 and 14 nm
at room temperature and at 5 K, respectively.
The Pt thickness dependence of the ISHE signal resulted in

somewhat lower λsd for Pt of 7 and 8 nm at room temperature
and at 5 K, respectively. The obtained value of σSH ∼
3.5 × 102 Ω cm−1 was larger than that in the Kimura et al.

(2007) experiment; this is because the assumption of the
complete spin-current absorption into the Pt wire led to
underestimating the spin Hall conductivity.
Additionally, Vila, Kimura, and Otani (2007) found that the

spin Hall conductivity was nearly constant as a function of
temperature, indicating that the spin Hall resistivity likely
evolves in a quadratic form with the Pt resistivity in the
analyzed temperature range, which was initially associated to
a side-jump origin of the SHE. However, this resistivity
dependence can also be associated with the intrinsic mecha-
nism (Tanaka et al., 2008; Kontani et al., 2009).
Niimi et al. (2011) further included a correction factor 0 <

x < 1 that accounted for the fact that the transverse charge
current induced by the ISHE is partially shunted by the wire
N1 above the N1-N2 interface or, conversely, that the charge
current that induces the spin current via the SHE does not only
flow through N2 but also leaks into N1 [see also Liu et al.
(2011)]. In order to determine x experimentally, they mea-
sured the voltage drop of two identical N2 nanowires with and
without shunting N1 bridges. Within a one-dimensional
circuit model, the current flowing into the N2 wire I0 was
assumed to divide into two components at the N1-N2 inter-
face: xI0 for the N2 wire and ð1 − xÞI0 for the N1 bridge. With
this, x was estimated to be 0.36� 0.08 for Cu (N1), when
using a number of transition metals and alloys as N2 (Morota
et al., 2011; Niimi et al., 2011), therefore appearing to be
rather insensitive to the resistivity of N2. Because of this
correction, former reports underestimated σSH by a factor
x−1 ∼ 2.8. Such large correction is to be expected given that
the N1 wire (usually Cu or Ag) is highly conductive
[conductivity ∼ð3 − 5Þ × 107 Ωm−1) and thick (∼100 nm),
when comparing with N2 (∼105 − 107 Ωm−1 and ∼10 nm).
In addition, Morota et al. (2011) and Niimi et al. (2011)

pointed out that the spin currents injected in N2 should dilute
when its thickness tN2 is larger than the spin-diffusion length
in N2 leading to smaller spin Hall signals. To correct for this
effect, they obtained an aggregate spin current in N2 by
integrating over tN2, which was then divided by tN2; they also
forced the spin current to be zero at the bottom surface of N2.
Niimi et al. (2011) reported αSH ¼ 0.021� 0.006 for the

skew scattering off Ir in a Cu matrix, which is consistent with
experimental work relying on spin-polarized currents gener-
ated by dilute Mn impurities, for which αSH ¼ 0.026 (Fert,
Friederich, and Hamzic, 1981; Fert and Levy, 2011). The spin
Hall angle was extracted with CuIr wires that were prepared
with different Ir concentrations (0%, 1%, 3%, 6%, 9%, and
12%) using magnetron sputtering. They measured ρH of CuIr
as a function of the resistivity induced by the Ir impurities,
defined as ρimp ¼ ρCuIr − ρCu, finding a simple linear depend-
ence up to Ir concentration of 12%. This was presented as a
proof that the dominant mechanism of the extrinsic SHE
induced by the Ir impurities is the skew scattering,
with αSH ¼ ρH=ρimp.
Morota et al. (2011) investigated the ISHE and SHE in 4d

and 5d transition metals, Nb, Ta, Mo, Pd, and Pt. Nb, Ta, and
Mo wires were deposited by magnetron sputtering while Pd
and Pt wires were grown by electron-beam evaporation. In
particular, for Pt, they obtained a spin Hall angle σSH ¼
0.021� 0.005 that was roughly 6× larger than that in Kimura
et al. (2007). Such a difference can be explained with the

FIG. 26 (color online). (a) SEM image of the typical device for
SHE measurements and an illustration of the device. (b) Direct
and inverse SHE (SHE and ISHE) recorded at T ¼ 10 K using a
device with a Pt thickness of 20 nm, altogether with the AMR
from the Py wire measured on the same condition. SHE
measurement corresponds to VBC=IAE, and ISHE to VEA=IBC;
with V the voltage, I the applied current; A, B, C, and E are the
contact leads as denoted in the SEM image. From Vila, Kimura,
and Otani, 2007.
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above corrections. They also found that the sign of the spin
Hall conductivity changes systematically depending on the
number of d electrons, a tendency that is in good agreement
with theoretical calculations based on the intrinsic SHE
(Kontani et al., 2009).
More recently, Niimi et al. (2012) studied the ISHE and SHE

by introducing a small amount ofBi impurities inCu.The alloys
of Cu1−xBix were deposited by magnetron sputtering from
Bi-sintered Cu targets with different Bi concentrations (0%,
0.3%, 0.5%, 1%, 3%, and 6%). The spin Hall resistivity was
derived by 1Dand3Dcalculations as a function of the resistivity
induced by the Bi impurities. As for the case with Ir impurities,
the experimental results follow the linear variation of the spin
Hall resistivity, characteristic of skew scattering by dilute
impurities but only at the lowest concentrations (<1%). At
larger concentrations, inhomogeneous distribution on Bi results
in the departure from the dilute impurity regime. From the slope
ρH=ρimp in the linear regime, αSH was estimated with the
standard 1D analysis above, and with more accurate 3D
calculations, resulting in αSHð1DÞ ¼ −ð0.12� 0.04Þ and
αSHð3DÞ ¼ −ð0.24� 0.09Þ at 10 K.
The 3D calculations yield a larger αSH because spin

accumulation is observed to spread at the side edges of the
CuBi/Cu junction, which is not taken into account in the 1D
model. For the calculations with the 1D model, the spin
current is considered to flow vertically into the CuBi wire,
therefore, they cannot take into account the spin escape by
lateral spreading. In general, the correction is observed to
become important when the spin-diffusion length in N2 is
longer than tN2. For the cases of CuIr or Pt, it produces a small
additional error because the spin-diffusion length in N2 is
usually shorter than tN2. For Pt, αSH was estimated to increase
from 0.021 (1D model) to 0.024 (3D model).
Nonlocal methods have been used to estimate spin Hall

angles in a number of other materials, including IrO2

(Fujiwara et al., 2013) and Bi (Fan and Eom, 2008). It was
also applied to determine the sign of the spin-injection
polarization of FMs by using materials with a well-established
spin Hall angle, which is not possible with standard nonlocal
spin injection and detection methods using the same FM
material for the two electrodes. This procedure was demon-
strated for the Heusler alloy Co2FeSi (Oki et al., 2012). The
ISHE in nonlocal geometries was also used as a probe of spin
fluctuations in weak FM NiPd alloys (Wei et al., 2012). An
anomaly near the Curie temperature was explained by the
fluctuation contributions to skew scattering via spin-orbit
interactions; the total magnetic moment involved in the
experiment was extremely small (less than 10−14 emu), high-
lighting the very high sensitivity of the technique.

4. Direct detection of the spin Hall induced spin accumulation

As discussed in Sec. II.C, Zhang (2000) proposed to detect
the spin accumulation induced by the SHE via a FM probe
directly attached in the side of a thin conductor. The
magnetization of the FM points to the direction perpendicular
to the plane of the film. The method is based on measuring the
voltage at which the FM floats depending on the direction of
its magnetization, which gives direct information of the spin
accumulation at the edge of the conductor (see Sec. IV.C.1).

The implementation of the method took several years because
of the local currents that circulate nearby the FM, which result
in spurious signals that are avoided by the nonlocal methods,
as described above.
Garlid et al. (2010) implemented devices based on epitaxial

Fe=InxGa1−xAs heterostructures (Fig. 27). The active layers
consisted of a 2.5-μm-thick Si-doped [ð3−5Þ×1016 cm−3]
channel, a highly doped Schottky tunnel barrier
(5 × 1018 cm−3), and a 5-nm-thick Fe layer. Heterostructures
with In concentrations 0, 0.03, 0.05, and 0.06 were processed
using lithographic and etching techniques into devices with
30-μm-wide channels oriented along the [110] direction, which
is the x direction in Fig. 27.
It is technically difficult to fabricate a thin film with a FM

attached at its edge with the magnetization orientation
proposed by Zhang (2000). To circumvent this obstacle,
Garlid et al. (2010) patterned pairs of Fe electrodes so that
the centers of the contacts in each pair are 2, 6, or 10 μm from
the edges of the channel. However, since the contacts are
magnetized along x, and the spin polarization generated by the
SHE is oriented along z, a magnetic field along y was applied
to precess the spin accumulation into the x direction so that it
could be detected. The spin accumulation is identified through

