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Electric-ﬁeld control of spin–orbit torque
in a magnetically doped topological insulator
Yabin Fan1*†, Xufeng Kou1†, Pramey Upadhyaya1†, Qiming Shao1, Lei Pan1, Murong Lang1, Xiaoyu Che1,
Jianshi Tang1, Mohammad Montazeri1, Koichi Murata1, Li-Te Chang1, Mustafa Akyol1, Guoqiang Yu1,
Tianxiao Nie1, Kin L. Wong1, Jun Liu2, Yong Wang2, Yaroslav Tserkovnyak3 and Kang L. Wang1*
Electric-ﬁeld manipulation of magnetic order has proved of both fundamental and technological importance in spintronic
devices. So far, electric-ﬁeld control of ferromagnetism, magnetization and magnetic anisotropy has been explored in
various magnetic materials, but the efﬁcient electric-ﬁeld control of spin–orbit torque (SOT) still remains elusive. Here, we
report the effective electric-ﬁeld control of a giant SOT in a Cr-doped topological insulator (TI) thin ﬁlm using a top-gate
ﬁeld-effect transistor structure. The SOT strength can be modulated by a factor of four within the accessible gate voltage
range, and it shows strong correlation with the spin-polarized surface current in the ﬁlm. Furthermore, we demonstrate the
magnetization switching by scanning gate voltage with constant current and in-plane magnetic ﬁeld applied in the ﬁlm.
The effective electric-ﬁeld control of SOT and the giant spin-torque efﬁciency in Cr-doped TI may lead to the development
of energy-efﬁcient gate-controlled spin-torque devices compatible with modern ﬁeld-effect semiconductor technologies.

E

lectric-ﬁeld control of magnetization dynamics is essential for
realizing high-performance, low-power spintronic memory
and logic devices. During recent years, enormous progress
has been made in this regard. Among notable achievements are
the electric-ﬁeld control of ferromagnetism in magnetic semiconductors (for example, Mn-doped InAs, GaAs) through modulation
of the carrier (hole) concentration1,2, electric-ﬁeld manipulation of
magnetization direction and/or reversal by use of multiferroics3–5,
and signiﬁcant voltage-controlled magnetic anisotropy change in
ultrathin ferromagnet/oxide junctions (for example, Fe/MgO)6,7.
On the other hand, for another method of manipulating magnetic
moment— current-induced spin-orbit torque (SOT)8,9, which is
important in practical devices, the electric gate control is just beginning to be probed10,11. Thus, it becomes highly desirable to study the
efﬁcient electric-ﬁeld control of SOT in novel magnetic structures,
which may allow for the manipulation of magnetization in a
fashion compatible with modern ﬁeld-effect semiconductor
devices. Recently, topological insulator (TI)12–14-based magnetic
structures have drawn much attention due to the giant spintorque efﬁciency potentially applicable for spintronic devices15–17.
Compared with conventional heavy metal/ferromagnet heterostructures (HMFHs) where the spin-Hall effect in the heavy metal and/or
the Rashba-Edelstein effect at the interface are crucial for generating
the spin torque18–22, TIs exhibit surface spin-momentum locked
Dirac fermions23–30 which are expected to be more efﬁcient31,32.
Indeed, a giant current-induced SOT in TI-based magnetic structures has been reported in several recent experiments15–17 and
related spin pumping/inverse spin-Hall effect was also investigated
in these structures33–36.
Another important feature of TI is its bulk behaviour as a semiconductor which allows effective electric-ﬁeld manipulation of the
surface carrier density and type37–39, as opposed to heavy metals.
Thus, the long-sought-after electric-ﬁeld control of SOT may be

