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Electrical switching of the edge current 
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Moses H. W. Chan1, Morteza Kayyalha    2, Chao-Xing Liu    1   & 
Cui-Zu Chang    1 

A quantum anomalous Hall (QAH) insulator is a topological phase in which 
the interior is insulating but electrical current flows along the edges of the 
sample in either a clockwise or counterclockwise direction, as dictated by 
the spontaneous magnetization orientation. Such a chiral edge current 
eliminates any backscattering, giving rise to quantized Hall resistance and 
zero longitudinal resistance. Here we fabricate mesoscopic QAH sandwich 
Hall bar devices and succeed in switching the edge current chirality through 
thermally assisted spin–orbit torque (SOT). The well-quantized QAH states 
before and after SOT switching with opposite edge current chiralities are 
demonstrated through four- and three-terminal measurements. We show 
that the SOT responsible for magnetization switching can be generated by 
both surface and bulk carriers. Our results further our understanding of the 
interplay between magnetism and topological states and usher in an easy 
and instantaneous method to manipulate the QAH state.

The success of next-generation electronic and spintronic devices 
hinges on the creation of a reliable material platform with robust 
and low-energy-consumption quantum states that are feasible for 
manipulations and measurements. The topological states of matter 
are appealing due to their intrinsic protection against impurity scat-
tering1,2. The quantum anomalous Hall (QAH) state is one example of 
such topological states3–9. It possesses quantized Hall resistance with 
a dissipationless chiral edge current (CEC), similar to the integer quan-
tum Hall effect10 but without the need for an external magnetic field. 
The QAH effect was first discovered in magnetically doped topological 
insulators (TIs), specifically, Cr- and V-doped (Bi,Sb)2Te3 thin films8,9. 
The resistance-free QAH CEC has been predicted to have potential 
applications in next-generation energy-efficient electronics and spin-
tronics as well as quantum information applications3.

In QAH insulators, the edge states are spin-polarized and their 
chiralities are determined by internal magnetization, which leads to a 

unique locking between the magnetization direction and the propa-
gating direction of the CEC (that is, the chirality) (Fig. 1a,b). The Hall 
resistance can be used as a probe to identify both the magnetization 
direction and the edge current chirality. So far, the edge current chiral-
ity (that is, right- or left-handed propagating directions) can be changed 
only by sweeping the external magnetic field μ0H back and forth3,8,9,11–15. 
However, this would be a cumbersome procedure in real CEC-based 
electronic devices. The ability to switch the edge current chirality 
instantaneously without sweeping the external magnetic field is essen-
tial for the development of CEC-based computation and information 
technologies. In QAH insulators, the locking between the magnetism 
and the edge current chirality creates an opportunity to electrically 
switch the chirality of the edge current by reversing the magnetization 
direction through spin–orbit torque (SOT)16,17. Current-driven SOT has 
been proved to be an efficient mechanism for magnetization switching 
in bulk insulating TI-based films/heterostructures, including Cr-doped 
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chamber with a vacuum better than 2 × 10−10 mbar. The SrTiO3(111) 
substrate is also used as the dielectric in regulating the bottom gate 
voltage Vg to tune the chemical potential EF of the QAH samples. The 
electrical-transport measurements are carried out using a physi-
cal property measurement system (PPMS) with a horizontal rotator 
and in a dilution refrigerator (10 mK) cryostat with a vector magnet 
(9-1-1 T). Six-terminal Hall bars with bottom gate electrodes are used 
for electrical-transport studies. More details about the MBE growth, 
device fabrication and electrical-transport measurements can be 
found in the Methods.

Characterization of the QAH edge current 
chirality
We first confirm the QAH state in a 3-4-3 sandwich Hall bar device 
with a width w ≈ 5 μm (Device A; Extended Data Fig. 1) by perform-
ing electrical-transport measurements at the temperature T = 20 mK. 
Figure 1c shows the μ0H dependence of the Hall resistance ρyx and the 
longitudinal resistance ρxx at the charge-neutral point Vg = Vg