FIG. 27 (color online). (a) Micrograph of a spin Hall device with
Fe contacts located 10 μm from the edges of the GaAs channel.
The contact pairs ab and cd are used to measure the spin
accumulation. (b) Nonlocal spin valve (colored lines) and Hanle
effect (black dots) data obtained on a GaAs device at T ¼ 60 K
for injection current 8.2 × 102 A=cm2. (c) Measured voltage
Vab − Vcd for a GaAs device with Fe contacts 2 μm from the
edges at T ¼ 30 K for a channel current 5.7 × 103 A=cm2. An
offset voltage of 13.2 mV has been subtracted from the data. In
(b) and (c), data are shown for both parallel and antiparallel states
of injector and detector. (d) Spin Hall signal for both positive (full
circle) and negative (open circle) currents, after removing back-
ground and extracting antisymmetric signal. The spin Hall signal
in the antiparallel state is shown as the solid red line. From Garlid
et al., 2010.
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the observation of the Hanle effect in the voltage measured
between the pairs of FM contacts. The voltage first increases
at low fields but then is suppressed due to spin dephasing in
large fields.
The local character of the measurement causes a large

background signal due to (i) imperfect cancellation of the
background HE voltage induced by the applied magnetic field,
(ii) local HEs due to fringe fields generated by the FM
contacts, and (iii) because a small fraction of the channel
current is shunted through the Fe contacts. The HE voltages
were eliminated by using the expected symmetries of the
signal, while the shunting effect was reduced by subtracting
the voltages for the two current directions.
The results showed that the magnitude of the spin Hall

conductivity was in agreement with models of the extrinsic
SHE due to ionized impurity scattering. The bias and temper-
ature dependences of the SHE indicated that both skew and
side-jump scattering contribute to the total spin Hall conduc-
tivity. By analyzing the dependence of the SHE on channel
conductivity, which was modified with the In content, Garlid
et al. (2010) determined the relative magnitudes of the skew
and side-jump contributions to the total spin Hall conductivity.
Ehlert et al. (2012, 2014) reported measurements of the

SHE using a similar structure based on n-GaAs layers with
relatively low carrier concentration (5 × 1016 cm−3) and
corresponding low conductivity. The FM voltage probes were
implemented with (Ga,Mn)As/GaAs Esaki diode structures.
The heterostructures were grown by molecular-beam epitaxy
and consisted of a 1-μm-thick n-type transport channel, a 15-
nm-thick n → nþ GaAs transition layer (5 × 1018 cm−3), a
2.2-nm Al0.36Ga0.64As diffusion barrier, and a 15-nm-thick
layer of Ga0.95Mn0.05As. The highly doped (Ga,Mn)As/GaAs
p-n junction forms an Esaki diode. This structure was covered
on the top by 2 nm of Fe and 4 nm of Au. The purpose of Fe
was to make the contacts harder magnetically, which helped to
keep the magnetization aligned along their long axes during
Hanle measurements. The values of spin Hall conductivities
that were extracted are consistent with those calculated by
Engel, Halperin, and Rashba (2005) but smaller than those
observed by Garlid et al. (2010). Ehlert et al. (2012, 2014)
observed that the combined results of these two experiments
show that both the skew and side-jump contributions to the
spin Hall conductivity cannot be treated as fully independent
of the conductivity of the channel.

5. Spin Hall injection and detection without ferromagnets

Spin injection by the SHE combined with spin detection by
the ISHE in one device (Hirsch, 1999) was successfully
implemented by using a device geometry proposed by
Hankiewicz et al. (2004). The original Hirsch (1999) proposal
required a transverse strip connecting the edges of a slab on
which spin accumulation was generated due to the SHE. A
spin current would circulate in the transverse strip which
would then generate a measurable voltage transverse to it [see
also Sec. II and Fig. 2(c)]. The fabrication of such structure is
challenging, albeit not impossible. Hankiewicz et al. (2004)
considered the same concept but on a planar structure shaped
as an H, which is much simpler to fabricate. The device and
measurement principle is shown in Fig. 28 [see also Sec. II

and Fig. 2(b)]. An electric current is applied in one of the legs
of the H-shaped structure and generates a transverse spin
current owing to the SHE. The spin current propagates toward
the other leg through the connecting part and produces a
measurable voltage via the ISHE. This nonlocal voltage in the
second leg dominates local contributions if the separation
between the legs is large enough. The structure was imple-
mented experimentally by Mihajlovic et al. (2009) in Au;
although no spin Hall signal was observed, the experiment set
an upper bound for the spin Hall angle in this material. The
first results associated with spin Hall signals were reported a
year later by Brüne et al. (2010).
Brüne et al. (2010) used devices based on high-mobility

HgTe/(Hg,Cd)Te quantum wells with a top gate electrode. The
H structures consisted of legs 1 μm long and 200 nm wide,
with the connecting part being 200 nm wide and 200 nm long.
The estimated mean free path in the system was ≥2.5 μm, i.e.,
the samples were well within the quasiballistic regime.
Sweeping the gate voltage in the sample allowed one to vary
the strength of the Rashba spin-orbit coupling by a variation of
both the electrical field across the quantum well and the Fermi
level in the quantum well. In the sample it was possible to

V+

V- I-

I+(a)

(b)

FIG. 28 (color online). (a) Scanning electron micrograph of an
H-shape device and probe configuration for spin injection via
SHE and spin detection via ISHE. (b) The inset indicates the
measurement configuration for current injection (arrows) and
voltage probes. The black curve in the main panel shows the
nonlocal ISHE resistance signal. The solid curve indicates the
residual voltage owing to current spreading. From Brüne
et al., 2010.
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electrically tune the carrier density from strongly n-type,
through insulating, down to a p-type regime. This resulted in a
strong modulation of the ISHE voltage, as shown in Fig. 28. In
the p regime, where the spin-orbit coupling is strong, the
signal is at least 1 order of magnitude larger than in the weakly
spin-orbit-coupled n regime. Detailed numerical calculations
confirmed that the observed spin Hall signals had the ballistic
intrinsic origin (Brüne et al., 2010).
An H-bar structure was also used in graphene devices

(Abanin et al., 2011). Here a large Hall response was observed
near the graphene neutrality point in the presence of an
external magnetic field. The results were ascribed to spin
currents that resulted from the imbalance of the Hall resistivity
for the spin-up and spin-down carriers induced by the Zeeman
interaction; a process that does not involve a spin-orbit
interaction, i.e., is not of the SHE origin, and that is largest
in the cleanest graphene samples (Abanin et al., 2011). More
recently, the controlled addition of small amounts of cova-
lently bonded hydrogen atoms has been reported to induce an
enhancement of the spin-orbit interaction by 3 orders of
magnitude in graphene (Castro Neto and Guinea, 2009;
Balakrishnan et al., 2013). Such large enhancement was
estimated from nonlocal signals of up to 100 Ω, which are
observed at zero external magnetic fields and at room temper-
ature. From the magnetic field and the length dependence of
the nonlocal signal, a spin-orbit strength of 2.5 meV was
extracted for samples with 0.05% hydrogenation. Similar
results were observed by Balakrishnan et al. (2014) in
graphene grown using chemical vapor deposition (CVD).
Estimations of a spin-orbit coupling as high as 20 meV and
spin Hall angle ∼0.2 were reported. They argued that the
observations are due to the presence of copper contamination
in CVD graphene, which act as local spin-obit scattering
centers in the resonant limit. This hypothesis is tested
independently by introducing metallic adatoms, such as
copper, silver, and gold on exfoliated graphene samples.
Even though the nonlocal signal is absent in exfoliated
graphene, it is clearly observed once any of the previous
adatoms is introduced, resulting in calculated spin Hall angles
∼0.2 in all cases, rivaling the largest values observed in
metals.

6. Spin Hall magnetoresistance

In bilayer FM-NM systems, a new type of magnetoresist-
ance has been recently discovered which is directly associated
with the SHE (Huang et al., 2012; Weiler et al., 2012). The
observed magnetoresistance is given by

ρ ¼ ρ0 þ ρ1½m̂ · ðĵ × ẑÞ�2; ð4:1Þ

where ρ0 is the normal resistance, ρ1 is the anisotropic
resistance amplitude, and ĵ, m̂, and ẑ are the directional
vectors of the current, the magnetization, and the normal to the
interface. This means that the magnetoresistance depends on
the in-plane component of the magnetization perpendicular to
the current. In contrast, the conventional noncrystalline AMR
(McGuire and Potter, 1975) has the form of

ρ ¼ ρ0 þ ρ1ðĵ · m̂Þ2; ð4:2Þ

with ĵ · m̂ ¼ cosðθj−mÞ, where θj−m is the angle between the
current and the magnetization.
This phenomenon has been termed the spin Hall magneto-

reristance (SHMR) (Weiler et al., 2012; Chen, Matsukura, and
Ohno, 2013; Hahn et al., 2013; Nakayama et al., 2013;
Vlietstra et al., 2013; Isasa et al., 2014). Its origin is illustrated
in Fig. 29. When a current flows parallel to the FM-NM
interface, a SHE spin current is generated in the NM directed
to the interface. If the magnetization is parallel to the
polarization of the spin current generated by the SHE, it gets
reflected at the interface and a spin current back flows, as
shown in Fig. 29(a). This backflow spin current then gets
transformed into a charge current via the ISHE in the direction
of the longitudinal current. If the magnetization is instead
perpendicular to the polarization of the spin current generated
by the SHE, it can enter the FM and dephase, as shown in
Fig. 29(b). In this case there is no spin-current backflow and
no contribution via the ISHE to the longitudinal current in
the NM.
The typical experimental results are illustrated in Fig. 30,

where the bilayer system was YIG/Pt. The magnetoresistance
traces are measured as a function of the magnetization angle in
the x-y plane parallel to the interface, and in the z-y and z-x
planes that are perpendicular to the interface. The measured
angular dependencies are consistent with the SHMR phe-
nomenology described by Eq. (4.1) and are inconsistent with
the AMR expression (4.2). The theory of the effect was
derived by Chen, Matsukura, and Ohno (2013) based on the
scattering formalism and the spin-charge drift-diffusion
equations.