potentially realized in TI-based magnetic structures. In this paper,
we report the gate electric-ﬁeld control of SOT in the nominally uniformly Cr-doped TI (Cr-TI, for short) thin ﬁlm in the Au(electrode)/
Al2O3/Cr-TI/GaAs(substrate) structure. Using the low-frequency
harmonic method 9,15,40, we show that the SOT strength can be
modulated by a factor of 4 by gate tuning within the accessible
voltage range, which is almost two orders of magnitude larger
than that reported in HMFHs10. The effective gate control, as
discussed later, also shows strong correlation with the net spinpolarized surface current originating from the topological surface
states (SS) in the ﬁlm. Furthermore, we demonstrate that the magnetization can be switched by scanning gate voltage with constant
current and in-plane magnetic ﬁeld applied in the Cr-TI ﬁlm, pointing towards device applications such as electric-ﬁeld controlled
magnetic memory switch compatible with modern ﬁeld-effect semiconductor devices. Thus, the electric-ﬁeld control is promising as
another approach besides the lateral current to harness the giant
SOT in the TI-based magnetic structures, which can potentially
add new functionalities to spin-torque devices such as simultaneous
memory and logic functions.

Results
Magnetization switching through current-induced SOT in the
Al2O3/Cr-TI/GaAs(substrate) structure. Before introducing the
top gate, we ﬁrst brieﬂy examine an Al2O3/Cr-TI/GaAs(substrate)
structure to investigate the basic material properties and the
intrinsic current-induced SOT. As shown in Fig. 1a, a 7-quintuplelayer (QL) uniformly Cr-doped Cr0.16(Bi0.50Sb0.42)2Te3 thin ﬁlm
was epitaxially grown on an insulating GaAs (111)B substrate
using molecular beam epitaxy (MBE)37, and a 20-nm-thick high-k
Al2O3 dielectric layer was deposited on top to protect the ﬁlm41.
It is known that in the uniformly doped Cr-TI ﬁlm,
ferromagnetism can be developed through the bulk van Vleck
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Figure 1 | Current-induced magnetization switching and second harmonic measurements in the Al2O3(20 nm)/Cr-TI(7 nm)/GaAs(substrate) structure
device. a, 3D schematic of the Al2O3/Cr-TI/GaAs structure. Inside the Cr-TI layer, the blue arrows denote the Cr dopants and the red arrows indicate the
spin directions of the conducting SS carriers at the two interfaces when passing a negative DC current (that is, along the −y direction) through the ﬁlm.
Shown on top of the structure are the torques exerted by Bext, BK and τSO. Bext and magnetization M are both in the yz plane. Right: the top and bottom
surface band structures. BC, bulk conduction band; BV, bulk valence band. EF is the Fermi level. b, Transverse Hall resistance RH and longitudinal resistance
RL as functions of the out-of-plane magnetic ﬁeld. Upper inset: conﬁguration of the applied magnetic ﬁeld. Lower inset: microscopic image of the Hall bar
device with illustrations of the Hall measurement set-up: current ﬂowing from the left to the right (along the y direction) is deﬁned as the positive current;
VH measures the Hall voltage and VL measures the longitudinal voltage. The width of the Hall bar and the length between two neighboring Hall contacts are
both 10 µm. c, (By-ﬁxed, Idc-dependent) magnetization switching experiment. The current-induced magnetization switching is measured in the presence of a
constant in-plane magnetic ﬁeld with By = +2 T and By = −2 T, respectively. d, Switching phase diagram of the magnetization in the presence of both By and
Idc. The dashed lines and symbols (extracted from experiments) denote the boundaries between different states. e, Second harmonic AHE resistance as a
function of the in-plane magnetic ﬁeld for AC current with different r.m.s. values. The frequency used is 15.8 Hz. Solid lines indicate the ﬁttings proportional
to 1/(|By| − K) in the large ﬁeld regions. f, Effective spin-orbit ﬁeld BSO as a function of the AC current Iac (r.m.s. value) for both the By > 0 and By < 0 cases as
extracted from e. Straight lines are the linear ﬁttings. Error bars represent standard errors. All the measurements were performed at 1.9 K.

