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Spintronics using topological insulators (TIs) as strong spin–orbit coupling (SOC) materials have
emerged and shown rapid progress in the past few years. Di®erent from traditional heavy metals,
TIs exhibit very strong SOC and nontrivial topological surface states that originate in the bulk
band topology order, which can provide very e±cient means to manipulate adjacent magnetic
materials when passing a charge current through them. In this paper, we review the recent
progress in the TI-based magnetic spintronics research ¯eld. In particular, we focus on the spin–
orbit torque (SOT)-induced magnetization switching in the magnetic TI structures, spin–torque
ferromagnetic resonance (ST-FMR) measurements in the TI/ferromagnet structures, spin
pumping and spin injection e®ects in the TI/magnet structures, as well as the electrical detection
of the surface spin-polarized current in TIs. Finally, we discuss the challenges and opportunities in
the TI-based spintronics ¯eld and its potential applications in ultralow power dissipation spintronic memory and logic devices.
Keywords: Topological insulators; spin–orbit torques; magnetization switching; topological
spintronics.

1. Introduction
One goal in the ¯eld of spintronics is to control
and manipulate magnetic moment using the least
possible power though electrical means.1–3 Beginning with the discoveries of giant magnetoresistance (GMR)4,5 and tunneling magnetoresistance
(TMR),6–12 which allowed electrical readout of
the relative orientation of magnetic moments in
spin valves13,14 and magnetic tunnel junctions
(MTJs), the spintronics ¯eld has further developed
through theoretical prediction and experimental
observation of the spin-transfer torque (STT)
†Corresponding

e®ect,15–20 which allows manipulation and switching
of magnetic moment by the electrical current.
STT-based two-terminal MTJ structures have
served as e±cient magnetoresistive random access
memory (MRAM)21–23 elements, where the `read'
and `write' processes use the same current path, and
thereby have the intrinsic electrical wear-out problem, that is, the dielectric breakdown of the tunnel
barrier due to the large current in the `write' process.24 One of the methods to overcome this issue is
to use high spin-orbit coupling (SOC) materials,
such as heavy metals and topological insulators

author.
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(TIs), where the spin Hall e®ect (SHE) or the topological surface states can be employed to generate
large spin torques by passing a lateral current in the
three-terminal MTJ structures.25,26 In this case, the
`read' current path and the `write' current path can
be well separated and the spin torque is generated
without charge current traversing the tunnel barrier. This separation signi¯cantly improves the MTJ
reliability while also giving better output signal.
Since these materials all have strong SOC we call the
generated torques spin–orbit torques (SOTs).27,28 In
the following two paragraphs, we brie°y introduce
the recent SOT research in the heavy metal and TIbased magnetic structures.
In heavy metals (e.g., Pt and Ta), due to the
strong relativistic SOC, the SHE29–33 is resulted
which can generate a transverse spin current and
consequently, a steady-state spin polarization/accumulation at the edges or surfaces of the heavy
metals when passing a charge current through them.
The SHE arises from both the intrinsic34,35 and extrinsic mechanisms.36–39 The SHE was ¯rst detected
by optical method in semiconductors with large
SOC (e.g., GaAs and InGaAs)40,41 and later, it was
discovered in heavy metals and has been studied
extensively, due to the fact that SHE in heavy
metals is very e±cient to produce spin current that
can apply very strong SOTs on an adjacent magnetic layer and signi¯cantly in°uence its dynamics,
for example, the SHE-induced tuning of magnetic
damping42–45 and spin wave attenuation,46,47 excitation of spin wave oscillations,48 magnetic precession,43 SHE-induced switching25,49–51 and magnetic
domain wall motion,52–54 etc., have been reported in
the past several years. In particular, the SHE-induced magnetization switching25,49,50 represents the
landmark achievements in the SHE research ¯eld,
which suggest potential applications in heavy metalbased MRAM devices.26 The spin Hall angle,25,29,50
de¯ned as the generated spin current density versus
the incident charge current density, is used to
quantify the SHE strength in heavy metals and the
number is usually smaller than 1. Therefore, materials that can generate SOT more e±ciently than
heavy metals await explorations.
Then it comes to TIs.55–57 TIs are such materials
that the SOC is large enough to invert the band
structure in the bulk,58 and consequently they are
expected to be the most promising candidates to
exploit the SOTs when coupled to magnetic materials.59–61 Compared with the research on SHE in