D. Spin Hall effect coupled to magnetization dynamics

When the SHE is studied by coupling to magnetization
dynamics three different FMR-based techniques can be found:
(i) ferromagnetic resonance-spin pumping (FMR-SP),
(ii) modulation of damping (MOD) experiments, and (iii) spin
Hall effect-spin-transfer torque (SHE-STT). The general
underlying principle for the three methods is similar. In a
bilayer NM-FM structure, the FM is used to inject or absorb a
dynamic spin current into or from the NM. Note that these
studies have been also extended to replacing the SHE-ISHE
generating NM with another FM (Freimuth, Blügel, and
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FIG. 29 (color online). Illustration of the SHE magnetoresist-
ance. (a) When the magnetization aligns with the polarization of
the SHE spin current, its backflow reflection generates an ISHE
current that contributes to the longitudinal current. (b) When the
magnetization is perpendicular to polarization of the SHE spin
current, the spin current is absorbed and no ISHE current affects
the longitudinal current. From Nakayama et al., 2013.
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Mokrousov, 2010; Miao et al., 2013; Azevedo et al., 2014;
Mendes et al., 2014) or antiferromagnet (Zhang et al., 2014).
In FMR-SP, a spin current is injected from the FM into the

NM. The injected spin current is a pure ac spin current which
is not accompanied by a charge current but which nevertheless
can be detected electrically since it is converted into a charge
current by means of the ISHE in the NM (Saitoh et al., 2006).
The efficiency of the conversion process can be quantified by
the spin Hall angle. Since in the process of spin injection
angular momentum is lost in the FM, the FMR-SP leads to a
broadening of the FMR line (Mizukami, Ando, and Miyazaki,
2001; Urban, Woltersdorf, and Heinrich, 2001; Heinrich et al.,
2003), whereas the backflow of spin current into the ferro-
magnet generates a dc voltage that can also be used to detect
SP (Wang et al., 2006) as was experimentally demonstrated by
Costache, Watts, Sladko, van der Wal (2006) and Miao et al.
(2013). Note that an additional contribution that might
have to be taken into account in special cases arises from
the SGE as has recently been demonstrated for the Ag/Bi
interface (Rojas-Sánchez, Vila et al., 2013; Zhang et al., 2015)
and in FM-topological insulator surface state system (Fan
et al., 2014; Mellnik et al., 2014).
In MOD experiments, the direct SHE induced in the NM by

a dc electrical current is used to modify the damping in the FM
which is concomitantly driven into FMR by the application of
an rf magnetic field. In this approach, the dc spin current
generated by the SHE and injected across the NM-FM
interface leads to a damping or anti-damping-like torque
acting on the precessing magnetization of the FM.
Modulation of the damping is observed as a function of the
applied dc charge current and a detailed line-width analysis
allows extraction of the spin Hall angle (Saitoh and Ando,
2012). Note that the pure dc spin current is generated in the
bulk of the NM and that in order to quantitatively determine
the spin Hall angle it is important to know the transmissibility
of the NM-FM interface for the pure spin current.

In the SHE-STT, a spin current is used to transfer spin
angular momentum and thus to exert a torque on the magnetic
moments. In these experiments an ac current sent along the
NM-FM interface can create an rf excitation of the magneti-
zation of the FM via the SHE-STT. In conventional STT
junctions, an electrical current is sent perpendicular to a stack
with two FM electrodes to transfer angular momentum from
one FM to the other FM (Ralph and Stiles, 2008). SHE-STT
experiments, on the other hand, exploit the use of a
perpendicular pure spin current generated by an in-plane
electrical current in the attached NM via the SHE.
In both the MOD experiments and the SHE-STT, the

torques in the FM that are generated by the SHE in the
NM would be in addition to the ISGE-related SOTs present at
the inversion asymmetric FM-NM interface (Garello et al.,
2013; Freimuth, Blügel, and Mokrousov, 2014; Kurebayashi
et al., 2014). Hence, in these experiments the spin Hall angle
is in reality a parametrization of the total torques generated by
the currents and therefore it should be considered instead as
the effective spin Hall angle for the specific bilayer system. As
mentioned above, similarly spin pumping and detection of the
spin Hall angle via the ISHE may be affected by the SGE
arising from the specific bilayer interface.
In the rest of the section we expand on the details and recent

results of each of these FMR-based techniques. FMR-SP is the
more widely used technique to measure the effective spin Hall
angle thus we detail this technique more extensively.

1. Ferromagnetic resonance spin pumping

As described in the theory section (Sec. III.D),
Tserkovnyak, Brataas, and Bauer (2002a) and Tserkovnyak,
Brataas, and Halperin (2005) showed that the precessing
magnetization in a FM generates a spin current strictly at the
FM-NM interface, as sketched in Fig. 31. The spin current
generated at the interface propagates into the NM and
consequently decays on a length scale connected to the
effective spin-diffusion length λsd of the NM. As mentioned
in the theory section, we note that the term effective is used
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FIG. 30 (color online). Magnetoresistance curves as a function of
the angles (a) α, (b) γ, and (c) β, illustrated in the right panel. The
key contrast to conventional AMR is the trace in (b), where no
dependence is observed, while conventional AMR would give the
sinusoidal form illustrated in the dashed line. From Nakayama
et al. (2013).

FIG. 31 (color online). A spin current is generated by SP at the
FM-NM interface (gray arrows). The time-dependent spin polari-
zation of this current (indicated as a dark gray arrow) rotates
almost entirely in the y-z plane. The small time-averaged dc
component (small upward arrow) appears along the x axis. Both
components lead to charge currents in NM and can be converted
into ac and dc voltages by placing probes along the x and the y
direction, respectively. From Wei et al., 2014.
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here, since the determination of the spin-diffusion length for a
NM interfaced with a FM may also be connected to spin
memory loss and proximity polarization at the interface. In the
case of Pt and Pd in contact with a FMmetal, proximity effects
are well known from x-ray magnetic circular dichroism
experiments.
The direction of the injected pure spin current points from

the FM to the NM and its polarization is time dependent. Its
projection onto the static magnetization direction of the FM
leads to a small dc component of the injected spin current into
the NM. Performing time averaging one obtains a net dc spin
current given by Eq. (3.26) from Sec. III.D,

js;dc ¼
ℏω
4π

~Arsin2Θ;

where ω is the driving rf andΘ is the cone angle of precession.
Here ~Ar is the effective SP conductance. If the thickness of the
NM is smaller than the spin-diffusion length, the build-up of
spin accumulation will yield a backflow spin current which
will reduce the total spin current into the NM. The SP
conductance ~Ar is proportional to the real part of the mixing
conductance, discussed in Sec. III.D, and is reduced by this
backflow. The reduction depends on the ratio τtr=τsf , the
reduction being strongest as this ratio increases. Hence, the
effective spin-mixing conductance may become small even
though a pure spin current is efficiently transferred across the
FM-NM interface. Recently, spin-flip scattering near the
FM-NM interface has been divided up into a spin memory
loss occurring directly at the interface (interface scattering)
and the decay of the spin polarization as described above
(Rojas-Sánchez et al., 2014).
The ISHE is used to electrically detect pure spin currents

generated by the SP (Saitoh et al., 2006), as shown Fig. 32. In
spin-orbit-coupled NMs like Pt or Pd, the ISHE converts the
pure spin current into a detectable charge current given by
Eq. (3.34), Sec. III.D,

jc ¼ αSH
2e
ℏ
js × σðtÞ:

Here the vector of the spin-current density js points
perpendicular to the NM-FM interface into the NM. Note
that the vector of the spin-current polarization σðtÞ is a time
varying quantity, which we do not average here, since it has
now been demonstrated that the ac component is also
measurable (Wei et al., 2014; Weiler et al., 2014). In
Fig. 32, only the dc component of the spin-current polarization
is depicted.
To measure the effect of the injected spin current via ISHE,

i.e., to measure the generated charge current, contact electro-
des have to be attached to the sample. If the coordinate system
of Fig. 31 is considered, placing electrodes along the y
direction allows detecting the small dc component of the
SP-induced ISHE. In contrast, if the contact electrodes are
attached along the x direction, the much larger ac component
in the GHz frequency range can be detected when high
frequency lines are used.
In case of dc detection the time-averaged dc component

of the injected spin current pointing along the x direction

(arrow in Fig. 31) leads to a charge current which is converted
to a potential drop across the resistance of the NM and can be
measured as a voltage signal. When performing FMR-SP
experiments not only voltages due to ISHE are generated, but
also due to the AMR or the AHE. Thus, great care has to be
taken to disentangle these contributions.
In the geometry sketched in Fig. 31 the propagation

direction of the spin current is along z and its polarization
is along the x direction. Equation (3.35) is then used to convert
between this spin current and the measured voltage.
In the original experiments by Saitoh et al. (2006), the

bilayer is placed in a FMR cavity in which the magnetic-field
component of the microwave mode with frequency 9.45 GHz
is maximized while the electric-field component is minimized.
The voltage probes are placed on the sides of the millimeter-
sized sample (see Fig. 32). A similar setup was used by
Azevedo et al. (2011). Here the sample is rotatable in the
cavity and the cavity (i.e. the direction of the rf excitation
field) is kept fixed with respect to the dc external magnetic
field. This experimental geometry has advantages and dis-
advantages. The main advantage is that it is possible to find an
in-plane angle between excitation rf field and angular position
of the voltage probes where the AMR contribution to the
signal vanishes exactly while ISHE is detectable. Second, in
the in-plane excitation geometry typically used, the sensitivity
is large due to the large in-plane susceptibility at FMR. A
major disadvantage is that it is not easy to perform frequency
dependent measurements and that due to the use of a cavity the
exact amplitude of the excitation field, and thus the cone angle
of precession which enters Eq. (3.26) in Sec. III.D, is usually
not well known. Finally, since typically large, millimeter-sized
samples are used in the experiments, spurious rf electric fields

(a)

(b) (c)

FIG. 32 (color online). Observation of the ISHE in a metal device
with spin injection from a FM by FMR-SP. (a) Schematic
illustration of the NiFe/Pt sample system used in the study
and of the SP effect and the ISHE. (b) Magnetic-field dependence
of the FMR signal for the NiFe/Pt bilayer film and a bare NiFe
film. I denotes the microwave absorption intensity. (c) Magnetic-
field dependence of dVðHÞ=dH for the NiFe/Pt sample. V
denotes the electric-potential difference between the electrodes
on the Pt layer. From Saitoh et al., 2006.
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may lead to additional contributions due to the AHE. It is
therefore not straightforward to obtain an exact quantitative
value of the spin Hall angle from cavity FMR-type
measurements.
In the experiments shown in Fig. 32, the measured FMR

spectrum of the NiFe/Pt sample is compared to a reference
NiFe sample [see Fig. 32(b)]. The FMR linewidth of the NiFe/
Pt sample is larger than that of the reference NiFe film which
demonstrates the presence of the SP effect in the NiFe/Pt. The
induced voltage signal measured simultaneously across the
sample along an axis parallel to the NiFe/Pt interface is shown
in Fig. 32(c). Saitoh et al. (2006) and Ando et al. (2008)
demonstrated that the signal is present only when the spin-
polarization vector of the injected spin current has a compo-
nent perpendicular to the measured electric field across the
sample, consistent with the ISHE.
Ando et al. (2009) reported electrical detection of a spin

wave resonance in nanostructured NiFe/Pt samples. Electrical
tuning of the spin signal in a semiconductor has been recently
demonstrated also by Ando, Takahashi, Ieda, Kurebayashi
et al. (2011). In the experiment, spins were injected from NiFe
into GaAs through a Schottky contact using the FMR-SP.
Tuning of the SP efficiency was achieved by applying a bias
voltage across the NiFe/GaAs Schottky barrier and interpreted
as a consequence of a suppressed or enhanced spin coupling
across the interface. The FM-semiconductor SP experiments
in Ando, Takahashi, Ieda, Kurebayashi et al. (2011) were
performed also on samples with an Ohmic contact between
NiFe and GaAs. The measurements indicate that the resistance
mismatch problem in Ohmic metal-semiconductor spin-
injection devices can be circumvented by using the
FMR-SP technique. Similar experiments have recently been
performed also for spin injection into Si (Ando et al., 2010),
Ge (Jain et al., 2012) and organic semiconductors (Watanabe
et al., 2014). The latter one shows a surprisingly long spin
coherence in the hopping regime and opens new possibilities
in organic spintronics.
A second possibility to quantify the spin Hall angle has

been pioneered by Mosendz, Pearson et al. (2010). They used
a microstructured coplanar wave guide (CPW) with integrated
bilayer structure on top of the center wave guide. This
geometry allows excitation of FMR in the FM layer over a
wide frequency range while the driving rf field is in the plane
of the bilayer at 90° to the long axis of the several hundred
micrometer long device (see Fig. 34). The use of a wave guide
structure allows precise knowledge of the amplitude of the rf
fields and thus the cone angle of the precessing magnetization.
Voltage pickup at the ends of the wire are used, perpendicular
to the direction of the rf driving field. Mosendz, Pearson et al.
(2010) applied the external magnetic bias field at an angle of
45° to the long axis of the wave guide. In this experimental
geometry both ISHE and AMR signals are detected at the
voltage probes as can be seen directly in the recorded voltage
traces (see Fig. 33).
AMR leads to a parasitic dc voltage signal at FMR due to

the mixing of the time-dependent resistivity (AMR and
precessing magnetization) with a capacitively or inductively
coupled microwave current IðtÞ in the bilayer. The AMR of
the bilayer can be taken into account by considering the
orientation of the magnetization with respect to the current

direction: RA ¼ R∥ − R⊥. The general formula describing the
parasitic voltage pick-up due to the AMR is given by
hVðtÞi ¼ hIðtÞRAαipðtÞ sinð2φHÞi, (Costache, Sladko, Watts,
van der Wal et al., 2006; Mecking, Gui, and Hu, 2007;
Obstbaum et al., 2014) and it follows that this time-averaged
dc voltage is to first order proportional to the in-plane dynamic
cone angle of the magnetization αipðtÞ. The cone angle of
precession can easily be calculated from the simultaneously
measured susceptibility at FMR in the exactly known geom-
etry of the CPW structure. The angle φH is defined in Fig. 34.
Note that according to Bai et al. (2013), spurious effects due to
the AMR can be excluded by carefully analyzing the high
frequency characteristics of the CPWs used in the experiments
with in-plane excitation, leading to a quantitative determi-
nation of the spin Hall angles.
Another possibility is to place the bilayer in the gap of the

CPW (see Fig. 34). Now the in-plane dynamic cone angle
relevant for the AMR is given by αipðtÞ ¼ χy0y0hxðtÞ sinðφHÞþ
χy0zhzðtÞ. The formula contains both in-plane and out-of-plane
magnetic fields, together with the corresponding tensor
elements of the susceptibility (χij). Since the out-of-plane

FIG. 33 (color online). (a),(b) Derivative of FMR spectra for Py/
Pt (open circles) and Py (black triangles). The solid lines are fits
to a Lorentzian FMR absorption function. (c) Voltage along the
samples vs field dc magnetic field (Py/Pt: open circles; Py: black
triangles). Dotted and dashed lines show the decomposition of the
spectrum into a symmetric (ISHE) and antisymmetric (AMR)
contribution. The solid line shows the combined fit for the Py/Pt
sample. From Mosendz et al., 2010a.

Jairo Sinova et al.: Spin Hall effects 1247

Rev. Mod. Phys., Vol. 87, No. 4, October–December 2015



field produced by the CPW is about 3 orders of magnitude
larger than its in-plane component, one is tempted to simply
neglect the terms arising form the in-plane field. This
approach is justified as long as only a single layer is studied.
However, as soon as a FM-NM bilayer with a highly
conductive NM is used, the inductively or capacitively
coupled microwave current largely flows in the NM and
therefore generates an in-plane Oersted field of the same
frequency and phase and with an amplitude comparable to the
rf field generated by the CPW. Hence the rf current distribu-
tion in the bilayer has a significant effect on the magnetization
dynamics in the FM layer and can even be the dominating
source of dc voltage generation by the AMR (Obstbaum et al.,
2014). Using standard electromagnetic wave simulation
codes, the rf magnetic-field contribution can be calculated
rather accurately.
When performing angular-dependent measurements, the

symmetric and antisymmetric contributions due to the ISHE
and the AMR can be traced [see Figs. 34(a) and 3(b)]. While
for in-plane excitation the signal shows the same angular

dependence, for the out-of-plane excitation case the antisym-
metric contribution can be suppressed completely at an angle
of φH ¼ 0 [see Fig. 34(d)]. The voltage contribution at this
angle is thought to arise from ISHE exclusively and allows
quantitative determination of the spin Hall angle. Note that in
these measurements both symmetric and antisymmetric con-
tributions can be observed in a bare FM layer when the angle
is set to φH ¼ 45° [see Fig. 34(c)].