mechanism38 and/or surface carrier-mediated magnetism37,38,42 at
low temperature. To probe the magnetic properties, the thin ﬁlm
was patterned into a micrometre-scale Hall bar structure (see
Methods)39,41, as shown in Fig. 1b inset. In this Hall bar
conﬁguration, we deﬁne the current ﬂowing from the left to the
2

right (along the y direction) as the positive current. Both the outof-plane Hall resistance RH and the longitudinal magnetoresistance
RL measured at 1.9 K are plotted in Fig. 1b, as functions of the
out-of-plane magnetic ﬁeld. The nearly square-shaped RH
hysteresis loop together with the butterﬂy-shaped RL demonstrate
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the pronounced magnetism37,38 in the Cr-TI ﬁlm with a magnetic
easy axis along the out-of-plane direction (that is, along the
z axis). Given the low Curie temperature of the ﬁlm (TC = 11 K as
discussed in Supplementary Section 1), in the following, all the
transport experiments are performed at 1.9 K unless otherwise stated.
In this Al2O3/Cr-TI/GaAs structure, even though the uniform
doping inside the Cr-TI layer respects the inversion symmetry
along the z direction, the structural asymmetry due to Al2O3 and
GaAs can induce different interfacial properties with the Cr-TI
layer, as illustrated in Fig. 1a, where the bottom SS carrier density
is estimated to be higher than that of the top SS (more evidences
are provided in the Discussions section and Supplementary
Section 3). By passing a charge current through the Cr-TI layer,
the spin momentum-locked SS carriers on the two interfaces can
produce non-equal amount of torques to the Cr dopant magnetization, and thus a non-zero net SOT is expected. In Fig. 1a, on top of
the Al2O3/Cr-TI/GaAs structure we depict the total magnetization
M, the external magnetic ﬁeld Bext and various torques: τext
exerted by Bext, τK exerted by the perpendicular anisotropy ﬁeld
BK, and the net current-induced SOT, τSO, for a DC current Idc
ﬂowing along the −y direction in the ﬁlm. Here, M and Bext are
both in the yz plane, with θM and θB being the respective polar
angles relative to the z axis; BK = K cosθM ẑ, and K is the out-ofplane anisotropy coefﬁcient (see Supplementary Section 4);
τSO = −γM × BSO, where γ is the gyromagnetic ratio and
BSO = I dc λSO x̂ × m is the current-induced effective spin-orbit
ﬁeld15; λSO is the coefﬁcient characterizing the spin–orbit coupling
strength in the system and m is the unit vector denoting the magnetization direction. In this structure, τSO is the damping-like SOT that
is the dominant term15 and consistent with the bottom SS spinpolarized current23–30. Thus, the equilibrium state of M can be
achieved by balancing the torques: τext + τK + τSO = 0. To demonstrate the current-induced τSO in the structure, we carried out the
(By-ﬁxed, Idc-dependent) magnetization switching experiment.
Indeed, the out-of-plane component of the magnetization, Mz
(manifested by the anomalous Hall effect (AHE) resistance RAHE),
can be successfully switched by scanning the DC current in the presence of the ﬁxed in-plane magnetic ﬁelds By = By ŷ with By = ±2 T,
as shown in Fig. 1c. The switching is hysteretic and agrees with the
deﬁnitions of τSO and BSO in Fig. 1a. The correlated (Idc-ﬁxed, Bydependent) switching experiment can be found in Supplementary
Section 1. We summarize the switching behaviours as a phase
diagram in Fig. 1d, from which we see that Mz can be switched
using only tens of μA of DC current, indicating that even in this uniformly doped Al2O3/Cr-TI/GaAs structure, the current-induced
SOT can be signiﬁcant.
We furthermore carried out the low-frequency second harmonic
experiment9,15,40 to quantitatively measure the current-induced
SOT. By sending an AC current into the Cr-TI layer, the currentinduced alternating BSO ﬁeld causes M to oscillate around its equilibrium position, which gives rise to the second harmonic AHE
2ω
resistance, R2ω
AHE . In Fig. 1e, we plot the measured RAHE as a function
of the in-plane ﬁeld By for input AC current with different root
mean square (r.m.s.) values. The low frequency ω utilized is 15.8 Hz.
In this case, the effective BSO ﬁeld is pointing along the ẑ or −ẑ
direction, and for convenience we label it as BSO = BSO sin(ωt)ẑ.
In the large ﬁeld region (|By| ≫ K), as shown in Fig. 1e, R2ω
AHE can
be ﬁtted using the formula (see Supplementary Section 5)15,
1
R2ω
AHE = − RA BSO /(|By | − K)
2

