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ABSTRACT
Current-induced magnetic switching via spin–orbit torques has been extensively pursued for memory and logic applications with promising
energy efficiency. Topological insulators are a group ofmaterials with spin-momentum locked electronic states at the surface due to spin–orbit
coupling, which can be harnessed to reach strong spin–orbit torques. In this paper, we summarize and compare the methods for calibrating
the charge-spin conversion efficiency in topological insulators, with which topological insulators are identified as outstanding spin–orbit
torque generators compared with the well-studied heavy metals. We then review the results of magnetic switching under reduced current
density in topological insulator/ferromagnet heterostructures. Finally, we provide insights on current challenges as well as possible exploration
directions in the emerging field of topological spintronics.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0048619

I. INTRODUCTION

In the past decade of spintronic studies, current-induced mag-
netic switching via spin–orbit torques (SOTs) has been extensively
pursued as a promising technique for writing information in the
magnetic random-access memory with low power consumption,
unlimited endurance, and fast operation time.1 The key to gener-
ate strong SOTs is to find materials with large spin–orbit coupling
that can convert charge current into non-equilibrium spins to inter-
act with magnetic moments. Heavy metals such as Pt,2,3 Ta,4 and
W5 were among the first that have been utilized to generate non-
equilibrium spins via the spin Hall effect or the Rashba–Edelstein
effect. The spin Hall effect6 converts a three-dimensional charge
current density Jc (in the unit of A/m2) to a transverse spin cur-
rent density (2e/̵h)Js (in the unit of A/m2; e is the electron charge
and ̵h is the reduced Planck’s constant) with spin polarization σ.
The spin current is expressed as (2e/̵h)Js = θSHσ × Jc, with θSH being
the unitless spin Hall angle. Besides the spin Hall effect in the
bulk, the Rashba–Edelstein effect of the two-dimensional electron
states at the surface can be another mechanism to generate spin
polarization.7 The injected two-dimensional charge current density

(jc, in the unit of A/m) can be converted to a three-dimensional
spin current density (2e/̵h)Js via the Rashba–Edelstein-effect coeffi-
cient (q, in the unit of nm−1) expressed as8 (2e/̵h)Js = qσ × jc. When
neighbored by a ferromagnetic material with magnetic moment
m, the non-equilibrium spins σ can exert SOTs to modulate the
magnetic dynamics or even switch the magnetic orientation, which
enables the core function of magnetic memory and logic devices.
In general, the SOTs can be decomposed to a field-like term τFL
∼ σ ×m and a damping-like term τDL ∼ m × (σ ×m), the latter of
which usually accounts for magnetic switching.1 It is worth not-
ing that the generation of damping-like torques is not restricted
to the categories of conventional spin-transfer torques or spin Hall
effect-induced SOTs. The non-equilibrium spin σ from both bulk
and interfacial spin–orbit coupling can give rise to τDL when σ
is absorbed by the adjacent magnetic material via spin flipping
scattering.1,9,10

The recent discovery of topological insulators (TIs) provides
tremendous opportunities to further improve the efficiency of
charge-spin conversions. TIs are a class of materials with spin–orbit
coupling that is strong enough to invert the sequence of bands at
certain high symmetry points and leads to topologically protected
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conducing electronic states at the surfaces11–14 [Fig. 1(a)]. The topo-
logical surface states exhibit a helical Dirac cone character in the
dispersion relation, where the spin orientation of electrons is locked
with their wavevector [Figs. 1(b) and 1(c)]. When a charge current
flows through the surface, which can be described in the wavevec-
tor space as a shift in the electron distribution at the Fermi surface,
the number of forward-going electrons dominates over backward-
going ones, leading to a net spin accumulation because of the
spin-momentum locking15,16 [Fig. 1(d)].