heavy metals, TI-based spintronics is a relatively
new emerging research ¯eld. However, it has shown
rapid progress62 and promising applications on SOT
devices.63–65 Distinct from heavy metals, TIs not
only have very strong SOC, but also possess the
unique spin-momentum-locked Dirac fermions on
the surface,55–57 as demonstrated by the spinresolved ARPES66,67 and circularly-polarized lightinduced photocurrent experiments,68–70 which make
them very e±cient for generating spin current/accumulation when passing a charge current through
them.71 Starting with the electrical detection of
surface spin-polarized current in TIs,72–77 SOT and
spin current-related research has been carried out in
TI-based magnetic structures. For example, SOTinduced magnetization switching in magnetic TI
materials,63,64 spin–torque ferromagnetic resonance
(ST-FMR) measurements65,78 and spin pumping/
spin injection experiments79–83 in TI/ferromagnet
metal structures, and spin-polarized tunneling
spectroscopy study in TI/oxide/ferromagnet structures84 have been carried out recently. The TI-based
magnetic spintronics research is currently a fast
developing ¯eld.
In this paper, we review the recent progresses in
this newly emerged ¯eld of TI-based spintronics.
The paper is organized as follows. First, Sec. 2 o®ers
an introduction to the giant SOT-induced magnetization switching in magnetically doped TI structures. The SOT e±ciency in TI is revealed to be
almost three orders of magnitude larger than those
reported in heavy metals. Section 3 discusses the
ST-FMR measurements in TI/ferromagnet metal
structures which show very large SOT e±ciency
at room temperature. Section 4 reviews the spin
pumping and spin injection experiments in various
TI/magnet structures which suggest promising spinto-charge conversion e®ect. Electrical detection of
surface spin-polarized current in TIs is discussed in
Sec. 5, emphasizing the interplay between magnetic
electrode and accumulated spins on the topological
surface. This is followed by summary and conclusions in Sec. 6, discussing the potential and opportunities in the TI-based spintronics ¯eld.

2. SOT-Induced Magnetization
Switching in Magnetic TI Materials
TIs are a new class of materials which have inverted
band structure in the bulk due to the strong SOC58
and nontrivial metallic Dirac fermions on the surface
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which are protected by the bulk topology order.55–57
The surface Dirac fermions are described by the
Hamiltonian55,56,58,85,86: HDirac ðkx ; ky Þ ¼ }vD ð x ky 
 y kx Þ, where } is the reduced Planck constant, vD is
the Dirac electron velocity, kx and ky are the Dirac
electron momentum,  x and  y are the Pauli matrices denoting the electron spin. The eigenstates of
this Hamiltonian naturally give rise to the spinmomentum locking feature, namely, the Dirac electron's spin is locked perpendicular to its momentum
in the kx ky -plane and the spin texture is clockwise
above the Dirac point while anticlockwise below the
Dirac point, as depicted in Fig. 1(a). In the TI material when a lateral electric ¯eld is applied, due to
the spin-momentum locking feature of the surface
states and the shift of the Fermi surface in the kspace, a certain spin polarization is induced with
the surface charge current,71 and the polarization is
governed by the charge current direction. For instance, when the surface charge current is °owing
along the –x direction (i:e., Ix < 0), as shown in
Fig. 1(b), the Dirac electrons' spin is polarized along
the –y direction; the reversed current case is displayed in Fig. 1(c). Because of the strong SOC and
the topology protection nature of the surface states,
these spin-polarized surface currents are expected to
be able to apply very e±cient SOTs to adjacent
magnetic materials.59–61

(b)

(a)

(c)

Fig. 1. Charge current-induced surface spin polarization in TI.
(a) Schematic illustration of the spin-momentum locked helical
spin texture of the surface states in TI: clockwise spin texture
above the Dirac point while anticlockwise spin texture below
the Dirac point. (Reprinted with permission from Ref. 73.
Copyright 2014, American Chemical Society.) (b) Schematic of
surface spin polarization for a charge current °owing along –x
direction (i.e., Ix < 0). (c) Schematic of surface spin polarization for a charge current °owing along x direction (i.e., Ix > 0).