(1)

where RA is the out-of-plane saturation AHE resistance (see
Supplementary Section 4). In Fig. 1f, we plot the obtained effective
spin–orbit ﬁeld BSO as a function of Iac (r.m.s. value) for both the
By > 0 and the By < 0 cases. The directions of the obtained BSO are
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consistent with the switching experiments and the effective ﬁeld
−1
by linear ﬁtting.
versus current ratio is |BSO |/I peak
ac = 6.7 mT μA
If we tentatively assume the current distribution inside the Cr-TI
layer is uniform, then the corresponding spin-torque ratio9,15,16,18
− I peak ) = 81 (e is the eleccan be estimated as, ϑST = (2eM S BSO wt 2Cr−TI )/(h
ac
tron charge, ħ is the reduced Planck constant, MS = 8.5 emu cm−3 is
the magnetization magnitude, w and tCr–TI are the width and thickness of the Cr-TI layer), which again demonstrates that even in the
uniformly doped Al2O3/Cr-TI/GaAs structure, due to the two nonbalanced interfaces, the current-induced SOT can be large with the
corresponding spin-torque efﬁciency much higher than that
observed in HMFHs9,40 (Note: a more accurate ϑST will be provided
by considering the more realistic current distribution inside the
Cr-TI layer in the Discussions section).
Electric-ﬁeld effect on material properties in the Au(electrode)/
Al2O3/Cr-TI/GaAs(substrate) structure. The current-induced
SOT arising from the non-balanced SS carrier distributions at the
two interfaces in the Al2O3/Cr-TI/GaAs structure inspires us to
pursue the gate electric-ﬁeld control of SOT since the gate can
effectively tune the surface carrier density and type in the Cr-TI
layer37,38. Following this idea, we deposited an Au electrode as a
top gate on the Al2O3/Cr-TI/GaAs structure to form a gate
controllable Hall bar device, as shown in Fig. 2a. A gate voltage of
Vg can be applied between the top gate and the source contact.
Before measuring the SOT under different Vg, we ﬁrst examine
the gate electric-ﬁeld effect on the characteristics of the Cr-TI
ﬁlm. Figure 2b shows the longitudinal resistance RL (at Bext = 0 T)
and the effective Hall carrier density (sheet density, see
Supplementary Section 3), ceff = 1/(eα), as functions of Vg from
−10 to +10 V. Here, α is the out-of-plane ordinary Hall slope.
Remarkably, the overall carrier type can be tuned from p-type to
n-type, with ceff changing from 6.2 × 1012 cm−2 to −3.5 × 1012 cm−2
(− sign means n-type) when Vg scans from −10 to +10 V, and
near V g = +3 V, RL develops a peak while ceff diverges. In the
following, we analyze the carrier distributions and the transport
process in more detail.
First, the ambipolar ﬁeld effect (Fig. 2b) and RL versus temperature behaviour (see Supplementary Section 1) observed in our Cr-TI
ﬁlm suggest that the Fermi level is located inside the bulk band gap.
However, due to the Cr-doping37,38, along with the presence of
defects and random potential ﬂuctuations43 in the ﬁlm, there are a
considerable amount of hole carriers in the bulk, which makes
the transport analysis quite difﬁcult. Nevertheless, from the
gate-controlled two surface Shubnikov-de Haas quantum oscillations
observed in a non-doped control sample (see Supplementary
Section 3), we learn that the top gate can majorly control the top
surface carrier density in the Cr-TI ﬁlm37,38,44, while the bottom
surface carrier density remains almost unchanged through the
whole voltage range with the Fermi level located in the SS conduction band44. For convenience, in Fig. 2b we divide Vg from −10 to
+10 V into three regions: I, II and III. In region I, the top surface
is biased to the p-type regime with ceff changes by a rate of
9 × 1010 cm−2 V−1 while RL changes monotonically. The top
surface accumulated hole mobility is μh = 85 cm2V−1·s−1 (see
Supplementary Section 3), and since the SS Dirac point is located
close to the bulk valence (BV) band edge44–46 in the band structure,
a large amount of these holes are ordinary. In region III, the top
surface is biased to the SS n-type regime and since ceff almost
reaches the linear region, the overall SS electrons (from both top
and bottom surfaces) dominate the transport. Considering both
ceff and RL, the SS Dirac electron mobility can be estimated as
μD = 100 cm2V−1·s−1. In the intriguing region II, RL reaches a peak
at around Vg = +3 V which means the top surface carriers are
mostly depleted, and at the same time ceff diverges. Solving the
equations set by the divergence of ceff and the maximum of RL
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Figure 2 | Top-gate Hall bar conﬁguration and gate electric-ﬁeld effect on material properties in the Au(electrode)/Al2O3(20 nm)/Cr-TI(7 nm)/GaAs
(substrate) structure device. a, 3D schematic of the Hall bar structure made from the Al2O3(20 nm)/Cr-TI(7 nm)/GaAs(substrate) stack with a top Au
gate electrode (light grey). Standard four-point measurement set-up is displayed. A gate voltage of Vg can be applied between the top gate and the source
contact. b, Longitudinal resistance RL and effective Hall carrier density (sheet density) as functions of Vg. Coloured area I, II and III show the different gate
voltage regions. p, nSS and nSS,b represent the overall hole density, the overall SS electron density and the bottom SS electron density in the ﬁlm, respectively.
c, The top and bottom surface band structure conﬁgurations for the three gate voltage regions shown in b. Yellow shading in the top surface band
structure shows the tune range of the top surface EF within the corresponding gate voltage region. d, Out-of-plane anisotropy coefﬁcient K and out-of-plane
saturation AHE resistance RA as functions of Vg. Error bars represent standard errors. All the measurements were performed at 1.9 K.