Compared to heavy metals, TIs can, in principle, provide
much higher non-equilibrium spin accumulation with the same
amount of charge current. The bulk band topology in TIs gives
rise to topological surface states with one-to-one locking for spin
and momentum orientations.8 With an applied charge current, this
mechanism provides higher spin accumulation than the Rashba
spin–orbit coupling that causes two surface bands with opposite
spin-momentum locking chirality. Here, we note that because of
the bulk–surface correspondence, the surface states of TI can also
be viewed as a holographic manifestation of the bulk topology.17
We treat the contributions from the intrinsic topologically deter-
mined bulk band as the same with the one from the topological
surface state. Besides the surface spin-momentum locking, exotic

FIG. 1. Topological surface states and spin-momentum locking in TIs. (a) Real
space picture of the conducting surface states in an ideal TI. (b) Dirac cone of the
topological surface states in the wavevector space, where the spin and momentum
of electrons are one-to-one locked to each other at the Fermi level. (c) Angle-
resolved photoemission spectrum that indicates the bulk and surface bands of a
six-quintuple-layer-thick Bi2Se3 film. (d) Top view of the Dirac cone crossed by the
Fermi level with spin-momentum locking. With a flow of charge current, the shift
in the electron distribution in the wavevector space induces non-equilibrium spins.
Panel (c) is adapted with permission from Zhang et al., Nat. Phys. 6, 584 (2010).
Copyright 2010 Springer Nature Limited.

spin–orbit effects in TIs may lead to large spin accumulation from
the bulk states18–20 through extrinsic non-topological mechanisms as
well.

Thanks to the development of advanced material growth and
characterization techniques in the past decades, various TI thin
films have been synthesized and have been demonstrated to own
non-trivial topological electronic structures via the angle-resolved
photoemission spectroscopy (ARPES).21–23 These efforts provide the
foundation for exploiting TI thin films in spintronic devices as effi-
cient SOT sources. So far, the most extensively studied group of TIs
is the bismuth-based compounds including BixSb1−x, Bi2Se3, Bi2Te3,
(BixSb1−x)2Te3, and so on,13,14,21,24 grown by molecular beam epi-
taxy, which allows one to precisely control the layer-by-layer growth
of the epitaxial structure. Whereas the Fermi surface in BixSb1−x,
Bi2Se3, and Bi2Te3 usually intersects with the bulk bands, the tun-
able Bi:Sb ratio in (BixSb1−x)2Te3 allows one to adjust the Fermi
level to within the bandgap of the bulk states21,24 so that only the
topological surface states are conductive. Other TI materials such
as α-Sn25 and SmB6

26–29 have also demonstrated topological bands
that enable charge-spin conversion. Very recently, magnetron sput-
tering, a technique that has been widely adapted in semiconductor
manufacturing, has been utilized to grow TI compounds with giant
charge-spin conversion.30

In Secs. II and III, we will review the major progresses
toward the goal of utilizing TIs for efficient magnetic switching,
which involves determinations of SOT efficiency generated by TIs,
experimental demonstrations of magnetic switching with TI het-
erostructures, and optimization of the magnetic switching at room
temperature to make TIs compatible with practical application
considerations.

II. QUANTIFICATION OF THE SPIN–ORBIT TORQUE
EFFICIENCY

Two pioneering works that explore the SOT generated by TIs
were reported in 2014 by Fan et al.31 and Mellnik et al.32 indepen-
dently. Fan et al. utilized the second harmonic magnetometry, which
was first applied to bilayers of heavy metal/ferromagnetic films with
perpendicular magnetic anisotropy (PMA),33,34 to calibrate the SOT
effective field in the Cr-(BixSb1−x)2Te3/(BixSb1−x)2Te3 (magnetically
doped TI/intrinsic TI) heterostructure at a temperature of 1.9 K.31 In
this method, a low-frequency alternating current is injected to gen-
erate the SOT and induces low-frequency oscillations of magnetic
moments. The periodic change in the anomalous Hall resistance
further accounts for the generation of the second harmonic compo-
nent of the Hall voltage [Fig. 2(a)]. The voltage detection can also be
replaced by the magneto-optic Kerr signal that is sensitive to mag-
netic moment tiltings,35 where the effective spin Hall angle is deter-
mined to be 90 at a temperature of 2.5 K and decreases dramatically
as the temperature increases.