2. Spin Hall effect modulation of magnetization damping

A MOD experiment that is the inverse of the FMR-SP was
proposed by Ando et al. (2008). In the MOD described in
Fig. 35, a FM-NM bilayer (in this case Py/Pt) is placed in a
microwave cavity (frequency 9.4 GHz) and subjected to an rf
driving field. By adjusting the external field, the bilayer can be
brought into FMR. A typical FMR trace dIðHÞ=dH is shown
in Fig. 35(b). The direction of the external magnetic field
encloses an angle θ with the direction of current flow. Since
the mm-sized sample consists of 10 nm NiFe and 10 nm Pt,
the effect of SP which contributes to the relaxation of the
precessing magnetization can be observed as a linewidth
broadening when comparing to the data obtained for a plain
NiFe film. Figure 35(c) illustrates the effect of a dc current
sent through the bilayer sample due to the combined action of
the SHE and STT. Because of the SHE a spin current is
generated in the Pt layer and enters the NiFe film. Its flow
direction is perpendicular to the interface and its polarization
direction σ depends on the direction of the current flow. The

FIG. 34 (color online). Symmetric (dots) and antisymmetric
(open squares) voltage signals amplitudes at FMR (at 12 GHz)
for a Py/Pt bilayer as a function of angle φH . In (a) the magnetic
excitation field is in-plane placing a Py/NM bilayer on top of the
signal line of a CPW. Both symmetric and antisymmetric
amplitudes obey a sinðφHÞ sinð2φHÞ behavior. (b) The magnetic
excitation field generated by the CPW is out-of-plane with respect
to the Py/Pt layers. The amplitudes of the antisymmetric part
follow a ½a sinðφHÞ þ b� sinð2φHÞ behavior. The symmetric part
obeys ½c sinðφHÞ þ d� sinð2φHÞ þ e cosðφHÞ, which reflects the
fact that the symmetric part is due to AMR and ISHE. (c) Voltage
at FMR for φH ¼ 45°, and (d) φH ¼ 0° for a single Py layer and a
Py/Pt bilayer. From Obstbaum et al., 2014.

FIG. 35 (color online). (a) A schematic illustration of the MOD
experiment to determine the spin Hall angle. H is the external
magnetic field, and Jc represents the applied electric current
density. (b) Magnetic-field dependence of the FMR signal for a
NiFe/Pt bilayer film and a pure NiFe film. Note the linewidth
broadening for NiFe/Pt due to SP. (c) Schematic illustration of the
spin Hall and the spin torque effects. M, Js, and σ denote the
magnetization, the flow direction of the spin-current density, and
the spin-polarization vector of the spin current, respectively. From
Ando et al., 2008.
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spin current exerts a torque on the precessing magnetization
which either adds to the damping torque or opposes it. The
effect is maximized when the external magnetic field points
perpendicular to the direction of current flow. For the situation
sketched here, the spin-current density can be written as
js ¼ αSHðℏ=2eÞjjcjσ. The effect of the injected spin current
on the precessing magnetization can be modeled in terms of an
additional STT contribution to the Landau-Lifshitz Gilbert
equation (Ando et al., 2008; Liu et al., 2011) that has to be
added on top of the SP contribution,

τSTT ¼ −μ0γαSHη
ℏ
2e

jc
μ0M2

sdPy
M × ðM × σÞ. ð4:3Þ

Here dPy is the thickness of the Py layer. For simplicity, the
factor

κ ¼ αSHη
ℏ
2e

jc
μ0M2

sdPy
ð4:4Þ

is introduced. Note that this factor is dimensionless and κ < 0
for jc > 0 due to the negative electron charge. The parameter
η defines the so-called injection efficiency and contains the
effects of spin-current losses near the interface. There is no
consensus on the exact ingredients for this parameter, so it
could be useful to use η × αSH as an effective quantity
parametrizing the STT efficiency.
Figure 36 shows the MOD experimental findings. When a

current flows through the FM-NM bilayer, the STT generated
by the spin current traversing the NM-FM interface due to the
SHE alters the FMR linewidth when the current flow direction
and the external magnetic-field direction enclose an angle of
90° while no effect is observed for collinear orientation,
consistent with the theoretical expectation.
Similar experiments have been performed by Demidov,

Urazhdin, Edwards, Demokritov (2011) and Demidov,
Urazhdin, Edwards, Stiles et al. (2011) using Brillouin light
scattering methods. The key finding in these experiments is
the control of the FMR linewidth of the FM film by employing
the SHE which generates a pure spin current in the adjacent
NM. Ultimately, in suitable nanostructured materials, the
application of a large enough charge current density should
lead to the generation of coherent auto-oscillations in the FM
nano object due to a dc charge current (Demidov et al., 2012;
Liu, Pai, Ralph, Buhrman, 2012b; Liu, Lim, and Urazhdin,
2013; Duan et al., 2014; Hamadeh et al., 2014). These
magnetization induced nano-oscillators are of particular inter-
est in the research of tunable microwave sources.

3. Spin Hall effect: Spin-transfer torque

Finally, a third FMR technique has been employed that
allows accessing the spin Hall angle experimentally. Liu et al.
(2011) applied a microwave frequency charge current in the
plane of a NiFe/Pt sample and observed the FMR in NiFe.
Because of the action of the SHE a transverse spin current is
generated in the NM, in this case Pt, which is injected into
the FM layer. Consequently, an oscillatory STT acts on the
magnetic moments in the FM, inducing precession of the
magnetization (see Fig. 37). The oscillatory magnetization in

the FM leads to an oscillatory AMR which in turn leads to an
oscillatory resistance. This high frequency resistance mixes
with the rf current and leads to a detectable dc voltage across
the device which can be picked up using a bias tee [Fig. 37(c)].

FIG. 36 (color online). FMR spectra for the NiFe/Pt bilayer
measured at various electric current density values Jc when the
magnetic-field direction is (a) 90° and (b) 0°. The inset shows
magnified views around the peaks of the spectra, where
the solid and dashed curves are the FMR spectra measured
with electric current densities Jc and −Jc, respectively. From
Ando et al., 2008.

FIG. 37 (color online). (a) Schematic of Pt/Py bilayer thin film
illustrating the STT induced by the SHE rising from the rf current
throughNMaswell as the damping torque and the torque due to the
Oersted field when the magnetization of FM is aligned in an
external magnetic field. (b) The dimensions of the sample and the
Oersted field due to a current flowing throughFM. (c)The electrical
measurement scheme. From Liu et al., 2011.
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In these experiments the external magnetic field is typically
fixed at an angle of 45° and swept in the plane of the films to
achieve the FMR condition. In the setup, different torques act
on the magnetization of the FM which is aligned along the
magnetic-field direction as depicted in Fig. 37(a). The torques
include all the STTs due to the SHE in the NM, the torque
induced by the Oersted field due to the rf current through the
device, and the torque already modified by SP. We also
emphasize that the torques generated by the SHE in the NM
would be in addition to the ISGE-related SOTs present in the
FM near the interface (Garello et al., 2013; Freimuth, Blügel,
and Mokrousov, 2014; Kurebayashi et al., 2014).
Landau-Lifshitz-Gilbert equations including all relevant

torques can be used to model the dc voltage response of
the bilayer device and the result shows that the mixing voltage
contains the contributions of symmetric and antisymmetric
Lorentzian lines (Liu et al., 2011). According to Liu et al.
(2011), the detailed analysis of the resonance properties of this
voltage enables a quantitative measure of the spin current
absorbed by the FM and of the spin Hall angle. Liu et al.
(2011) showed that the ratio of the symmetric to antisym-
metric components of the resonance curve, when scaled
properly by material parameters like the saturation magneti-
zation, thickness and width of the FM, and the external
magnetic field, is linked to the ratio of spin and charge
currents and thus to the spin Hall angle. They emphasized that
the measurement method is (in a reasonable thickness regime
of the FM and the NM) self-calibrating since the strength of
the torque from the spin current is measured relative to the
torque from the rf magnetic field, which can be calculated
from the geometry of the sample. The same method has been
applied to various combinations of FMs and NMs (Liu et al.,
2011; Liu, Pai, Li et al., 2012; Pai et al., 2012).
Also in these types of experiments the tunability of the

effective damping parameter has been demonstrated by Liu
et al. (2011) and Kasai et al. (2014). An example is illustrated
in Fig. 38 for the case of Py/Pt where the effective damping
parameter is shown to be tunable as a function of the current
direction and amplitude (Liu et al., 2011).