0 = +0.8 V. 
For positive magnetization M > 0, ρyx has a quantized value of around 
+0.9919 ± 0.0023 h/e2 and ρxx ≈ 0.0029 ± 0.0007 h/e2 (~74 ± 18 Ω) 
under zero magnetic field, corresponding to the C = 1 QAH state with 
right-handed CEC (Fig. 1a). Using an external magnetic field to switch 
the magnetization polarity (that is, for negative magnetization M < 0), 
ρyx displays a negative quantized value of around −0.9954 ± 0.0019 h/e2 
and ρxx ≈ 7 × 10−5 ± 0.0002 h/e2 (~2 ± 5 Ω) under zero magnetic field, 
giving rise to the C = −1 QAH state with left-handed CEC (Fig. 1b). The 
well-quantized QAH state is confirmed by the Vg dependence of ρyx and 
ρxx at zero magnetic field [ρyx(0) and ρxx(0), respectively] (Fig. 1d). We 
set the initial state at M > 0, and ρyx(0) exhibits a distinct plateau at a 
positive quantized value of ~0.9978 ± 0.0027 h/e2, concomitant with 
ρxx(0) ≈ 0.0028 ± 0.0006 h/e2, centred at Vg = Vg

0 (Fig. 1d). Therefore, 
the sample is initially in the C = 1 QAH state with right-handed CEC 
(Fig. 1a). We will next investigate if the QAH edge current chirality can 
be electrically switched via the SOT effect by applying a current pulse.

The SOT effect in a QAH sandwich
In a magnetic TI sandwich near the bulk insulating regime, an electrical 
current Je along the x axis can generate spin accumulation Sy along the 
y axis at the magnetic TI/TI interface and exerts a damping-like torque 
τSO ∝ M × (M × Syŷ) = −M × μ0HSO (refs. 18–20,22,23) (Fig. 2a) on the 
magnetic moment M, where ŷ is the unit vector along the y axis and 
μ0HSO ∝ Syŷ ×M is known as an effective spin–orbit field. Therefore, 

(Bi,Sb)2Te3 films18 as well as (Bi,Sb)2Te3/ferromagnet19–21 and Cr-doped 
(Bi,Sb)2Te3/(Bi,Sb)2Te3 bilayers22,23. The SOT effect in these bulk insulat-
ing TI-based films/heterostructures is a result of the charge-to-spin 
conversion induced by the Rashba–Edelstein effect of helical surface 
states [also called the inverse spin-galvanic effect (ISGE)]16,17,24. How-
ever, SOT switching has not been demonstrated in any magnetic TI 
films/heterostructures that host the QAH state with dissipationless 
CEC. To realize electrical SOT switching in QAH insulators, the sample 
needs to satisfy two conditions: (1) the QAH structure must provide a 
large SOT effect; and (2) the current density must be high enough for 
magnetization switching. Condition (1) can be achieved in QAH films in 
which an asymmetric potential between the top and bottom surfaces is 
induced by their different environments. Condition (2) can be achieved 
by fabricating micrometre-sized mesoscopic QAH sandwich Hall bar 
devices25, which increases the current density. Since the top and bottom 
magnetic TI layers in QAH sandwiches have similar magnetic moments, 
these two magnetically doped TI layers switch their magnetization 
simultaneously. After SOT magnetization switching, the QAH insulator 
with opposite edge current chirality is induced.

In this work, we fabricate QAH sandwich Hall bar devices that have 
a width of ~1–10 μm using electron-beam lithography (Methods)25. 
By performing four- and three-terminal transport measurements26, 
we demonstrate the electrical switching of the QAH edge current 
chirality through thermally assisted SOT. We find that the C = 1 QAH 
insulator with a right-handed CEC can be switched to the C = −1 QAH 
insulator with a left-handed CEC by applying a current pulse under an 
in-plane magnetic field. Since the SOT magnetization switching ratio 
is easily greater than the quantum percolation threshold of magnetic 
domains27,28, a well-quantized QAH state with the opposite edge current 
chirality usually appears after the magnetization switching. This unique 
property makes the electrical switching of the edge current chirality 
robust and reliable in real QAH electronic devices. We show that SOT 
in QAH insulators can be induced by the ISGE from both surface and 
bulk carriers. Our calculations show a strong contribution of SOT from 
the hole bands of surface states, which share the same sign as that from 
the first bulk valence quantum-well (QW) sub-bands, consistent with 
experimental observations.