In light of the above arguments, di®erent TI/
magnet structures63–65,78 have been studied to probe
the SOT e®ect. In particular, Ref. 63 reported the
SOT-induced magnetization switching in the TI/Crdoped TI bilayer heterostructure. Since magnetically doped TIs (e.g., Cr-doped TIs)87–94 show very
robust ferromagnetism at low temperature, the TI/
Cr-doped TI bilayer heterostructure87,95 provides
the ideal platform to study the SOT. In Ref. 63, the
(Bi0:5 Sb0:5 Þ2 Te3/(Cr0:08 Bi0:54 Sb0:38 Þ2 Te3 bilayer was
prepared, as illustrated in Fig. 2(a), with the top
TI being three quintuple layers (QLs) and the bottom Cr-doped TI six QLs. In this bilayer heterostructure, the Cr-doped TI magnetization can be
successfully switched by scanning the longitudinal
current in the presence of a ¯xed in-plane magnetic
¯eld, as plotted in Fig. 2(b), suggesting a giant
SOT is generated by the current °owing through
the bilayer. The switching is very e±cient, requiring a critical current density below 8:9  10 4 A/
cm2. Furthermore, in Ref. 63, the strength of SOT
was calibrated by the second harmonic measurement.27,96 Most importantly, the spin–torque ratio
#ST , de¯ned as the strength of SOT per unit charge
current density, ranges from 140 to 425, which
is almost three orders of magnitude larger than
those reported in heavy metal/ferromagnet heterostructures (HMFHs).25,27,29,43,49,50,96 Both the
SOT-induced switching results and the harmonic
measurement data are consistent with the bottom
surface spin-momentum locking in the bilayer
heterostructure, indicating that the Cr-doped TI
layer bottom surface Dirac fermions have a very
large contribution to the giant SOT.
Since the bulk of magnetic TI behaves as a
semiconductor,87,89,97 the current-induced SOT in
Cr-doped TI materials can also be controlled by the
gate electric ¯eld.64 In Ref. 64, a top-gated Hall bar
structure made of Au(electrode)/Al2O3(20 nm)/
Cr0:16 (Bi0:50 Sb0:42 Þ2 Te3(7 nm)/GaAs(substrate) was
prepared, as shown in Fig. 3(a). The top gate voltage can e®ectively tune the carrier density at the
Al2O3/Cr-doped TI interface, and consequently the
net SOT in the Cr-doped TI layer can be modulated.
As evidenced by the second harmonic measurement,27,63,96 the SOT strength can be modulated by
a factor of four by gate tuning within the accessible
voltage range, which is almost two orders of magnitude larger than that reported in HMFHs.98 Furthermore, in Ref. 64, it is demonstrated that the
magnetization can be switched by scanning gate
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(a)

(b)

Fig. 2. Magnetization switching through giant SOT in the TI/Cr-doped TI bilayer heterostructure. (a) 3D schematic of the TI/Crdoped TI bilayer heterostructure, the external magnetic ¯eld Bext , the magnetization M and the out-of-plane anisotropy ¯eld BK . (b)
Current-induced magnetization switching in the TI/Cr-doped TI bilayer at 1.9 K in the presence of a constant in-plane magnetic ¯eld
with By ¼ þ0:6 T (blue squares) and By ¼ 0:6 T (red circles), respectively (color online). (Reprinted with permission from Ref. 63.
Copyright 2014, Macmillian Publishers Ltd: Nature Materials.)

voltage with constant current and in-plane magnetic
¯eld applied in the Cr-doped TI ¯lm, as shown in
Fig. 3(b). The gate voltage enabled switching points
towards device applications such as electric-¯eld
controlled magnetic memories that are compatible
with modern ¯eld-e®ect semiconductor technologies.
The gate control of SOT was compared with the net

spin-polarized surface current conducting through
the Cr-doped TI ¯lm, and the intrinsic spin–torque
ratio #ST from the surface current is determined to
be 116, again demonstrating the interfacial Dirac
fermion origin of the giant SOT.
Both works63,64 suggest that the current-induced
SOT is very e±cient in magnetic TI materials. The

(a)

(b)