In the room-temperature experiment done by Mellnik et al.,
an electrical current with microwave frequency is injected into the
Bi2Se3/NiFe bilayer.32 The SOT generated by the oscillating cur-
rent in Bi2Se3 causes resonant precession of the NiFe magnetization,
yielding resistance oscillations due to the anisotropic magnetore-
sistance effect.36 The mixing between the applied alternating cur-
rent and the oscillating resistance leads to a direct voltage, from
which the magnitude of the damping-like (in-plane) and field-like
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FIG. 2. Experimental proof of the SOT generated from TIs. (a) Second-harmonic anomalous Hall resistance as a function of in-plane external magnetic field, measured in
the Cr-(BixSb1−x )2Te3/(BixSb1−x )2Te3 sample. The shaded regions I, II, and III represent a single-domain state pointing in the −y direction, magnetization reversal, and a
single-domain state pointing in the +y direction, respectively. The insets in regions I and III show the tilted magnetization around its equilibrium position under a low-frequency
alternating current. (b) Top panel: schematic of the spin-torque ferromagnetic resonance setup for a Bi2Se3/NiFe sample. The radio frequency current IRF genereates net spin
accumulation and thus the spin torques τ on the NiFe moments. Bottom panel: mixing voltage measured in the spin-torque ferromagnetic resonance experiment. Panel (a) is
adapted with permission from Fan et al., Nat. Mater. 13, 699 (2014). Copyright 2014 Springer Nature Limited. Panel (b) is adapted with permission from Mellnik et al., Nature
511, 449 (2014). Copyright 2014 Springer Nature Limited.

(out-of-plane) SOT can be extracted [Fig. 2(b)]. The determined
effective spin Hall angle, which represents the damping-like SOT
strength per unit current density, is an order of magnitude higher
than the heavy metals, pointing toward the strategy of realizing low-
power magnetic memory devices using TIs as room-temperature
SOT sources. A temperature-dependent study further reveals that
the topological surface states are mostly responsible for the SOT
in this TI at low temperature.37 Here, we note that although the
spin Hall angle was originally defined for the spin Hall effect, it
is often used as a general figure of merit to reflect the SOT effi-
ciency even when the exact mechanism is not the conventional
three-dimensional spin Hall effect. This effective term of the spin
Hall angle is defined as the ratio between the spin current density,
calculated from the detected SOT, and the averaged charge current
density across the thickness of the spin–orbit material.

The third method usually used for quantifying SOT is the
domain wall magnetometry approach, where a direct current and a
constant biasing magnetic field are applied simultaneously. Within
chiral domain walls, the SOT acts as an effective field in the out-of-
plane direction for the magnetic thin film with PMA. The SOT effec-
tive field can assist or impede the domain wall movement and thus
the magnetic switching, which is reflected by a shift in the coercive
field in anomalous Hall resistance measurement when sweeping an
out-of-plane field38 [Figs. 3(a) and 3(b)]. In this method, the SOT is
directly compared with applied magnetic fields rather than changes
in Hall resistance, which prevents the parasitic contributions from
complicated transport phenomena in TIs.39,40 As expected, the SOT
efficiency still exceeds that of heavy metals detected by the same
protocol.41

Being the reciprocal effect of the SOT-induced ferromagnetic
resonance, spin pumping is a representative method to verify the
spin-to-charge conversion in TIs. By exciting magnetic resonance

via the inductive method in a ferromagnet, spin current is injected
to the neighbored TI layer, which is converted to a charge current
through the surface spin-momentum locking or the bulk inverse
spinHall effect19,20,42,43 [Figs. 3(c) and 3(d)]. Among the experiments
in bismuth-based TIs, although the reported spin pumping phe-
nomena are qualitatively consistent, the spin-to-charge conversion
ratio, characterized by the effective spin Hall angle (ratio between
the averaged charge current density and the spin current density),
varies by several orders of magnitude (10−4 to 101). The origin of
the large discrepancy is still inconclusive but possibly comes from
the following aspects: (i) differences in measurement temperature
and element doping, which modulates the proportion of surface and
bulk conductivities; (ii) parasitic effects with the spin pumping when
TI is accompanied with a metallic ferromagnet, in particular, the
spin rectification effect originating from microwave irradiation or
thermal effects;44–46 and (iii) variation of film thickness and inter-
face quality during the sample preparation. In addition to giving rise
to a spin pumping voltage, it has been shown that the spin-charge
interconversion and the exchange interaction from the topologi-
cal surface states can lead to phenomena such as enhanced Gilbert
damping and additional magnetic anisotropy on magnetic materi-
als, which modulates their ferromagnetic resonance behaviors.47–50
Besides the experiments discussed above that utilize SOTs to mod-
ulate magnetic orientation or oscillation, other magneto-transport
methods such as spin Seebeck effect,51 lateral spin valve,52–59 tunnel-
ing spectroscopy,60 and bilinear magnetoelectric resistance61 have
been utilized to confirm the robust charge-spin interconversion in
TIs as well.