4. Spin Hall effect induced switching of the magnetization

For sufficiently large current densities pushed through the
NM and large spin Hall angles, it is possible to even reverse the
magnetization in a FM nanoelement placed on top of the NM
current carrying line, as has been demonstrated by Miron,
Garello et al. (2011) and Liu, Pai, Li et al. (2012) (see Figs. 39
and 40). In these experiments it is important to use a NM-FM
combination where, when placing the NM in contact with the
FM, the induced damping due to SP remains negligible. This is
the case for CoFeB/Ta (Fig. 40). On the one hand, β-Ta shows a
giant spinHall angle (Liu, Pai, Li et al., 2012), on the other hand,
enhancement of damping due to SP is not observed in the
CoFeB layer. Furthermore, due to the large resistivity of the
CoFeB layer a large portion of the applied current is pushed
through the Ta layer where it produces the pure spin current due
to the SHE. Another important feature is that the bilayer is
capped with MgO to induce a large perpendicular anisotropy in
CoFeB. The thin layer of MgO (1.6 nm) is used as a tunnel
barrier between the thin CoFeB free layer (1.6 nm) and the
thicker CoFeB reference layer (3.8 nm) so that the tunneling
magnetoresistance (TMR) effect can be used to determine the
relative orientation of their magnetization.
In earlier experiments using ultrathin FM layers, Miron et al.

(2010) and Miron, Garello et al. (2011) demonstrated similar
results. Their devices are based on the Pt=Co=AlOx systemwith
ultrathin Co layers of a thickness of only 0.6 nm sandwiched
between Pt (3 nm) andAlOx (1.6 nm). The use of ultrathinCo in
contactwith Pt leads to a strongperpendicular anisotropy.When
a current is driven through the Pt layer, switching of the Co
magnetization can be observed by monitoring the AHE of the
device (see Fig. 39). In the original interpretation the driving
force for the observed switching was thought to arise mostly
from the Rashba symmetry ISGE due to the broken inversion
symmetry along the growth direction of the layer stack.

FIG. 38 (color online). Effective damping as a function of current
density through the Pt layer in a Pyð4 nmÞ=Ptð6 nmÞ bilayer.
From Liu et al., 2011.

FIG. 39 (color online). Top left: device schematic and current-
induced switching. Hall-cross geometry. Black and white arrows
indicate the up and down equilibrium magnetization states of the
Co layer, respectively. Bottom left: scanning electron micrograph
of the sample and electric circuitry used in the measurements.
Shown are the terminals for the Hall voltage measurements as
well as the current line where a pulsed current is applied for the
switching experiments. Middle: the state of the perpendicular
magnetization is measured via the anomalous Hall resistance as a
function of applied field B. After injection of positive (squares)
and negative (circles) current pulses of amplitude Ip ¼ 52.58 mA
the Hall resistance is measured. The data are reported during a
single sweep of B. Right: the measurement schematics and pulse
sequence. From Miron, Garello et al., 2011.
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However, detailed analysis in later three-dimensional vector
measurement (Garello et al., 2013) point toward significant
contributions from the SHE.
The results of these experiments may be viewed as a

paradigm change in the mechanism for switching magnetic
nanoelements in spintronic devices since here switching is
driven by a purely in-plane electrical current and not via a
current perpendicular to the layer stack. Similar results have
been obtained for W/CoFeB layers (Pai et al., 2012). One
should note that, while the exact value for the spin Hall angle
extracted from these experiments is still under debate, the fact
that switching can be achieved for these devices underpins not
only the technological relevance, but also that a sizeable SHE
(possibly in combination with other ISGE-related SOTs) must
be generated in these structures.
Similarly, the interpretation of the results of current-driven

domain-wall motion experiments in the same type of layer
stacks has to be revisited (Miron et al., 2011). Current and
even field-induced domain-wall motion experiments in layer
stacks where ISGE, SHE, and proximity polarization of the
NM can contribute are complicated for interpretation, and
disentangling the relative strength of these contributions is not
straightforward. Experimentally, however, it has been
observed that the inclusion of relativistic torques, of either
the SHE or ISGE origin, leads to a large increase of domain-
wall velocities for optimally tuned materials which is poten-
tially of technological interest (Emori et al., 2013; Ryu
et al., 2013).

Spin-orbit coupling together with broken inversion sym-
metry introduces yet another important aspect into the physics
of these systems. To fully understand the underlying mech-
anisms in these experiments one needs to take into account
also the fact that these domain walls are chiral due to the
Dzyaloshinski-Moriya interaction present at the FM-NM
interface. This opens a new field connecting spintronics with
the skyrmion physics.
We conclude by discussing in more detail that in the NM-

FM bilayer systems the relativistic torques inducing magneti-
zation dynamics are, in general, not only due to the SHE but
the ISGE-induced SOTs may also contribute (Chernyshov
et al., 2009; Manchon and Zhang, 2009; Miron et al., 2010;
Fang et al., 2011). The ISGE originate from spin-orbit
coupling which, combined with broken inversion symmetry
in the crystal, can produce spin polarization when electrical
current is driven through a NM. In combination with FMs, the
ISGE and the SHE can drive magnetization dynamics in
devices with similar geometries. Disentangling these contri-
butions in NM-FM bilayer systems and engineering them for
maximal effect is at present a highly active field in spintronics.
However, the discrimination of the SHE and ISGE-based

microscopic mechanisms between the field-like and the anti-
damping-like torque components is difficult to achieve for
several conceptual reasons. The original theoretical proposals
(Aronov and Lyanda-Geller, 1989; Edelstein, 1990;
Malâshukov and Chao, 2002) and experimental observations
(Ganichev et al., 2004; Kato et al., 2004b; Silov et al., 2004;
Wunderlich et al., 2004, 2005) of the ISGE were made in NMs
with no FM component in the structure. The corresponding
nonequilibrium spin density, generated in the ISGE by
inversion-asymmetry terms in the relativistic Hamiltonian,
has naturally no dependence on magnetization. Hence, in the
context of magnetic semiconductors (Bernevig and Vafek,
2005; Chernyshov et al., 2009; Endo, Matsukura, and Ohno,
2010; Fang et al., 2011) or FM-NM structures (Manchon
et al., 2008; Miron et al., 2010; Pi et al., 2010; Miron, Garello
et al., 2011; Suzuki et al., 2011), the ISGE may be expected to
yield only the field-like component of the torque ∼M × ζ,
where the vector ζ is independent of the magnetization vector
M. However, when carriers experience both the spin-orbit
coupling and magnetic exchange coupling, the inversion
asymmetry can generate a nonequilibrium spin-density com-
ponent of extrinsic, scattering-related (Pesin and MacDonald,
2012; Wang and Manchon, 2012) or intrinsic, Berry-curvature
(Garate and MacDonald, 2009; Freimuth, Blügel, and
Mokrousov, 2014; Kurebayashi et al., 2014) origin which
is magnetization dependent and yields an anti-damping-like
torque ∼M × ðM × ζÞ. Experiments in (Ga,Mn)As confirmed
the presence of the ISGE-based mechanism (Chernyshov
et al., 2009; Endo, Matsukura, and Ohno, 2010; Fang et al.,
2011) and demonstrated that the field-like and the Berry-
curvature anti-damping-like SOT components can have com-
parable magnitudes (Kurebayashi et al., 2014).
The STT is dominated by the anti-damping-like component

(Ralph and Stiles, 2008) in weakly spin-orbit-coupled FMs
with τex ≪ τs, where τex is the precession time of the carrier
spins in the exchange field of the FM and τs is the spin lifetime
in the FM. This, in principle, applies also to the case when the
spin current is injected to the FM from a NM via the SHE.

(a) (b)

(c) (d)

FIG. 40 (color online). SHE-induced switching for an in-plane
magnetized nanomagnet at room temperature. (a) Schematic of
the three-terminal SHE devices and the circuit for measurements.
(b) TMR minor loop of the magnetic tunnel junction 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. Squares indicate switching from
antiparallel (AP) to parallel (P) magnetizations; 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. From Liu, Pai, Li et al., 2012.
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TABLE III. Experimental spin Hall angles and related parameters. SP ¼ spin pumping, NL ¼ nonlocal, STTþ SHE ¼ spin transfer torque combined with spin Hall effect,
LSA ¼ local spin accumulation, MR ¼ magnetic resonance, KRM ¼ Kerr rotation microscopy. Values marked with � are not measured but taken from the
literature.