The QAH insulators used in this work comprise the 3QL Cr-doped 
(Bi,Sb)2Te3/4QL (Bi,Sb)2Te3/3QL Cr-doped (Bi,Sb)2Te3 sandwich struc-
ture (where QL denotes a quintuple layer), referred to as a 3-4-3 QAH 
sandwich. These sandwich structures are grown on heat-treated 
insulating SrTiO3(111) substrates in a molecular beam epitaxy (MBE) 
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Fig. 1 | Edge current chirality in QAH insulators. a,b, Schematics of QAH 
insulator sandwiches with right-handed (a) and left-handed (b) CEC. The CEC 
is shown in real (left) and momentum space (right) for positive (a) and negative 
(b) magnetization. C, Chern number. c, Dependence of ρxx (red) and ρyx (blue) on 
μ0H measured at Vg = Vg

0 = +0.8 V and T = 20 mK. ρyx(0) ≈ +h/e2 and ρyx(0) ≈ −h/e2 

correspond to right- and left-handed CEC, respectively. Vg, bottom gate voltage; 
Vg

0, charge-neutral point of the QAH insulator; h, Planck’s constant; e, elementary 
charge. d, Dependence of ρyx(0) (blue) and ρxx(0) (red) on Vg − Vg

0 for the C = 1 QAH 
insulator with right-handed CEC at μ0H = 0 T and T = 20 mK.
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when a small in-plane magnetic field μ0H∥ is applied parallel (antiparal-
lel) to the electrical current direction, μ0HSO drives M along the positive 
(negative) direction in a QAH sandwich (Fig. 2a). Since the carriers on 
its two magnetic TI/TI interfaces have opposite spin polarization, τSO 
from two symmetry-equivalent surfaces of the QAH sandwich cancels 
each other (Fig. 2a). Therefore, to induce SOT in QAH insulators, we 
need an asymmetric potential between two surfaces (Fig. 2b).

The application of a single bottom gate voltage Vg inevitably 
induces an asymmetric potential in a QAH sandwich29. Moreover, the 
introduction of some dissipative bulk conducting channels may also 
enhance the SOT effect through the spin Hall effect17. Therefore, we 
first tune Vg to make ρyx(0) ≈ +0.27 h/e2 (around +7.00 kΩ) when the 
chemical potential (as denoted by the black dashed line) crosses both 
bulk valence bands and surface states (Fig. 2b). By injecting a series 

of current pulses with a duration Δt ≈ 5 ms, we examine the SOT mag-
netization switching at ρyx(0) ≈ +0.27 h/e2 under μ0H∥ = ±0.05 T. After 
SOT switching, the maximum value of ρyx(0) is only ~0.14 h/e2 (~3.6 kΩ) 
because the magnetization moment is not fully switched (Fig. 2c). We 
choose μ0H∥ = ± 0.05 T because it is much smaller than the anisotropy 
field Κ ≈ 0.7 T of our QAH sandwiches (Extended Data Figs. 2 and 3). The 
values of ρyx shown in Fig. 2c are measured at an excitation current of 
~1 nA after injecting each current pulse. We note that the current pulse 
duration Δt ≈ 5 ms is much longer than the incubation period of the 
SOT process in the nanosecond timescale17,30. Therefore, the SOT effect 
in our experiments is thermally assisted (Supplementary Section 3). 
We find that the switching polarity is determined by the current pulse 
and the in-plane magnetic field directions, consistent with the SOT 
geometry (Fig. 2a). The current pulse |Ipulse| ≈ 200 μA is sufficient for the 

a c

First switch 

C = –1 QAH insulator with left-handed CECd

ρ xx
(0

), 
ρ yx

(0
)(h

/e
2 )

ρyx(0)

ρxx(0)

Third switch 

T = 20 mK
µ0H = 0 T 

C = 1 QAH insulator with right-handed CEC

Vg – Vg
0 (V)

g

T = 20 mK
 Vg = Vg

0

h

ρ yx
(h

/e
2 )

µ0H (T)

µ0H|| = +0.05 T, Ipulse = –200 µA

µ0H|| = +0.05 T, Ipulse = –200 µA

µ0H|| = +0.05 T

µ0H|| = –0.05 T

T = 20 mK

Ipulse (µA)

Jpulse (109 A m–2)