The surface spin-momentum locking mechanism can be stud-
ied from the dependence of the spin-charge conversion on the Fermi
level position. For the purpose of emphasizing the two-dimensional
nature of the surface states, the ratio between the two-dimensional
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FIG. 3. Magnetotransport and dynamic measurements of the charge-spin conversions in TIs. (a) SOT-driven domain wall motion in a PMA layer under an in-plane magnetic
field Hx , which fixes the domain wall chirality. The domain wall moments experience an effective SOT field Heff

z along the out-of-plane direction and move along the opposite
directions, as indicated by the domain wall velocity vDW. (b) Hall resistance vs applied out-of-plane field under positive and negative direct currents and an in-plane bias field
in the Bi2Se3/CoTb sample. The center shift corresponds to the SOT effective field (Heff

z ). (c) Schematic of the spin pumping from NiFe to a TI layer. (d) Spin pumping voltage
in the Bi1.5Sb0.5Te1.7Se1.3/NiFe sample. (e) Interface charge-to-spin conversion efficiency qICS as a function of Sb composition x in (BixSb1−x )2Te3, measured by spin-torque
ferromagnetic resonance. The inset shows the band structure and Fermi level position for samples with different Sb concentrations. (BixSb1−x )2Te3 with conductive surface
states and insulating bulk states are expected to exist with 0.5 < x < 0.9. (f) Spin pumping voltage as a function of Bi ratio x in Cr0.08 (BixSb1−x )1.92Te3/Y3Fe5O12. Panel (b)
is adapted with permission from Han et al., Phys. Rev. Lett. 119, 077702 (2017). Copyright 2017 American Physical Society. Panels (c) and (d) are adapted with permission
from Shiomi et al., Phys. Rev. Lett. 113, 196601 (2014). Copyright 2014 American Physical Society. Panel (e) is adapted with permission from Kondou et al., Nat. Phys.
12, 1027 (2016). Copyright 2016 Springer Nature Limited. Panel (f) is adapted with permission from Wang et al., Phys. Rev. Res. 1, 012014(R) (2019). Copyright 2019
American Physical Society.

charge current density jc and the three-dimensional spin current
density Js in the Rashba–Edelstein configuration is more appropriate
to describe the conversion efficiency. Via the spin-torque ferromag-
netic resonance in (BixSb1−x)2Te3, Kondou et al. found that for x
= 0.5, 0.7, and 0.9, where the Fermi level falls into the bulk bandgap
but is apart from theDirac point, the charge-to-spin conversion ratio
q = (2eJs)/(̵hjc) (in the unit of nm−1) is almost constant.62 This is
because in this range, only the topological surface states are conduc-
tive and contribute to the charge-to-spin conversion [Fig. 3(e)]. An
additional feature in this experiment is the small value of q when
the Fermi level is very close to the Dirac point. As pointed out in
Ref. 62, this effect may come from (i) the inhomogeneities in the
surface states around the Dirac point, which deviates the charge flow
from the electric field direction and weaken the net spin accumula-
tion, and (ii) the spacer layer may induce an additional Rashba spin
splitting and partially cancel the spin-momentum locking effect. On
the other hand, using second harmonic measurement and current-
induced switching, Wu et al.63 showed that the SOT effective field
reaches maximum when the Fermi level lies in the bulk bandgap.
This is consistent with another Fermi level dependent SOTmeasure-
ment, where the Fermi level position is tuned by a gate voltage.64
It is shown that when the Fermi level only intersects with the sur-
face band, the SOT efficiency is larger than the bulk conducting case.
The application of gate voltage provides an additional degree of free-
dom to control SOT. Moreover, in a spin pumping experiment with

Cr0.08(BixSb1−x)1.92Te3/Y3Fe5O12 bilayers, Wang et al.17 observed a
constant spin pumping signal when the Fermi level is tuned within
the bulk bandgap [Fig. 3(f)]. This is consistent with the unchanged
charge-to-spin conversion efficiency in the direct measurements on
SOT when the conductivity only comes from the surface states. We
note that the usage of the ferromagnetic insulator as the spin cur-
rent source17,65 excludes possible artifacts brought by conductive
ferromagnets.