Fig. 3. (a) 3D schematic of the Hall bar structure made from the Al2O3(20 nm)/Cr-doped TI(7 nm)/GaAs(substrate) stack with a
top gate electrode (light gray). Standard four-point measurement setup is displayed. A gate voltage of Vg can be applied between the
top gate and the source contact. (b), Magnetization switching induced by scanning Vg in the presence of constant By and IDC for X:
(IDC ¼ 20 A; By ¼ 0:1 TÞ and Y: (IDC ¼ 20 A; By ¼ 0:1 TÞ. Insets show the corresponding initial and ¯nal magnetization con¯gurations. All the measurements are performed at 1.9 K (color online). (Reprinted with permission from Ref. 64. Copyright 2016,
Macmillian Publishers Ltd: Nature Nanotechnology.)
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corresponding spin–torque ratios are almost three
orders of magnitude larger than those reported in
HMFHs. The gate electric-¯eld control64 provides
another approach besides the lateral current to harness the giant SOT in magnetic TI materials, which
promises potential applications in energy-e±cient
gate-controlled SOT devices. Since the Curie temperature of the Cr-doped TIs is very low (usually
below 30 K),89,93 to utilize the giant SOT for room
temperature applications would require search for
high Curie temperature magnetic TIs or other room
temperature insulating (or high resistivity) magnetic
materials that can couple e±ciently with TIs. Indeed,
high quality TI/magnetic insulator (e.g., yttrium
iron garnet, or YIG) structures and high temperature
magnetic proximity e®ect99,100 in these structures
have been reported recently, and the potential SOT
e®ect looks promising.

3. ST-FMR Probing of the SOT in
TI/Ferromagnet Metal Structures
Besides the magnetically doped TIs, currentinduced SOT was also probed in the TI/ferromagnet
structures by the ST-FMR technique.65,78,101 In
Ref. 65, a Bi2Se3(8 nm)/permalloy(16 nm) bilayer
structure was patterned into a micron strip, as
illustrated in Fig. 4(a), and a microwave-frequency
current IRF was applied into the strip. The currentinduced surface spin-polarized Dirac electrons in the

Bi2Se3 layer will exert an oscillating SOT on the
permalloy magnetization to make it precess, yielding
resistance oscillations due to the anisotropic magnetoresistance (AMR) of the permalloy. The mixing
between the applied alternating current and the oscillating resistance gives rise to a direct voltage Vmix ,
which reaches a maximal value in the FMR regime. In
Ref. 65, Vmix was measured as a function of the external magnetic ¯eld Bext at a ¯xed angle ’ relative to
IRF , as shown in Fig. 4(a), and the FMR resonance
line shape was clearly detected. The Vmix resonance
line shape can be decomposed into the symmetric and
antisymmetric components, whose amplitudes re°ect
the strength of the antidamping-like SOT ¿ jj (inplane) and the ¯eld-like SOT ¿ ? (perpendicular), as
denoted in Fig. 4(a), respectively. In Fig. 4(b), both
the symmetric and antisymmetric Vmix components
are plotted as functions of the external ¯eld angle ’,
which can be ¯tted to equations proportional to sin
(’Þ cos 2 ð’Þ, agreeing with the AMR and SOT dependence on the ¯eld angle. In Ref. 65, Bi2Se3/permalloy devices with di®erent dimensions were
measured, and the antidamping-like spin–torque
ratio jj was determined to be between 2 and 3.5 at
room temperature, which is much larger than those
reported in HMFHs.25,27,29,43,49,50,96
To verify whether the measured SOT in TI/
ferromagnet structures is arising from the topological surface states or due to other mechanisms,
Wang et al. performed a temperature-dependent

(a)

(b)

Fig. 4. (a) Schematic diagram of the permalloy/Bi2Se3 structure and the coordinate system. The yellow and red arrows denote spin
moment directions. Py, permalloy. (b) Measured dependence on the magnetic ¯eld angle ’ for the symmetric and antisymmetric
resonance components for a sample (8 nm Bi2Se3/16 nm permalloy device of dimensions 80 m  24 m). Experimental conditions in
(b) are as follows: !=2 ¼ 9 GHz, power absorbed ¼ 6.9 dBm (color online). (Reprinted with permission from Ref. 65. Copyright
2014, Macmillian Publishers Ltd: Nature.)
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(b)

Fig. 5. Temperature dependence of (a) antidamping-like spin–torque ratio and (b) ¯eld-like spin–torque ratio in Bi2Se3(20 nm)/
CoFeB(5 nm) devices measured through the ST-FMR technique (color online). (Reprinted with permission from Ref 78. Copyright
2015, American Physical Society.)