(see Supplementary Section 3), we ﬁnd that the bottom SS electron
density is nSS,b = 1.02 × 1012 cm−2 and the bulk hole density (sheet
density) is pbulk = 1.4 × 1012 cm−2 at Vg = +3 V.
Due to the randomness of defects and potential ﬂuctuations in
the Cr-TI ﬁlm43, the bulk carriers are assumed to be uniformly distributed inside the bulk and consequently cannot produce much
SOT when passing a charge current through the ﬁlm. As a result,
we will focus mainly on the carriers at the two surfaces which are
the dominant origins of the current-induced SOT. In Fig. 2c, we
depict both the top and bottom surface band structures for the corresponding three regions: I, II and III. While the bottom surface
Fermi level EF always remains inside the SS conduction band, the
top surface Fermi level EF can be tuned near the BV band edge
(region I), across the surface gap near the Dirac point (region II),
and into the SS conduction band (region III). In region III, the
top SS electron density nSS,t is estimated to be smaller than the
bottom SS electron density nSS,b (more evidences can be found in
the Discussions section).
In addition, the out-of-plane anisotropy coefﬁcient K and the
saturation AHE resistance RA of the Cr-TI ﬁlm can also be signiﬁcantly modiﬁed by Vg. Figure 2d shows K and RA as functions of Vg
from −10 to +10 V. It should be noted that the RA versus Vg curve
4