The charge-spin conversion efficiency is also influenced by the
TI thickness t, which can reflect the conversion mechanism of the
interfacial spin-momentum locking or the bulk spin Hall effect.
First, for an ideal TI, the spin-to-charge conversion is expected to
be solely originated from surface states (with thickness ts). It is also
assumed that only the surface conducts current and the bulk is insu-
lating. Under a fixed spin injection current density (Js), the spin
pumping charge current Isp will first increase and then saturate with
t. The saturation point corresponds to a complete separation of the
top and bottom surfaces (t > 2ts) [Fig. 4(a)]. Because increasing the
bulk thickness does not contribute to the conductivity of an ideal
TI, the spin pumping voltage Vsp is expected to have a platform as
well for t > 2ts [Fig. 4(b)]. Meanwhile, for the three-dimensional spin
Hall effect, Isp increases and gradually saturates with t after exceed-
ing 2λsf, where λsf denotes the spin diffusion length [Fig. 4(c)]. As t
increases, Vsp should have a decreasing behavior, which is from the
reduced resistance [Fig. 4(d)].
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FIG. 4. Thickness t dependence of the spin pumping signals. [(a) and (b)] Spin
pumping charge current Isp and voltage Vsp in an ideal TI, where the surface states
with a thickness of ts solely provide the conductivity and the spin-to-charge conver-
sion through spin-momentum locking. [(c) and (d)] Isp and Vsp in a system with a
conducting bulk and the (inverse) spin Hall effect. λsf represents the spin diffusion
length.

Now, by comparing Fig. 4(a) with Fig. 4(c), and Fig. 4(b) with
Fig. 4(d), one can see that the biggest difference between the ideal TI
and spin Hall effect is that Vsp remains constant in the large thick-
ness limit for the TI case due to the insulating bulk state. However,
in real TIs studied so far (with thickness dependence), the bulk state
is often not fully insulating. Therefore, Vsp also decreases with t,
as reported in Ref. 65, because Bi2Se3 is bulk conducting. On the
other hand, Isp saturates at a small thickness of ∼2 nm in Ref. 65,
but at a much larger thickness of ∼30 nm in Ref. 19. These values
may be correlated with the surface thickness in TI and a possibly
larger spin diffusion length in a metal-like system, respectively. Fur-
thermore, in polycrystalline films, the thickness dependence can be
influenced by size effects, such as the charge-spin conversion from

quantum confinement in granular BixSe1−x films (see more details
in Sec. III).

III. SPIN–ORBIT TORQUE SWITCHING INDUCED
BY TOPOLOGICAL INSULATORS

Current-induced magnetic switching via the giant
SOT from TIs was realized for the first time in the Cr-
(BixSb1−x)2Te3/(BixSb1−x)2Te3 heterostructures31 and later in
Cr-(BixSb1−x)2Te3 sandwiched by different insulators,64 where
the Cr-doped TI becomes magnetic with PMA at cryogenic
temperatures [Fig. 5(a)]. The magnetic reversal is reflected by
the sign change of the anomalous Hall resistance when sweeping
the direct current, which has been extensively used in the SOT
switching experiments in heavy/metal/ferromagnet structures. At
an experimental temperature of 1.9 K, the critical switching current
below 105 A/cm2 (two orders of magnitude smaller than the typical
values of heavy metals) stimulated significant interest in pursuing
ultralow power dissipation memory and logic devices using TIs. In
later studies, to suppress possible extra electrical contributions from
TI heterostructures,39 Yasuda et al.39 and Che et al.35 developed
another method of using pulsed current to induce magnetic
switching and direct current with a much weaker amplitude to sense
the Hall resistance. The critical current density with a slightly larger
magnitude is still far below that of heavy metals.