ST-FMR measurement in the Bi2Se3/Co40 Fe40 B20
bilayers.78 By analyzing both the symmetric (Vs Þ
and antisymmetric (Va Þ components of the ST-FMR
voltage signal at di®erent temperatures, the
antidamping-like spin–torque ratio jj and the ¯eldlike spin–torque ratio ? were both obtained, as
plotted in Fig. 5. Both jj and ? show a dramatic
increase as temperature decreases, especially below
50 K. Since the antidamping-like SOT in HMFHs
shows a weak temperature dependence102–105 and
the ¯eld-like SOT normally decreases102,103 as temperature is lowered in HMFHs, the observed signi¯cant increase of jj and ? in the Bi2Se3/Co40 Fe40 B20
bilayer when temperature decreases was attributed
to contribution from the topological surface states
in Ref. 78. Moreover, Ref. 78 also argued that
the measured out-of-plane SOT in the Bi2Se3/
Co40 Fe40 B20 bilayer could be due to the warping
e®ect of the topological surface states.71,106,107
In addition, the Fermi level position-dependent
ST-FMR measurements were performed in Ref. 101
in the (Bi1-x Sbx Þ2 Te3/Cu/permalloy trilayer structures, with di®erent x values controlling the Fermi
level position in the (Bi1-x Sbx Þ2 Te3 ¯lm. The SOT
e±ciency was found dramatically suppressed when
the Fermi level is near the Dirac point, possibly
owing to the degeneracy of surface spins at that
speci¯c point. This result suggests the Fermi level
position is critical for optimizing the SOT e®ect.
One drawback of the ferromagnet metal-based STFMR measurements is that due to the impedance
mismatch between the TI layer and the ferromagnet
metal, it is hard to determine the current distribution in the whole structure, and most of the current

is shunted through the metal layer. To overcome
this problem, it is advisable to apply the STFMR technique in the TI/magnetic insulator
structures (e.g., TI/YIG). For this purpose, the
magnetic resonance force microscope (MRFM)108 or
the microwave-frequency magneto-optical Kerr
e®ect (MOKE)109 measurements may be favored.

4. Spin Pumping and Spin Injection
into TIs
TIs' spin-momentum locked surface states not only
can generate giant SOT when passing a charge
current through them, but also can provide the ideal
platform for spin-to-charge conversion when spin
current is injected onto the TI surface. By the spin
pumping technique in a TI/ferromagnet structure,
spins can be e®ectively injected onto the TI surface
and converted to a transverse charge current. In
Ref. 79, Shiomi et al. studied the spin pumping and
the spin-to-charge conversion e®ects in the Ni81 Fe19
(20 nm)/Bi1:5 Sb0:5 Te1:7 Se1:3 (BSTS) samples by
using coplanar waveguide, and the induced transverse charge voltage on TI was detected by a nanovoltmeter, as schematically shown in Fig. 6(a). The
BSTS is a bulk-insulating TI material. By sweeping
the external magnetic ¯eld and applying microwave,
the ferromagnet Ni81 Fe19 will reach the FMR regime
and spins can be e®ectively pumped onto the TI
surface. Due to the spin-momentum locking, the
injected spins will move only along one direction on
the TI's surface, creating a voltage di®erence on the
two ends of the TI ¯lm, as illustrated in Fig. 6(b).
By careful analyses, the antisymmetric part of the
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(a)

(b)

(c)
Fig. 6. (a) Schematic illustration of FMR-induced spin pumping and spin injection e®ects in the Ni81 Fe19 /TI structure. (b)
Schematic illustration of spin injection and spin-electricity conversion e®ects on the topological surface states. (c) The antisymmetric
a
part of the measured V divided by the absorption power (P Þ, denoted V~ , for Bi2Se3(BS)/Ni81 Fe19 and BSTS/Ni81 Fe19 samples at
15 K. (Reprinted with permission from Ref. 79. Copyright 2014, American Physical Society.)

measured voltage was successfully obtained, as
plotted in Fig. 6(c), which is a demonstration of the
spin-to-charge conversion e®ect. The conversion ef¯ciency is determined to be 10 4 and the spin
pumping e®ect can only be observed at low temperature (< 27 K), which might be due to the bulk
conduction in the very thick BSTS samples (0.1–
0.5 mm) as explained in Ref. 79.
Using similar technique, Deorani et al. studied
the spin pumping and spin-to-charge conversion
e®ects in the Ni81 Fe19 /Bi2Se3 structure,80 where the
Bi2Se3 is more conducting than BSTS, but the bulk
conduction is minimized due to thinner Bi2Se3 ¯lm
thicknesses (5−35 nm). The spin-to-charge conversion
e±ciency (or the so-called spin Hall angle in Ref. 80)
and spin di®usion length in Bi2Se3 were obtained
to be 0.0093  0.0013 and 6.22  0.15 nm, respectively, at room temperature, and their values
were observed to increase as the temperature
decreases. In Ref. 81, Jamali et al. measured the spin
pumping and spin-to-charge conversion e®ects in