ρ yx
 (k

Ω
)

b

e

µ0H|| = +0.05 T, Ipulse = 200 µA

Second switch 

C = –1 QAH insulator with left-handed CECf
i

Device A

Device A

Device A

First switch 

Second switch 

Third switch 

EF

TopBottom

1

τSO

Sy

Je

µ0HSO

z

β

y

x

µ0H||

M

1

–4

0

4

–4

0

4

–8 –4 0 4 8

–400 –200 0 200 400

0

–1

1

0

–1

1

0

–1

0

–1

1.0

0.5

0

0

–1
–50 –25 0 25 50 –0.50 –0.25 0 0.25 0.50

Fig. 2 | Electrical switching of the QAH CEC through bulk and surface carriers. 
a, Schematic of the SOT magnetization switching in a QAH sandwich under an 
in-plane external magnetic field. The angle between the x axis and the direction 
of the in-plane external magnetic field |β| is less than 4°. b, Schematic of the 
magnetic TI sandwich with symmetry-inequivalent top and bottom surfaces. 
c, Dependence of ρyx on the current pulse Ipulse under an in-plane magnetic 
field μ0H∥ = ±0.05 T at T = 20 mK. The corresponding current pulse density 
Jpulse is shown on the upper horizontal axis. The SOT switching is carried out at 

ρyx(0) ≈ +0.27 h/e2. d–f, Dependence of ρyx(0) (blue) and ρxx(0) (red) on Vg − Vg
0 

after the first switch with Ipulse ≈ −200 μA (d), the second switch with Ipulse ≈ 200 μA 
(e) and the third switch with Ipulse ≈ −200 μA (f) under μ0H∥ = +0.05 T. The data 
shown are measured at zero magnetic field. g–i, Dependence of ρyx on μ0H at 
Vg = Vg

0 and T = 20 mK after the first (g), second (h) and third (i) switches. The 
red dashed curves correspond to the initial magnetization process after each 
switching.
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SOT magnetization switching in Device A (w = 5 μm). The correspond-
ing current pulse density Jpulse is shown on the upper horizontal axis of 
Fig. 2c. The critical current density for SOT magnetization switching is 
found to be ~4 × 109 A m−2, which is around the same order of magnitude 
as that in bulk insulating TI-based films/heterostructures18–20,22,23 but a 
few orders of magnitude smaller than that in heavy metal/ferromagnet 
heterostructures17,31,32.

Electrical switching of the QAH CEC through both 
bulk and surface carriers
Next, we use the SOT effect induced by both bulk and surface carriers in 
magnetic TI sandwiches to realize the electrical switching of the edge 
current chirality. We start with the C = 1 QAH state with right-handed 
CEC as the initial state (Fig. 1a,d) and carry out four switchings of the 
edge current chirality in Device A (w = 5 μm) by changing the direction 
of either μ0H∥ or Ipulse (Figs. 2 and 3, Extended Data Fig. 4 and Supplemen-
tary Table 1). Before each switching, we tune Vg so that |ρyx(0)| ≈ 0.27 h/e2, 
where the SOT effect can be considered to be induced by both bulk 
valence bands and surface states. For the first switching, we apply a 
current pulse Ipulse ≈ −200 μA under μ0H∥ = +0.05 T, and ρyx(0) is switched 
from around +0.2789 h/e2 to approximately −0.2321 h/e2, indicating that 
the majority of magnetization is switched from a positive to a negative 
direction (Fig. 2d). Under zero magnetic field, we use Vg to tune the 
chemical potential back to the magnetic exchange gap and find that 
ρyx(0) displays a plateau with a negative quantized value of around 
−0.9836 ± 0.0019 h/e2, concomitant with ρxx(0) ≈ 0.0229 ± 0.0006 h/e2 
at Vg = Vg

0 (Fig. 2d). After the first switching, the sample behaves as a 
C = −1 QAH insulator with left-handed CEC (Fig. 1b), which is validated 
by measuring the initial magnetization curves at Vg = Vg

0 (Fig. 2g). 
For the second, third and fourth switchings, by changing the direc-
tion of either μ0H∥ or Ipulse, we find that ρyx(0) ≈ +0.9833 ± 0.0018 h/e2 
and ρxx(0) ≈ 0.0163 ± 0.0003 h/e2 after the second switching, 
ρyx(0) ≈ −0.9953 ± 0.0007 h/e2 and ρxx(0) ≈ 0.0476 ± 0.0006 h/e2 
after the third switching, and ρyx(0) ≈ +0.9862 ± 0.0009 h/e2 and 
ρxx(0) ≈ 0.0219 ± 0.0007 h/e2 after the fourth switching at Vg = Vg

0  
(Fig. 2e,f and Extended Data Fig. 4a, respectively). These observations 
confirm that the sample behaves as a QAH insulator with right-, left- 
and right-handed CEC after the second, third and fourth switchings, 
respectively. The current edge chiralities are confirmed by measuring 
the initial magnetization curves at Vg = Vg