shows a similar shape to the RL versus Vg curve as displayed in
Fig. 2b, which is in accordance with the intrinsic correlation
between RA and RL due to different scattering mechanisms47.
Equally important, the anisotropy coefﬁcient K shows almost a
monotonic decrease as Vg tunes the top surface carriers from
holes to electrons, and the K value is modulated from 719.5 mT
(Vg = −10 V) to 471.2 mT (Vg = +6 V), which has changed by
35% and suggests that electric ﬁeld can have a crucial modulation
of the magnetism in the Cr-TI ﬁlm37,38,42,48.
Electric-ﬁeld control of SOT in the Au(electrode)/Al2O3/Cr-TI/
GaAs(substrate) structure. On the basis of the above results, we
carried out the second harmonic experiment to probe the effective
spin-orbit ﬁeld BSO under differentVg. In Fig. 3a, we present
R2ω
AHE as a function of By for different Vg from −10 to +10 V. The
AC current applied is 4 µA (r.m.s. value) and the low frequency
used is 15.8 Hz. The solid lines represent the ﬁttings proportional
to 1/(|By| − K) in the large ﬁeld region according to equation (1).
In Fig. 3b, we plot the obtained BSO versus Vg for the By > 0 case.
Remarkably, BSO can be tuned from 19.8 mT (Vg = −10 V) up to
79.5 mT (Vg = +3 V), reﬂecting a factor of 4 in modulation that is
almost two orders of magnitude larger than that reported in the
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Figure 3 | Second harmonic measurements under different gate voltages and voltage-induced magnetization switching behaviours. a, Second harmonic
AHE resistance as a function of the in-plane magnetic ﬁeld under different Vg from −10 to +10 V. The AC current applied is 4 µA (r.m.s. value) and the
frequency used is 15.8 Hz. Solid lines represent the ﬁttings proportional to 1/(|By| − K) in the large ﬁeld regions. b, Effective BSO as a function of Vg for the
By > 0 case as extracted from a. Error bars represent standard errors and blue curve shows the Lorentz ﬁtting. Insets show the schemes of surface carrier
distribution in the Cr-TI layer under Vg = −10 V, +3 V and +10 V. c, Magnetization switching phase diagrams under Vg = −10 V, +1.5 V and +10 V in
the presence of both By and Idc. The dashed lines and symbols (extracted from experiments) represent the boundaries between the different states.
d, Magnetization switching induced by scanning Vg in the presence of constant By and Idc for X: (Idc = 20 μA, By = 0.1 T) and Y: (Idc = 20 μA, By = − 0.1 T).
Insets show the corresponding initial and ﬁnal magnetization conﬁgurations. All the measurements were performed at 1.9 K.

gate-controlled HMFHs10. BSO is peaked at around Vg = +3 V,
which corresponds to the situation when the top surface of the
Cr-TI ﬁlm is most insulating (neutral point) and the spinpolarized current mainly ﬂows through the bottom SS24–28 and
consequently produces the largest SOT. When Vg > +3 V, for
example, the Cr-TI ﬁlm enters region III as shown in Fig. 2b, the
top surface can also have spin-momentum locked SS electrons
that will share the current ﬂowing through the ﬁlm. However,
these top SS electrons will generate opposite SOT compared with
the bottom SS electrons due to the different spin-momentum
locking direction with respect to the bottom surface normal
vector24–28. On the other hand, when Vg < +3 V, for example, the
Cr-TI ﬁlm enters region I as shown in Fig. 2b, the accumulated
holes on the top surface will also share the current ﬂowing through
the ﬁlm. But a large amount of these holes are ordinary and they
cannot generate much SOT. The rest amount of holes are Diraclike and similarly will generate opposite SOT compared with the
bottom SS electrons. In both cases (Vg gets larger or smaller from
+3 V), the overall current-induced SOT in the ﬁlm decreases as
evidenced in Fig. 3b. It is noted that the SOT does not change sign
in the whole region from −10 to +10 V, indicating that the bottom
SS electrons always dominate in generating the SOT. Combined

with the modulation of magnetization magnitude MS by Vg
(Supplementary Section 6), the SOT strength can vary from
− / 2e) A·cm−3 (at V = −10 V) to 2.87 × 1012 (h
− / 2e)
7.4 × 1011 (h
g
−3
A·cm (at Vg = +3 V) within the accessible voltage range, which
demonstrates the effective gate electric-ﬁeld control of SOT (by a
factor of 4) in the Au(electrode)/Al2O3/Cr-TI/GaAs structure.
For potential applications, we further investigated the gate
electric-ﬁeld effect on the magnetization switching behaviours of
the Cr-TI ﬁlm in the presence of both the in-plane ﬁeld By and
the longitudinal DC current Idc. Intriguingly, the switching behaviours can be signiﬁcantly modiﬁed by Vg in both the (Idc-ﬁxed,
By-dependent) and the (By-ﬁxed, Idc-dependent) magnetization
switching experiments. For example, in Fig. 3c, we summarize the
switching phase diagrams under Vg = −10 V, +1.5 V, +10 V,
respectively. It can be seen that the switching phase diagram has
been changed dramatically by the gate voltage and the switching
boundaries shrink towards the central region for Vg = +1.5 V compared with the other two cases (Vg = −10 V, +10 V), indicating a
smaller longitudinal Idc is required for switching for Vg = +1.5 V
in the presence of a ﬁxed in-plane By. In fact, this is expected
because the current-induced SOT efﬁciency is higher for
Vg = +1.5 V than the other two cases (Vg = −10 V, +10 V).
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Figure 4 | Correlations between the surface carrier densities, surface currents, surface band structures and the measured electric-ﬁeld control of SOT in
the top-gate Hall bar device. Upper panel: top and bottom surface carrier densities as functions of Vg. Insets show the top and bottom surface band
structures in different gate voltage regions. Yellow shading in the top surface band structure shows the tune range of the top surface EF within the
corresponding gate voltage region. Lower panel: comparison between the ratio Inet
SS / Itot (net spin-polarized surface current over total current) and the
top
bot
effective BSO as functions of Vg. The net spin-polarized surface current is deﬁned as Inet
SS = ISS − ISS . BSO is re-plotted here as from Fig. 3b. Error bars
represent standard errors and blue curve shows the Lorentz ﬁtting.