the CoFeB/Bi2Se3 bilayers. They found the spin-tocharge conversion e±ciency of Bi2Se3 can be as large
as 0.43 at room temperature, which is primarily
due to the bulk inverse SHE and is hard to distinguish from the inverse Edelstein e®ect (IEE) of the
topological surface states. In Ref. 82, Baker et al.
studied the FMR spin pumping e®ect in the
Co50 Fe50 /Bi2Se3/Ni81 Fe19 trilayer structure, and
they found the Gibert damping increases approximately linearly with the Bi2Se3 layer thickness,
suggesting that Bi2Se3 is a very e±cient spin sink.
Besides the spin pumping/spin injection experiments on conventional Bi2Se3 or BSTS materials,
novel TI material was also used for this purpose. In
Ref. 83, Rojas-Sanchez et al. utilized a new type TI:
-Sn thin ¯lm in the -Sn/Ag/Fe/Au structure for
the spin pumping and spin-to-charge conversion
measurements. The structure and measurement
setup were shown in Fig. 7(a). By applying microwave and sweeping external magnetic ¯eld, the Fe
layer will reach the FMR state and pump spins,
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(a)

(b)

Fig. 7. Spin pumping and spin-to-charge conversion e®ects in a new type TI: -Sn ¯lm. (a) Experimental setup for spin pumping
from the Fe layer into -Sn by FMR. (b) FMR and DC charge current signals from measurements in a cylindrical X-band resonant
cavity on InSb j-SnjAgjFejAu sample. The lower panel shows a DC current signal in agreement with the observation of a Dirac cone
at only the -SnjAg interface. (Reprinted with permission from Ref. 83. Copyright 2016, American Physical Society.)

through the Ag layer, onto the -Sn thin ¯lm. Due
to the surface spin-momentum locking, the injected
spins will be converted to a transverse charge current through the IEE of the surface states, which can
be consequently measured by a voltmeter. Both the
FMR and DC charge voltage signals are plotted in
Fig. 7(b). Importantly, the IEE length IEE (de¯ned
as the ratio between the 2D transverse charge current density induced by IEE in the surface of -Sn
and the injected vertical 3D spin current density)
was found to be 2.1 nm, which is one order of magnitude larger than those reported in various Rashba
interfaces.110,111
Spin pumping and spin-to-charge conversion
experiments in TI/ferromagnet metal structures
have an inherent drawback: the induced DC charge
current in the TI layer could be partly shunted by the
ferromagnet metal. To overcome this problem, the
TI/magnetic insulator structures (e.g., TI/YIG)
could be employed for the spin pumping measurements. In addition to the FMR spin pumping technique, other methods were also explored for injecting
spins into TI materials. For example, in Ref. 100,
Jiang et al. used the thermal spin Seebeck e®ect
of YIG to inject spins into (Bix Sb1x Þ2 Te3 thin
¯lm in the (Bix Sb1x Þ2 Te3/YIG heterostructure,
which can induce a pronounced transverse voltage
signal. In Ref. 84, a tunneling structure Bi2Se3 (or
(Bi0:5 Sb0:5 Þ2 Te3 Þ/MgO/Co20 Fe60 B20 was utilized to
probe the spin-polarized electron tunneling spectroscopy. By applying a vertical voltage bias, the

spin-polarized electrons in Co20 Fe60 B20 can tunnel
through the MgO barrier and inject onto the TI surface, which can be consequently converted to a
transverse charge current through the IEE of TI
surface. The measured spin-to-charge conversion ef¯ciency (or spin Hall angle as in Ref. 84) is 0.8 for
Bi2Se3 and 20  5 for (Bi0:5 Sb0:5 Þ2 Te3 (both measured
at 4 K), much larger than those reported in
HMFHs.25,27,29,43,49,50,96

5. Electrical Detection of the Surface
Spin-Polarized Current in TIs
As mentioned at the beginning of Sec. 2, when applying a current through TI, due to the spin-momentum locking of the surface states, the surface
current is spin-polarized and a steady-state spin
accumulation will be formed, as illustrated in
Figs. 1(b) and 1(c). This surface spin-polarized
current can be detected by electrical means. Speci¯cally, by placing a ferromagnet electrode/oxide
structure on top of TI to form a ferromagnetic
tunneling contact, the TI surface current spin polarization can be read out by the magnetoresistance
(or voltage) between the ferromagnet electrode
and TI surface: when the TI surface spin-polarized
electron magnetic moment is parallel with the
electrode magnetization, a low magnetoresistance
(voltage) is measured; accordingly, when the TI
surface spin-polarized electron magnetic moment is
antiparallel with the electrode magnetization, a high
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(a)