0 (Fig. 2h,i and Extended Data  
Fig. 4b, respectively). For Device A, the SOT magnetization switch-
ing ratio at |ρyx(0)| ≈ 0.27 h/e2 by applying |Ipulse| ≈ 200 μA under 

μ0H∥ = +0.05 T is estimated to be ~83.9% (Extended Data Fig. 3), but 
the well-quantized QAH insulator emerges by tuning the gates after 
each switching. This behaviour is a result of the quantum percolation 
property in QAH insulators27,28. We note that the Vg

0 values after each 
switching are not identical, presumably due to the hysteretic ferroelec-
tric property of the SrTiO3 substrate3,33 (Supplementary Section 10).

To demonstrate further the electrical switching of the edge cur-
rent chirality in QAH insulators, we perform three-terminal measure-
ments on Device A after each switching (Fig. 3a). Figure 3b,c shows the 
dependence of the three-terminal resistances ρ14,13 and ρ14,15 on μ0H at 
T = 20 mK and Vg = Vg

0. At zero magnetic field, ρ14,13 ≈ h/e2 and ρ14,15 ≈ 0 
for M > 0, corresponding to a C = 1 QAH insulator with right-handed CEC 
(Fig. 1a). For M < 0, ρ14,13 ≈ 0 and ρ14,15 ≈ h/e2, corresponding to a C = −1 
QAH insulator with left-handed CEC (Fig. 1b). Figure 3d–f shows the 
dependence of ρ14,13 and ρ14,15 under zero magnetic field [ρ14,13(0) and 
ρ14,15(0), respectively] on Vg − Vg

0 at the initial QAH state and for the 
QAH states after the first and second switches. At Vg = Vg

0, ρ14,13(0) ≈ h/e2 
and ρ14,15 (0) ≈ 0 validate that both the initial state and the state after 
the second switch are the C = 1 QAH insulator with right-handed CEC, 
and ρ14,13(0) ≈ 0 and ρ14,15(0) ≈ h/e2 validate that the state after the first 
switch is the C = −1 QAH insulator with left-handed CEC. Therefore, 
we establish that the QAH edge current chirality can be reproducibly 
switched by the injection of current pulses under an in-plane magnetic 
field through the SOT effect induced by both bulk and surface carriers 
(Extended Data Figs. 4 and 5).

Electrical switching of the QAH CEC through 
surface carriers
In addition to SOT generated by both bulk and surface carriers, we 
use the SOT effect induced by only surface carriers to switch the edge 
current chirality. We apply a current pulse on magnetic TI sandwiches 
at Vg = Vg

0 under an in-plane magnetic field (Fig. 4a) and investigate 
whether or not the C = 1 QAH insulator can be switched to the C = −1 
QAH insulator (Fig. 4b). For Device A, ρyx(0) ≈ +1.0005 ± 0.0020 h/e2 
and ρxx(0) ≈ 0.0220 ± 0.0007 h/e2 at Vg = Vg

0, corresponding to the 
right-handed CEC. By applying Ipulse ≈ −200 μA under μ0H∥ = +0.05 T 
at Vg = Vg

0, ρyx(0) is found to be around −0.4552h/e2 and ρxx(0) is 
~0.6166h/e2, suggesting that the device is tuned away from the 
QAH regime. After the current pulse, we vary Vg to tune the sam-
ple back into the QAH state with ρyx(0) ≈ −1.0008 ± 0.0011 h/e2 
and ρxx(0) ≈ 0.0564 ± 0.0006 h/e2 at Vg = Vg

0, corresponding to the 
left-handed CEC (Fig. 4c). We replicate this phenomenon in a QAH 
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Fig. 3 | QAH CEC switching through three-terminal measurements.  
a, Schematics of chiral edge channels when the current flows from 1 to 4. The 
blue and red lines indicate right- and left-handed CEC for positive and negative 
magnetization, respectively. b,c, Dependence of the three-terminal resistances 
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0 and T = 20 mK. d–f, Dependence of ρ14,13(0) 
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with Ipulse ≈ −200 μA (e) and after the second switch with Ipulse ≈ 200 μA (f) under 
μ0H∥ = +0.05 T. The data shown are measured at zero magnetic field.
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sandwich Hall bar device of width w ≈ 2 μm (Device B; Extended Data 
Figs. 6–8). In Device B, we use Ipulse ≈ −100 μA due to its narrower width 
(Extended Data Fig. 9). Here, ρyx(0) ≈ +0.9999 ± 0.0007 h/e2 and around 
−0.6005h/e2 before and after the switching process, respectively. By 
tuning Vg, ρyx(0) ≈ −0.9865 ± 0.0009 h/e2 at Vg = Vg

0, concomitant with 
ρxx(0) ≈ 0.0072 ± 0.0002 h/e2, verifying the left-handed CEC after 
switching (Fig. 4d). Therefore, we show that the edge current chiral-
ity can be switched through surface carrier-induced SOT when the 
magnetic TI sandwich is near the QAH regime.