Furthermore, we carried out the (Idc-ﬁxed, By-ﬁxed, Vg-dependent)
experiments to study the direct manipulation of magnetization by
scanning Vg. The initial magnetization state can be prepared to be
Mz < 0 for X: (Idc = 20 μA, By = 0.1 T) and Mz > 0 for Y: (Idc =
20 μA, By = −0.1 T) under Vg = −10 V, as shown in Fig. 3c. After
that, both Idc and By are ﬁxed and we scan Vg from −10 V to
+3 V while the AHE resistance RAHE is simultaneously measured.
The obtained results are plotted in Fig. 3d, and it can be clearly
seen that the magnetization state is switched from Mz < 0 to Mz > 0
for X: (Idc = 20 μA, By = 0.1 T) and from Mz > 0 to Mz < 0 for Y:
(Idc = 20 μA, By = −0.1 T) by scanning Vg from −10 V to +3 V, successively. The ﬁnal magnetization states are consistent with the
deterministic states for X and Y under Vg = +3 V, respectively, as
shown in Fig. 3c. Consequently, the switching induced by scanning
Vg in the presence of ﬁxed Idc and By demonstrates that the gate
electric-ﬁeld control of SOT can provide an effective way to determine
and manipulate the magnetization state in the Cr-TI ﬁlm.
Discussions. Now, we attempt to explore the correlations between
the surface carrier densities, surface currents, surface band
structures and the measured electric-ﬁeld control of SOT in the
top-gate Hall bar device. As discussed before, the bottom SS
electron density nSS,b remains unchanged through the whole
6

voltage range whereas the top surface carriers can be tuned from
p-type to n-type by Vg. Based on a simple capacitor model and
the carrier-attracting rate by the top gate, we plot both the top
and bottom surface carrier densities as functions of Vg in the
upper panel of Fig. 4. Also depicted are the corresponding top
and bottom surface band structures for different voltage regions.
It is clear that the bottom SS electron density nSS,b is always larger
than the top SS electron density nSS,t in the whole n-type regime.
As the top and bottom SS carriers have opposite spin
momentum-locking directions, we deﬁne a net spin-polarized
top
top
bot
bot
surface current I net
SS = I SS − I SS , where I SS and I SS are the top and
bottom SS currents, respectively. Then, the ratio I net
SS / I tot (Itot is
the total current passing through the ﬁlm) will quantify the
percentage of current that is responsible for producing the SOT.
In the region +3 V < Vg < +10 V, I net
SS /I tot = (nSS,b − nSS,t )eμD RS ,
where RS is the sheet resistance of the ﬁlm. In Fig. 4 lower panel,
we plot both the I net
SS / I tot ratio and the current-induced effective
ﬁeld BSO that is obtained from Fig. 3b. Surprisingly, the I net
SS / I tot
ratio and the measured BSO show a quite similar trend in
+ 3 V < Vg < +10 V with I net
SS / I tot changing from 0.46 to 0.12 and
BSO changing from 79.5 to 22 mT, indicating that I net
SS is indeed
the origin of the induced SOT. In the −10V < Vg < +3 V region,
by assuming that 57% of the top surface accumulated holes are
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Dirac holes, the I net
SS / I tot ratio can also exhibit a trend similar to the
BSO curve. Consequently, the intrinsic spin-torque ratio from I net
SS
− (I net / I )I peak ),
can be derived as: ϑST = (2eM S BSO wt S t Cr−TI )/(h
SS
tot ac
where t S ≅ 1.5 nm is the SS penetration depth49. Taking in all the
parameters, we ﬁnd ϑST = 116 and it is independent of Vg. The
large ϑST value again shows the giant spin-torque efﬁciency that
the TI SS possess over conventional materials, such as HMFHs.
Here, we want to mention that by engineering the interface roughness of the ﬁlm, the current-induced SOT can also be dramatically
changed, which again demonstrates the interfacial SS origin of the
SOT (see Supplementary Section 2). The effective electric-ﬁeld
control of SOT, together with the giant spin-torque efﬁciency of
TI15–17 and the high quality of TI/magnetic insulator structures50,
suggests that TI-based magnetic structures may ﬁnd wide implications
in the gate-controlled, ultralow power spin-torque devices that are
compatible with modern ﬁeld-effect semiconductor technologies.