(b)

(c)
Fig. 8. Electrical detection of the surface spin-polarized current in the Bi2Se3/Al2O3/Fe structure. (a) Schematic illustration of the
transport experiment. Voltage measured at the ferromagnetic detector is proportional to the projection of the current-induced TI
surface spin polarization onto the contact magnetization. (b) and (c), Field dependence of the voltage measured using contact Fe as
the detector with the magnetization collinear with the current-induced TI spin polarization for bias currents of þ2 mA and 2 mA,
respectively, at 8 K. (Reprinted with permission from Ref. 72. Copyright 2014, Macmillian Publishers Ltd: Nature Nanotechnology.)

magnetoresistance (voltage) is produced, similar to
the GMR e®ect observed in spin valve structures.4,5
In Ref. 72, Li et al. fabricated a Fe/Al2O3 ferromagnet tunneling contact on top of Bi2Se3 thin
¯lm, as depicted in Fig. 8(a), to detect the TI surface
spin-polarized current. By sweeping the in-plane
transverse magnetic ¯eld to reverse the Fe magnetization direction, the hysteretic switching between
high and low magnetoresistance (voltage) states was

clearly measured for constant bias current of þ2 mA
and 2 mA °owing through the Bi2Se3 ¯lm, as
shown in Figs. 8(b) and 8(c), respectively, demonstrating the current-induced spin polarization on the
Bi2Se3 surface. Through detailed measurements and
analyses, they found the hysteretic behavior of
magnetoresistance can persist up to 150 K and the
spin polarization ratio of Bi2Se3 surface current is
about 20%, close to theoretical expectation values.71
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(a)

(b)

(c)

(d)

Fig. 9. (a) Electrical detection of the spin-polarized surface states conduction in (Bi0:53 Sb0:47 Þ2 Te3. Schematic illustration of the
device structure with one ferromagnetic tunneling contact Co/Al2O3 for spin detection. Measurement setup with a four-probe
con¯guration and a lock-in technique is also illustrated. (b) Measured voltage (resistance) at T ¼ 1:9 K as the in-plane magnetic ¯eld
is swept back and forth under DC bias of IDC ¼ þ2 A. (Reprinted with permission from Ref. 73. Copyright 2014, American
Chemical Society.) (c) Schematic of the spin-polarized tunnel junction device. The junction area varies from 2  2 to 10  5 m2; the
width of TI channels is ¯xed at 8 m. (d) Field-dependent transverse di®erential resistance dV24 =dI13 of Bi2Se3 in the tunneling
con¯guration. The junction area is 10  3 m2. (Reprinted with permission from Ref. 84. Copyright 2015, American Physical
Society.)

Similarly, in Ref. 73, Tang et al. made a Co/
Al2O3 ferromagnetic tunneling contact on top of the
(Bi0:53 Sb0:47 Þ2 Te3 thin ¯lm, which is more insulating, to detect the surface spin-polarized current, as
illustrated in Fig. 9(a). The hysteretic switching
behavior between high and low magnetoresistance
(voltage) states was measured when the Co magnetization was reversed by sweeping the in-plane
transverse magnetic ¯eld, as plotted in Fig. 9(b), in
the presence of constant current of þ2 A °owing
through the TI ¯lm. The spin polarization ratio of
the TI surface current was yielded to be 1.02% at
1.9 K and the polarization direction was con¯rmed