Due to the low Curie temperature of the employed ferro-
magnetic materials, magnetic switching was only realized at a few
Kelvin in the magnetically doped TI heterostructures. Room tem-
perature SOT switching, which is critical for most applications,
requires the development of ferromagnetic thin films with appropri-
ate anisotropy (PMA or uniaxial in-plane anisotropy) when accom-
panied with TI. So far, progresses have been made using different
strategies. The first is to utilize rare earth-transition metal alloys,
in which two magnetic sublattices are antiferromagnetically cou-
pled. The PMA is realized through the growth-induced strain in
the bulk and is less sensitive to the underlayer structures.66,67 In
the CoTb/Bi2Se3 bilayer, Han et al. demonstrated room-temperature
SOT switching41 [Fig. 5(b)], with the SOT efficiency several times
higher than heavy metals Pt and Ta. This approach was also
verified in other similar structures68 such as Bi2Se3/GdFeCo and
(BixSb1−x)2Te3/GdFeCo. We note that the SOT efficiencies obtained

FIG. 5. Current-induced magnetic
switching in TI based heterostructures
with PMA. (a) Switching in the Cr-
(BixSb1−x )2Te3/(BixSb1−x )2Te3 sample
at 1.9 K. (b) Switching in the
Bi2Se3/CoTb sample at room tem-
perature. Panel (a) is adapted with
permission from Fan et al., Nat. Mater.
13, 699 (2014). Copyright 2014 Springer
Nature Limited. Panel (b) is adapted
with permission from Han et al., Phys.
Rev. Lett. 119, 077702 (2017). Copyright
2017 American Physical Society.
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from the rare earth-transition metal alloys are usually smaller than
those obtained from the traditional ferromagnetic electrodes, which
is potentially due to a lower interfacial spin transparency in these
stacks. In these experiments, it is shown that (BixSb1−x)2Te3 with a
more insulating bulk provides higher efficiency for magnetic switch-
ing than Bi2Se3, suggesting that the SOT generation benefits from a
more concentrated charge current in topological surface states.41,68
The second way is to grow an ultrathin non-magnetic seeding layer
above TI, which gives rise to the needed texture for reaching PMA
in the ferromagnetic layer grown on top. PMA multilayers such
as Ti (or Mo)/CoFeB/MgO and Ta/CoFeB/Gd/CoFeB have been
grown on TIs for magnetic switching.30,63,69 In these multilayers,
because of the small value or the opposite sign of the spin Hall
angle, contributions from the non-magnetic seeding metals can be
excluded and the dominant source of the SOT is identified to be
the TI layer. In these stacks, the SOT efficiency is usually enhanced
when the bulk of the TI is tuned to be less conductive, suggest-
ing the important role of the topological surface states. The third
method is to develop ferromagnetic films that are epitaxial on top
of TIs, which provides correct crystal orientation and stain to gener-
ate PMA. For example, the epitaxial structure of Bi0.9Sb0.1/MaGa70
shows a giant effective spin Hall angle of 52 and a low switching
current density of 105 A/cm2. The fourth method is to develop in-
plane magnets whose easy-axis is collinear with the injected spin so
that the magnetic moment can be switched by the SOT that over-
comes the Gilbert damping. This configuration has been verified in
the Bi2Se3/NiFe bilayer by the magneto-optic Kerr imaging.71 It is
also possible to electrically probe the in-plane magnetic reversal via
the unidirectional magnetoresistance effects.72–74

In parallel with the strategy that utilizes topological surface
states in epitaxial TI films, exploring novel TI compounds with
exotic grain effects provide another approach for generating giant
SOT. Using the SOT from the BixSe1−x thin films prepared by mag-
netron sputtering, Dc et al. observed switching of the CoFeB-based
PMA multilayers at room temperature,30 with a critical switching
current density in the order of 105 A/cm2. In the polycrystalline
BixSe1−x film, the band structure of grains with reduced dimensions
reveals additional states that have surface character and are local-
ized mainly on the grain sidewalls and corner. Such a quantum
confinement effect leads to a charge-to-spin conversion efficiency
that enhances with reduced size and dimensionality of the nanoscale
grains. The high spin-to-charge conversion was verified by the spin
pumping experiment later,75 in which the spin pumping signal
decreases in thicker granular BixSe1−x films. This trend suggests that
the enhanced quantum confinement in thinner films is critical to the
large charge-spin conversion. Besides BixSe1−x, high SOT efficiency
was also obtained in sputtered Bi2Te3 films.76 These works highlight
the potential of fabricating TI-based spintronic devices on silicon
substrates using industry friendly techniques.