Methods
Methods and any associated references are available in the online
version of the paper.
Received 1 June 2015; accepted 12 November 2015;
published online 4 January 2016
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Methods

Material growth. The uniformly Cr-doped Cr0.16(Bi0.50Sb0.42)2Te3 thin ﬁlm was
grown in an ultrahigh vacuum Perkin Elmer MBE system. Semi-insulating
(ρ > 106 Ω cm) GaAs (111)B substrate has been cleaned by acetone with ultrasonic
for 10 min before loaded to the MBE chamber. Then the atomically ﬂat substrate was
annealed to 580 °C and cooled down to growth temperature, under Se rich
environment. High-purity Bi (99.9999%), Te (99.9999%), Cr (99.99%) and Sb
(99.999%) were evaporated by conventional effusion cells and cracker cells. During
the Cr-TI ﬁlm growth, the GaAs (111)B substrate was maintained at 200 °C (growth
temperature). Bi and Te cells were kept at 470 and 320 °C, respectively, and the Sb
and Cr temperatures were carefully chosen in order to control the carrier density and
the magnetic doping proﬁle in the ﬁlm. We used an in-situ real-time high-energy
electron diffraction (RHEED) technique to monitor the epitaxial growth. The ﬁlm
surface was found to be atomically ﬂat as evidenced by the streaky RHEED patterns.
After the Cr-TI ﬁlm growth, a 1 nm thick Al2O3 capping layer was immediately
grown in-situ on top to protect the ﬁlm for following fabrications.
Characterizations
Energy-dispersive X-ray (EDX) mapping. The EDX elemental mapping image
was obtained by an EDX spectroscope which is attached to a high-resolution

ARTICLES

FEI TITAN Cs-corrected scanning transmission electron microscopy (STEM)
operating at 200 KV.
Transport measurements. Four-point Hall measurements were performed using the
Quantum Design physical property measurement system (PPMS).
Several experimental parameters such as temperature, measurement frequency,
magnetic ﬁeld, and external gate voltage can be systematically altered. Multiple
lock-in-ampliﬁers and Keithley source meters were connected with the PPMS
system, leading to high-sensitivity transport measurements for all the Hall
bar devices.
Device fabrication. The uniformly Cr-doped TI thin ﬁlm was patterned into
micron-scale Hall bar devices using conventional photolithography with subsequent
CHF3 dry etching for 18 s. A 20 nm thick high-k Al2O3 dielectric layer was deposited
by atomic layer deposition (ALD) at 200 °C. For the Hall bar device without the top
gate, the Hall channel contacts were deﬁned by e-beam evaporation after the Al2O3
was etched away in the contact areas. A layer of Au (100 nm) was directly deposited
onto the exposed TI top surface to form the contacts. For the Hall bar device with the
top gate electrode, a top-gate metal scheme of Au (100 nm) was achieved with a
second step of photolithography and e-beam evaporation.
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