We next discuss two possible origins for electrical switching of 
the edge current chirality at Vg = Vg

0. First, we find that the sample is 
usually tuned away from the QAH regime after the injection of the 
current pulse at Vg = Vg

0, which in turn induces an asymmetric potential 
on two surfaces of the QAH samples29. After SOT switching, ρyx(0) is 
around −0.4552h/e2 and −0.6005h/e2 for Devices A and B, respectively  
(Fig. 4c,d). Both values indicate that the SOT induced by surface carri-
ers plays a dominant role in magnetization and edge current chirality 
switching3. Second, the current pulse of hundreds of microamperes 
is much larger than the breakdown current (tens to hundreds of nano-
amperes) of the QAH insulators23,34,35, so the QAH state must have been 
broken down after injecting the current pulse at Vg = Vg

0, due to the 
current-pulse-induced heating effect (Supplementary Section 3). After 
the breakdown of the QAH state, the surface carriers are excited by the 
current pulse, creating a finite SOT to induce magnetization switching. 
Moreover, we note that the quantum percolation property of the QAH 
insulators greatly facilitates the electrical switching of the edge current 
chirality (Extended Data Fig. 8). Provided that the SOT magnetiza-
tion switching ratio through the bulk/surface carrier-generated SOT 
is greater than the quantum percolation threshold of the magnetic 

domains in magnetic TI sandwiches27,28, a well-quantized QAH state 
appears after each switching (Fig. 4b).

Spin susceptibility in a QAH sandwich
As noted above, in QAH sandwiches, τSO can be generated by spin 
polarization S from the ISGE of the surface and/or bulk carriers. The 
ISGE induces SISGE ≈ (ẑ × E) (refs. 18,19,23,36) (Fig. 2a), which can be 
evaluated from the response function χyx that connects spin polariza-

tion to an electric field E through Si = ∑jχijEj with i,j = x,y,z (Methods). 

Here ẑ is the unit vector along the z axis. As the QAH insulators are bulk 
insulating, the major mechanism is expected from the spin polarization 
of the surface carriers (Supplementary Sections 2, 11 and 12)21,22,37. Mag-
netic switching can be caused by the damping-like torque from SISGE 
via τSO,ISGE ∝ M × (M × SISGE) . Other possible mechanisms for SOT, 
including the bulk spin Hall effect (Supplementary Sections 2 and 11) 
and magnetoelectric coupling from surface Hall currents (refs. 38,39) 
(Supplementary Sections 12 and 13), are also discussed.

Next, we model the QAH sandwiches of thickness L = (L1 + L2)  
(Fig. 5a inset) using a four-band Hamiltonian14,40

H (k∥, −i∂z) = (D0 (z) − D1∂z 2 + D2k∥ 2)σ0τz
+A0 (kyσx − kxσy) τx − iB0∂zσ0τy
+ (−C1∂z 2 + C2k∥ 2)σ0τ0 +M (z)σzτ0 + V (z)σ0τ0,

Here the Pauli matrices τ0,x,y,z act on the orbital space and the Pauli matri-
ces σ0,x,y,z act on the spin-1/2 space. k∥, kx and ky are the in-plane crystal 
momenta. The parameters are taken to be D1 = 6.86 eV Å2, D2 = 44.5 eV Å2, 
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A0 = 3.33 eV Å and B0 = 2.26 eV Å. C1 = −6 eV Å2 and C2 = 30 eV Å2 are used 
to tune the relative position of Dirac points and bulk valence bands. 
M(z) is the magnetization from Cr doping and V(z) = V0 × (z/L − 1/2) is 
the asymmetric potential along the z direction with V0 = 0.05 eV. The 
QAH sandwich with magnetic dopants in the top and bottom surface 
layers is modelled by

D0 (z) = {
D0 L1 ≤ z ≤ L2
D0 + ΔD0 0 < z < L1 or L2 < z < L

and

M (z) = {
0 L1 ≤ z ≤ L2
M 0 < z < L1 or L2 < z < L

with D0 = −0.28 eV and ΔD0 = 0.26 eV. For the 3-4-3 QAH sandwich used 
in this work, L1 = 3 nm and L2 = 7 nm (Fig. 5a inset).