In TI/metallic ferromagnet stacks, the high resistivity of TIs
usually causes significant current shunting through the ferromag-
netic layer. One strategy to fully exploit the efficiency of TI is to
utilize magnetic insulators as the free layer for switching. Potential
candidates include rare earth iron garnets or barium ferrites with
PMA.77,78 Li et al.78 reported switching of an insulating ferromagnet
BaFe12O19 using the SOT from Bi2Se3. The switching efficiency at
3 K was found to be 300 times higher than that at room temperature
and 30 times higher than that in Pt/BaFe12O19. The decreasing trend

of the SOT efficiency with temperature is consistent with a number
of reports in TI-based systems and suggests the presence of more
pronounced topological surface states at low temperatures. Another
approach to avoid shunting is to separate the TI and the conductive
ferromagnet by inserting an insulating magnetic layer that blocks
charge current, which, on the other hand, allows the transmission
of spin angular momentum in the form of spin wave or spin fluc-
tuations. In the Bi2Se3/NiO/NiFe trilayer structure, Wang et al.79
demonstrated that the non-equilibrium spins generated from Bi2Se3
can transmit through the antiferromagnetic insulator NiO up to
25 nm and switch the NiFe moments.

Finally, we summarize from the literature the key features and
parameters in the SOT switching experiments using TIs and heavy
metals (Table I). Besides the effective spin Hall angle θSH and the
critical current for switching Jcr, we list the power consumption
for switching ferromagnetic electrodes in unit magnetic volume,
expressed as J2cr/σ, where σ is the electrical conductivity of the
spin–orbit materials. We can see that TIs stand out as the favorable
materials for magnetic switching because they benefit from reduced
critical current and low power consumption. However, Jcr not only
depends on the properties of the TI layer but is also affected by the
thermal stability of the ferromagnetic layer as well as the applied
in-plane bias field in experiments with PMA materials. To reveal
the intrinsic SOT generation, one can replace Jcr by 1/θSH because
in spin–orbit materials with the same geometrical dimensions, the
critical current density for switching scales with the inverse of the
spin Hall angle. We find that TIs still represent an energy efficient
candidate when 1/θ2SHσ, or equivalently σ/σ2SH, is adopted as the
comparison metric (σSH is the spin Hall conductivity). These fea-
tures suggest that the strategy of utilizing conductive surface states
with strong spin-momentum locking is desired for maximizing the
SOT and power efficiency. In reality, it may not be very rigorous to
directly compare the absolute values of SOT efficiencies from differ-
ent works because the actual values depend heavily on the details of
the sample quality and experimental technique in each study. Never-
theless, some presentations of SOT and power efficiencies may still
be useful to capture the main features. For a fairer comparison, it is
helpful to measure on different materials using the same technique
within one particular study.41,63,68

We would like to emphasize here that in the majority of exist-
ing TI/ferromagnet devices, a large portion of the applied current
flows in the conductive ferromagnetic layer, which has not been
taken into account in the power calculation above. Considering the
“wasted” power in ferromagnetic metals, the comparison on power
consumption in Table I can look differently, where some of the
recently studied heavy metal alloys exhibit very competitive power
performances.80,81 The unnecessary dissipation from magnetic met-
als can be potentially avoided by using an insulator as the magnetic
free layer, developing more conductive TIs, or inserting an insula-
tor between the TI and the ferromagnet, which has been discussed
above.

We note that in Table I, the spin Hall angle of many TI films is
larger than unity. In the original definition of the three-dimensional
spin Hall effect in the diffusive region, θSH = (2e/̵h)Js/Jc represents
the ratio between the transverse spin current density and longitu-
dinal charge current density. Therefore, θSH should be interpreted
as the tangent of the angle formed by the electrons’ trajectory and
the longitudinal direction. In the case of a small deflection angle, the
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so-defined spinHall angle is close to the angle of the trajectory. In the
extreme case that the trajectory angle gets close to 90○, the spin Hall
angle goes toward infinity. In this sense, the larger-than-unity spin
Hall angle is a natural reflection of the “quantum spin Hall state”
that is expected from high quality topological insulators.