to be consistent with the TI surface spin-momentum
locking texture (see Fig. 1(a)). Several other
reports74–77 also use similar structures to electrically
detect the TI surface spin-polarized current: in
Ref. 74, Ando et al. placed a permalloy electrode on
top of BSTS to measure the surface current spin
polarization, and the polarization ratio was found to
be 0.5% at 4.2 K; in Ref. 77, Dankert et al. detected
the spin polarization of TI surface current at room
temperature by using a Co/TiO2 ferromagnetic
tunneling contact on top of Bi2Se3; in Refs. 75
and 76, Tian et al. studied the surface current spin
polarizations in Bi2Se3 and Bi2Te2Se samples by
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using the Ni magnetic electrode spin valve structure
and the permalloy/Al2O3 ferromagnetic tunneling
contact, respectively, and found the surface current
spin polarizations in Bi2Se3 and Bi2Te2Se are different. The one revealed in the Bi2Te2Se sample is
consistent with the TI surface spin-momentum
locking texture.
The ferromagnetic tunneling contact structure
can also be employed to study the spin-polarized
tunneling spectroscopy in the ferromagnet/oxide/TI
structure. As already brie°y discussed in Sec. 4, in
Ref. 84, Liu et al. designed the delicate `T'-shape
tunnel junction structure made of TI/MgO/CoFeB,
as illustrated in Fig. 9(c). When applying current
between terminal 2 and 4 and measuring voltage
between terminal 1 and 3, it becomes electrical detection of the TI surface spin-polarized current;
when applying current between terminal 1 and 3
and measuring voltage between terminal 2 and 4, it
becomes spin-polarized tunneling study and spin-tocharge conversion measurement through the TI
surface states. Indeed, as shown in Fig. 9(d), the
hysteretic switching in the di®erential resistance
dV24 =dI13 when sweeping the in-plane transverse
magnetic ¯eld to reverse the CoFeB magnetization84
clearly demonstrates the spin tunneling from CoFeB
to TI and the spin-to-charge conversion on the TI
surface. Besides the above electrical detection
methods by putting the ferromagnetic electrode or
ferromagnetic tunneling contact directly on TI, recently, people also used graphene as a spin conductor to connect the TI ¯lm and the detector: the
surface spin-polarized current in TI can di®use into
graphene and be measured non-locally by a ferromagnetic electrode on graphene.112

6. Summary and Conclusions
We have reviewed the recent progress in the TIbased spintronics ¯eld. In summary, TIs can generate giant SOT with e±ciency orders of magnitude
larger than those reported in HMFHs. The SOT in
TIs can also be e®ectively controlled by the gate
voltage. This may suggest applications in gate-controlled nonvolatile spintronic memory and logic
devices with signi¯cantly enhanced energy e±ciency. TIs are also found very e®ective for spin-tocharge conversion, indicating TIs' potential to serve
as spin detectors or e±cient spin-to-charge convertors. The spin–torque ratios and spin-to-charge
conversion e±ciencies of TIs reported by di®erent

Fig. 10. Summary of the spin–torque ratio and the spin-tocharge conversion e±ciency of various TI materials reported by
di®erent groups.  stands for the spin–torque ratio or the spinto-charge conversion e±ciency of TI, depending on the speci¯c
terminology used in the references. The abscissa denotes the
corresponding reference and the measurement temperature for
each . RT stands for room temperature.

groups are summarized in Fig. 10. TIs are also
demonstrated able to generate robust surface spinpolarized current (or steady surface spin accumulation), and thus may serve as nice spin current
sources for studying various spin dynamics when
coupled with magnetic materials. These unique
properties of TIs are believed to be resulted from the
intrinsic spin-momentum locking feature of the topological surface states, which stems in its bulk topological order (strong SOC), distinct from heavy
metals. Since e±cient in generating SOT, TIs may
also serve as good materials for energy-e±cient SOT
oscillator applications when coupled with magnetic
moment. When combined with CMOS logic circuitry, TI-based SOT devices may also o®er e±cient
nonvolatile spin logic circuits.
To utilize these properties of TIs (such as giant
SOT and high spin-to-charge conversion e±ciency)
would require search for both the right materials
that can couple e±ciently with TIs and the good TI
materials that can reach bulk-insulating states.
Since magnetic TIs have very low Curie temperature
and ferromagnetic metals su®er from shunting
problem, room temperature magnetic insulators
(e.g., YIG) or high resistivity magnetic semiconductors are expected to be the good candidates
to couple with TIs. Indeed, high quality TI/magnetic insulator structures (e.g., TI/YIG) and high
temperature magnetic proximity e®ect in these
structures99,100,113–115 have been reported recently.
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Both theoretical and experimental works are required to address the interface quality and spin
transport/coupling mechanisms at the interfaces
(e.g., spin mixing conductance or spin transparency)
for their potential applications. We note that very
recently room-temperature spin pumping e®ect has
been realized in the TI/YIG structure.116 In addition, high quality bulk-insulating TIs can be realized
by optimizing the material growth technique.117,118
Since TIs are van der Waals materials, they are easy
to grow by molecular beam epitaxy on a large range
of di®erent substrates, including magnetic insulators
or even antiferromagnetic materials. The latter may
o®er high frequency energy-e±cient applications.
Therefore, the feasibility of combining TIs with
various magnetic materials and their rich applications will spur further research in this vigorous topological spintronics ¯eld based on TIs.
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