T (K) λsd (nm) σNM (106 S=m) αSH (%) Comment Reference

Al 4.2 455� 15 10.5 0.032� 0.006 NL (12-nm-thick films) Valenzuela and Tinkham (2006, 2007)
4.2 705� 30 17 0.016� 0.004 NL (25-nm-thick films) Valenzuela and Tinkham (2006, 2007)

Au 295 86� 10 37 11.3 NL (10-nm-thick films) Seki et al. (2008, 2010)
295 83 37 3 NL (20-nm-thick films) Seki et al. (2010)
4.5 65� 48.3 <2.3 NL (SHE-ISHE) Mihajlovic et al. (2009)
295 36� 25.7 <2.7 NL (SHE-ISHE) Mihajlovic et al. (2009)
295 35� 4 28 7.0� 0.1 NL Sugai, Mitani, and Takanashi (2010)
295 27� 3 14 7.0� 0.3 NL (0.95 at. % Fe) Sugai, Mitani, and Takanashi (2010)
295 25� 3 14.5 12� 4 NL (1.4 at. % Pt, 10-nm-thick films) Gu et al. (2010)
295 50� 8 16.7 0.8� 0.2 NL (1.4 at. % Pt, 20-nm-thick films) Gu et al. (2010)
<10 40� 16 25 1.4� 0.4 NL Niimi et al. (2014)
295 35� 3� 25.2 0.35� 0.03 SP Mosendz, Pearson et al. (2010)
295 35 20 0.25� 0.1 SP Vlaminck et al. (2013)
295 35� 3� 5.25 1.6� 0.1 SP Hung et al. (2013)
295 35� 3� 7 0.335� 0.006 SP Hung et al. (2013)
295 35� 1.1� 0.3 SP Obstbaum et al. (2014)
295 60 20.4 8.4� 0.7 SP Wang, Pauyac, and Manchon (2014)

AuW 295 1.9 1.75 >10 NL and SP (7 at. % W concentration in Au host, 10 K) Laczkowski et al. (2014)

Ag 295 700 15 0.7� 0.1 SP Wang, Pauyac, and Manchon (2014)

Bi 3 0.3� 0.1 - >0.3 Local, signal decreases with ρN Fan and Eom (2008)
295 - 2.4� 0.3ðIÞ −ð7.1� 0.8ÞðIÞ SP as a function of Bi thickness Hou et al. (2012)

50� 12ðVÞ 1.9� 0.2ðVÞ Volume (V) and interfacial (I) parameter

Cu 295 500 16 0.32� 0.03 SP Wang, Pauyac, and Manchon (2014)

CuIr 10 5–30 2.1� 0.6 NL (Ir concentrations from 0% to 12%) Niimi et al. (2011)
CuMnxTy 0.7(Ta); 2.6(Ir) T ¼ Lu, Ta, Ir, Au, Sb [y ∼ ð1–20Þ × 10−4] Fert, Friederich, and Hamzic (1981)

1.35(Au); 1.15(Sb) Mn [x ∼ ð1–2Þ × 10−4] creates Is−1.2ðLuÞ Note a factor of 2 in the definition of αskewSH Ref. [15] in Fert and Levy (2011)

CuBi 10 ∼100; ∼30 −11 NL (Bi ¼ 0.3%; 0.5%), αskewSH ¼ −ð24� 9Þ on Bi Niimi et al. (2012)
∼10; ∼7 Similar in AgBi (Niimi et al., 2014)

n-GaAs 4.2 2200 0.0056 0.15 NL, n ≈ 1017 cm−3 Olejník et al. (2012)
4.2 8500 0.00137 0.08 LSA, n ≈ 1016 cm−3 Ehlert et al. (2012)
30 0.0036 0.08 LSA, n ≈ 3–5 × 1016 cm−3 Garlid et al. (2010)

2 ≈ − 0.001 MR, αSH T-dependent, sign change at ≈ 10 K Chazalviel (1975)
295 0.027 0.00044; 0.001 SP, not annealed and annealed values; n-type Rojas-Sánchez et al. (2013a)

n-InGaAs 30 ∼3000 ∼0.002 ≈ 0.02 KRM, x ¼ 0.07, n ≈ 3 × 1016 cm−3 Kato et al. (2004a)
(Si doped) 30 0.003–0.005 ≈ 0.1; ≈ 0.25; ≈ 0.38 LSA, x ¼ 0.03; 0.05; 0.06, n ≈ ð3–5Þ × 1016 cm−3 Garlid et al. (2010)

InSb 1.3 −0.026� 0.005 MR, n ≈ 1014 cm−3, μ ≈ 2.2 × 104 cm2=Vs Chazalviel and Solomon (1972)
1.3 0.003 MR n ≈ 1014 cm−3, μ ≈ 4 × 104 cm2=Vs Chazalviel and Solomon (1972)

IrO2 300 3.8(P) 0.5(P); 0.18(A) 4(P); 6.5(A) NL, polycrystalline (P), amorphous (A) Fujiwara et al. (2013)

(Table continued)
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T (K) λsd (nm) σNM (106 S=m) αSH (%) Comment Reference

Mo 10 10 3.03 −0.20 NL Morota et al. (2009)
10 10 0.667 −0.075 NL Morota et al. (2009)
10 8.6� 1.3 2.8 −ð0.8� 0.18Þ NL Morota et al. (2011)
295 35� 3� 4.66 −ð0.05� 0.01Þ SP Mosendz, Pearson et al. (2010)

Nb 10 5.9� 0.3 1.1 −ð0.87� 0.20Þ NL Morota et al. (2011)

Pd 10 13� 2 2.2 1.2� 0.4 NL Morota et al. (2011)
295 9� 1.97 1.0 SP Ando et al. (2010)
295 15� 4� 4.0 0.64� 0.10 SP Mosendz, Pearson et al. (2010)
295 5.5� 0.5 5 1.2� 0.3 SP Vlaminck et al. (2013)
295 2.0� 0.1 3.7 0.8� 0.20 STTþ SHE Kondou et al. (2012)

Pt 295 6.41 0.37 NL Kimura et al. (2007)
5 8 8.0 0.44 NL (λN ¼ 14 nm from spin absorption) Vila, Kimura, and Otani (2007)
295 7 5.56 0.9 NL (λN ¼ 10 nm from spin absorption) Vila, Kimura, and Otani (2007)
10 11� 2 8.1 2.1� 0.5 NL Morota et al. (2011)
10 ∼10 8.1 2.4 NL [3D corrected (Morota et al., 2011)] Niimi et al. (2012)
295 7� 6.4 8.0 SP Ando et al. (2008)
295 10� 2� 2.4 1.3� 0.2 SP Mosendz, Pearson et al. (2010)
295 10� 2 4.0 SP Ando, Takahashi, Ieda, Kajiwara (2011)
295 3.7� 0.2 2.42 8� 1 SP Azevedo et al. (2011)
295 8.3� 0.9 4.3� 0.2 1.2� 0.2 SP Feng et al. (2012)
295 7.7� 0.7 1.3� 0.1 1.3� 0.1 SP Nakayama et al. (2012)
295 1.5 − 10� 2.45� 0.1 3þ4

−1.5 SP, spin Hall magnetoresistance Hahn et al. (2013)
295 4 4 2.7� 0.5 SP Vlaminck et al. (2013)
295 8� 1� 1.02 2.012� 0.003 SP Hung et al. (2013)
295 1.3� 2.4 2.1� 1.5 SP Bai et al. (2013)
295 1.2 8.6� 0.5 SP Zhang et al. (2013)
295 1.4� 12� 4 SP Obstbaum et al. (2014)
295 3.4� 0.4 6.0 5.6� 0.1 SP Rojas-Sánchez et al. (2014)
295 7.3 2.1 10� 1 SP Wang, Pauyac, and Manchon (2014)
295 1.2� 0.1 3.6 2.2� 0.4 STTþ SHE Kondou et al. (2012)
295 3ð<6Þ 5.0 7.6þ8.4

−2.0 STTþ SHE Liu et al. (2011)
295 2.1� 0.2 3.6 2.2� 0.8 STTþ SHE Ganguly et al. (2014)
295 2.1� 0.2 3.6 8.5� 0.9 STTþ SHE, modulation of damping Ganguly et al. (2014)
295 2.4� 1.2 ∼4 Spin Hall magnetoresistance Nakayama et al. (2013)
295 1.5� 0.5 0.5–3 11� 8 Spin Hall magnetoresistance (variable Pt thickness) Althammer et al. (2013)

p-Si 295 ≈ 0.01 SP, τs ∼ 10 ps n ≈ 2 × 1019 cm−3 Ando and Saitoh (2012)

Ta 10 2.7� 0.4 0.3 −ð0.37� 0.11Þ NL Morota et al. (2011)
295 1.9 0.34 −7.1� 0.6 SP Wang, Pauyac, and Manchon (2014)
295 1.8� 0.7 0.08–0.75 −ð2þ0.8

−1.5 Þ SP, spin Hall magnetoresistance (variable Ta thickness) Hahn et al. (2013)
295 0.53 −ð12� 4Þ STTþ SHE (β-Ta) Liu et al. (2012a)
295 1.5� 0.5 0.5 −ð3� 1Þ SP (β-Ta) Gómez et al. (2014)

W 295 2.1 0.55 −14� 1 SP Wang, Pauyac, and Manchon (2014)
295 0.38� 0.06 −ð33� 6Þ STTþ SHE (β-W, lower in α-W αSH) Pai et al. (2012)

TABLE III. (Continued)
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However, at finite τs, the STT also acquires a field-like
component (Ralph and Stiles, 2008). Experiments in W/Hf/
CoFeB structures confirmed the presence of the SHE-based
mechanism in the observed torques and showed that the SHE-
STT can have both anti-damping-like and field-like compo-
nents of comparable magnitudes (Pai et al., 2014).
In the commonly studied polycrystalline transition-metal-