IV. CONCLUSIONS AND OUTLOOK
Thanks to the tremendous efforts from the TI and the spin-

tronic communities in developing high quality TI films and charac-
terizing the outstanding SOT efficiency, TIs have been recognized as
a promising candidate for building magnetic memory devices with
ultralow dissipation. However, there are still a few bottlenecks to be
overcome before TIs can be readily used as the spin current source
in real applications. In most of the existing studies, the synthesis of
TI films requires the costly technique of molecular beam epitaxy.
Deposition techniques that are more compatible with the CMOS
manufacture process should be developed to produce TI films with
large scale. As discussed earlier, the sputtered BixSe1−x film pro-
vides an industry-friendly approach that explores the giant SOT.30
Furthermore, for practical magnetic random-access memory tech-
nology, TIs need to be integrated with the state-of-the-art magnetic
tunnel junctions, for example, CoFeB/MgO/CoFeB stacks with PMA
and tunneling magnetoresistance (TMR) bigger than 100%.82 Engi-
neering the TI surface that can support the PMA of magnetic lay-
ers and avoid atomic diffusion during high-temperature fabrication
would be a critical step. Possible ways include developing TI films or
adding insertion layers with good thermal stability and appropriate
crystal orientation, which helps in forming (001)-oriented CoFeB.83
As a final goal, a demonstration of magnetic tunnel junctions inte-
grated with TI layers that have high TMR and efficient SOT switch-
ing are highly desirable for the practical applications of TI-based
spintronics.84

Besides the potential improvements in practical devices, there
remain many open questions on the fundamental interpretation of
the TI induced SOT phenomena, even on the basic effect in the
simplest sample structure, i.e., the switching and efficiency in the
TI/ferromagnet bilayer. First of all, it is not fully understood why
the experimentally determined charge-spin conversion efficiency
varies significantly among different TI systems. Besides variances in
the sample quality and measurement technique, there exists a more
fundamental question on how to determine the contributions from
the bulk and surface. As is discussed earlier in this review, besides the
intrinsic topological bulk bands that give rise to the surface states, it
seems that in experiments the bulk states can make additional con-
tributions through extrinsic non-topological effects. How to separate
the topological trivial and non-trivial effects in SOT remains a chal-
lenging task. Moreover, regarding the topological non-trivial origin,
it will be helpful to correlate the SOT with the structure of surface
bands in the same material stack. As a good starting point, people
have combined spin pumping with ARPES in a TI material α-Sn,
where the spin-to-charge conversion coexists with the topological
surface states.25

There exist many other interesting topics beyond the traditional
scheme of switching ferromagnetic materials. So far, TIs have mostly
been used to generate in-plane spins to switch PMAmaterials, which
provides better thermal stability than in-plane magnets.82 Since the
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spins are perpendicular to the easy axis of the magnet, the damping-
like SOT plays the role as an effective magnetic field, which needs
to overcome the anisotropy field in the order of 0.1–1 T for reaching
magnetic switching in a thermally stable nanomagnet, thus requir-
ing a huge current density. However, when the spins are collinear
with the magnetic easy axis, the switching current can be largely
reduced because the SOT is used to overcome the Gilbert damp-
ing.4,85 Therefore, it is highly desired to switch PMA materials with
out-of-plane spins.86–90 Designing TI structures with low symmetry
along the certain crystal direction is a promising way to generate
out-of-plane spins87,91 while benefiting from the demonstrated giant
charge-to-spin conversion. Finally, we highlight the rich physics
and applications when combining TIs with antiferromagnets. On
one hand, the antiferromagnetic exchange coupling92–94 with the
Dirac fermions at the interface can give rise to emergent phenom-
ena such as topologically nontrivial spin textures.95 On the other
hand, the giant SOT from TIs can be potentially used to displace
the spin texture and switch the Néel vector. In addition, the recently
demonstrated picosecond-timescale charge-spin conversion in TIs96
has great potential to be accompanied with the ultrafast dynamics
of antiferromagnets. In a word, we believe that many opportuni-
ties in both fundamental investigation and application of topological
spintronics have emerged on the horizon.
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