FM-NM samples, the dependence of the torques on the angle of
the driving in-plane current also does not provide the direct
means to disentangle the two microscopic origins. The lowest
order inversion-asymmetry spin-orbit terms in the Hamiltonian
have the Rashba form for which the vector ζ is in the plane
parallel to the interface and perpendicular to the current,
independent of the current direction. The same applies to the
spin polarization of the SHE spin current propagating from the
NMto theFM.TheM and ζ functional formof the field-like and
anti-damping-like SHE-STTs is the same as of the correspond-
ing ISGE-SOTcomponents. In the observed lowest order torque
terms in Pt/Co and Ta/CoFeB structures (Garello et al., 2013)
the ISGE-based and the SHE-based mechanism remained,
therefore, indistinguishable. The simultaneous observation of
higher order torque terms in these samples pointed to SOTs due
to structural inversion-asymmetry terms beyond the basic
Rashba model. From the Ta thickness dependence measure-
ments in the Ta/CoFeB structure it was concluded that in these
samples both the ISGE-based and the SHE-based mechanisms
contributed to both the field-like and the anti-damping-like
torques (Kim et al., 2013). In another experiment, the effective
spin-orbit field was found to be diminished with increasing the
ferromagnetic layer thickness and to persist even with the
insertion of a copper spacer (Fan et al., 2013), suggesting that
the spin torque does not rely in the studied structure on the
heavy-NM-FM interface.
To separate the two model microscopic origins, experi-

ments were performed in epitaxial Fe/(Ga,Mn)As bilayers
(Skinner et al., 2015). The structures allowed one to simulta-
neously observe ISGE-based and SHE-based torques of
comparable amplitudes. Designed magnetization-angle and
current-angle symmetries of the Fe/(Ga,Mn)As single-crystal
structure with Dresselhaus-like inversion asymmetry allowed
one to split the two microscopic origins between the ISGE
dominated field-like torque and the SHE dominated anti-
damping-like torque.

E. Spin Hall angles

In this section, we present in Table III experimental
measurements of the SHE in different materials. The list, in
such an active and evolving field, is by no means exhaustive.
As discussed in this experimental section, as more things are
learned about the techniques and systematic errors are better
understood and corrected, the measurements begin to con-
verge for several materials, particularly for the transition
metals.
In Table III we show the material, the temperature the

measurement was taken at, the spin-diffusion length either
measured or used in the analysis, the conductivity, the spin
Hall angle, the reference of the work, and the type of
technique as well as relevant comments.

V. FUTURE DIRECTIONS AND REMAINING
CHALLENGES

We conclude this review with our personal view of possible
interesting directions and remaining challenges. As such,
reflects our own preference and intuition. We apologize for
any omissions of the many interesting possibilities that others
may consider. We only know for certain that such future
outlook is bound to always fail in a field that continues to
bring surprises.
Transition metals have traditionally played a dominant role

in spintronics both in basic research and, in particular, in
applications. It is therefore not surprising that the SHE field
has gained new momentum when bringing nonmagnetic
transition metals in the game. And they have played their
role particularly well. When brought out of equilibrium by an
applied electric field, the SHE (or ISGE) in some nonmagnetic
transition metals can generate sufficient flux of spin angular
momentum to reorient magnetization in an adjacent transition
metal FM. Entirely new concepts for writing information in
magnetic tunnel junctions or domain-wall based spintronic
devices have emerged from this discovered large strength of
the SHE in this common, and technologically relevant, family
of materials.
Ta, W, Ir, and Pt are examples among the nonmagnetic

transition metals with large SHE. The strength of the effect is
derived from the large spin-orbit coupling in these heavy
elements. Apart from the new opportunities for applications,
this brings also new challenges for the basic research of the
SHE in transition metals. We have mentioned in the review the
pitfalls in attempting to microscopically describe the SHE in
structures comprising heavy transition metals from theories of
spin transport in weakly spin-orbit-coupled systems. The
proper description and microscopic understanding of the
SHE structures in the strong spin-orbit coupling regime is
among the key remaining challenges in the SHE field.
The flurry of recent SHE studies in transition metals may

give an impression that the field is forgetting its semicon-
ductor roots. Robust FMs are typically dense-moment systems
and their switching requires comparably large electrical
current densities generating the SHE spin current. Highly
conductive transition metals are clearly favorable from this
perspective when compared to semiconductors. Moreover, the
reported spin Hall angles in semiconductors do not reach the
record values in transition metals.
We nevertheless foresee semiconductors playing a vital role

in future SHE research, in particular, when considering
spintronics concepts without FMs. In the transition metal
context, the SHE is used as an efficient spin-current generator
or detector but these studies rarely consider spin manipulation
in the nonmagnetic SHE system. Especially in the strongly
spin-orbit-coupled heavy metals, the spin-diffusion length is
of the order of nanometers, too short for implementing any
spin manipulation tools along the nonmagnetic transport
channel. For semiconductors, on the other hand, we have
mentioned in the review several examples of electrical
manipulation of the output SHE signal. A gate electrode
can be used to control coherent spin precession along the
channel, additional drift current was shown to modify the
spin-current profile along the channel, and nonlinear
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intervalley transport can strongly enhance the spin Hall angles
bringing the values close to their heavy metal counterparts.
The physics is, however, no different in principle between

metals and semiconductors. Large SHE requires large spin-
orbit coupling which, on the other hand, tends to suppress spin
coherence or diffusion length. Semiconductors with their
simpler electronic structure and model spin-orbit fields offer
unique ways how to get around this problem. As demon-
strated, a proper tuning of the Rashba and Dresselhaus spin-
orbit fields can significantly enhance spin coherence in the
presence of strong spin-orbit coupling. Experiments outside
the SHE field have recently made major progress in control-
ling these two canonical spin-orbit fields in common semi-
conductor structures and we envisage new developments in
semiconductor SHE devices utilizing the coherent spin-
manipulation techniques.
Combining optical selection rules with SHE makes

semiconductors also favorable materials for exploring new
concepts in optospintronics. These may include optical
spin-torque structures, electrical polarimeters, spin-
photovoltaic cells, switches, invertors, and interconnects.
The optospintronic subfield of the SHE research is still at
its infancy and we expect growing activity in this direction in
the future.
The fascinating feature of the SHE is that it can generate a

large spin current, and a resulting large spin accumulation by
bringing weakly out of equilibrium a nonmagnetic system. It
is, therefore, natural that nonmagnetic materials have been
traditionally at the center of the SHE research. However,
limiting ourselves to paramagnetic or diamagnetic materials,
whether metallic or semiconducting, is not necessary when
considering the spin Hall phenomena. Recently, several
transition-metal FMs and antiferromagnets were demon-
strated to act as efficient ISHE spin-current detectors, which
opens a new broad area of future materials research in
the SHE.
It also brings us back to the opening paragraphs of this

section, where we mentioned SHE-induced spin torques in
NM-FM heterostructures. Since in strongly spin-orbit-coupled
systems these torques are limited to a few atomic layers
around the NM-FM interface, and considering the likely
material intermixing at the interface, it is not meaningful to
speak strictly about a nonmagnetic layer SHE in these
structures. The difference then becomes blurred whether
including magnetism via intermixing or proximity polariza-
tion at heterointerfaces, or directly considering the SHE in
bulk FM or antiferromagnetic materials. Within this notion, an
important challenge arises not only for the normal-metal–
magnet interfaces but also for monolayer magnets to identify
the microscopic origin of the observed spin torques. It remains
an open question whether the current-induced torques in the
magnet are better linked to a SHE-induced spin-current origin
or to one of the variants of the ISGE-induced nonequilibrium
spin polarization. Resolving these contributions is an impor-
tant academic exercise with potentially large implications for
the utility of these spin-orbit-coupling phenomena in spin-
tronic information technologies.
We conclude by emphasizing that the field of SHE does not

live in a vacuum. Its interconnections to other emerging fields,
e.g., graphene and other 2D systems, topological insulators,

and spin caloritronics, make its growth and possibilities very
difficult to predict. Many things that we have discussed here
and that have emerged from its link to these fields were not
known or expected a few years ago. It is a rapidly evolving
field that produces discoveries at a neck-breaking speed and
we all look forward to its exciting future.

LIST OF SYMBOLS AND ABBREVIATIONS

2DEG Two-dimensional electron gas
2DHG Two-dimensional hole gas

ac Alternating current
AHE Anomalous Hall effect
AMR Anistropic magnetoresistance
CPW Coplanar wave guide

dc Direct current
FM Ferromagnet

FMR Ferromagnetic resonance
HE Hall effect

ISGE Inverse spin galvanic effect
MOD Modulation of damping

MRAM Magnetic random access memory
NM Nonmagnetic material
QHE Quantum Hall effect

QSHE Quantum spin Hall effect
rf Radio frequency

SGE Spin galvanic effect
SHE Spin Hall effect
SOT Spin-orbit torque
SP Spin pumping

STT Spin-transfer torque
TMR Tunneling magnetoresistance
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