Figure 5a shows the energy spectrum of the 3-4-3 QAH sandwich 
at a fixed magnetization M = 0.05 eV. The corresponding spin response 
function χyx as a function of the magnetization M and chemical poten-
tial EF is shown in Fig. 5b. For EF > −0.1 eV, the carriers near EF come 
primarily from surface states. A non-zero χyx is found and its sign is 
reversed from electron- to hole-doped regimes. This sign change can 
be understood from a two-surface-state model (Fig. 5c; see Methods 
and Supplementary Section 11). For EF ≈ −0.15 eV, the chemical poten-
tial starts to cross the first bulk valence QW sub-bands, and one more 
peak of χyx with the same sign of the surface-state contribution in the 
hole-doping regime is seen. A strong hybridization between surface 
states and bulk QW states is expected in this regime. By further lower-
ing the chemical potential to EF < −0.2 eV, the second bulk valence QW 
sub-bands appear and their contribution to χyx has an opposite sign. 
By comparing our theory and experiments, we conclude that surface 
states give rise to a strong contribution to the SOT, even larger than the 

bulk carrier contribution, which is consistent with our experimental 
observation of magnetization switching when the chemical potential 
is tuned near the QAH insulator regime.

To summarize, we fabricated mesoscopic QAH sandwich Hall bar 
devices and realized electrical switching of the edge current chiral-
ity in QAH insulators utilizing the bulk/surface carrier-induced SOT 
effect, which was theoretically simulated using a four-band model in 
a sandwich configuration. Our work provides new insights into the 
fundamental properties of QAH insulators, for example, the interplay 
between magnetism and topology, which may help to usher in the next 
generation of quantum material-based computation and information 
technology.
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Methods
MBE growth of QAH sandwich heterostructures
The 3-4-3 QAH sandwich heterostructures, specifically 3QL Cr-doped 
(Bi,Sb)2Te3/4QL (Bi,Sb)2Te3/3QL Cr-doped (Bi,Sb)2Te3, are fabricated 
using a commercial MBE system (Lab10, Omicron) with a base pressure 
lower than 2 × 10−10 mbar. In these QAH samples, the heavily Cr-doped 
(Bi,Sb)2Te3 layer [that is, x = 0.24 in (Bi,Sb)2−xCrxTe3] is in a trivial insu-
lator regime, so the two non-trivial surface states are formed at the 
interfaces between the middle undoped TI layers and the surface 
magnetic TI layers14,41. Before the growth of the QAH samples, the 
heat-treated insulating SrTiO3(111) substrates are first outgassed 
at 600 °C for 1 h. Next, high-purity Bi (99.9999%), Sb (99.9999%), Cr 
(99.999%) and Te (99.9999%) are evaporated from Knudsen effusion 
cells. During the growth of the QAH sandwich samples, the substrate 
is maintained at ~230 °C and the Bi/Sb ratio is fixed at ~0.5 for all three 
layers. The flux ratio of Te per (Bi + Sb + Cr) is set to greater than ~10 
to prevent Te deficiency in the films. The growth rate for the QAH 
sandwiches is ~0.2 QL per minute. To avoid possible contamination 
and degradation under ambient conditions, a ~3-nm-thick layer of 
Al2O3 is deposited on top of the QAH sandwich heterostructures using 
an atomic layer deposition system as soon as they were removed from 
the MBE chamber.

Electron-beam lithography of the QAH Hall bar devices
The QAH sandwich heterostructures with a ~3-nm-thick Al2O3 capping 
layer are patterned into Hall bar devices with a width w of ~1–10 μm 
using two-step electron-beam lithography. For all of the Hall bar devices 
used in this work, the aspect ratio is ~4. We use Cr (10 nm)/Au (30 nm) 
layers as the electrodes of these Hall bar devices. Before deposition of 
the Cr/Au electrodes using electron-beam evaporation, the ~3-nm-thick 
Al2O3 layer is etched using CD26 alkaline developer. Finally, we use Ar 
plasma to etch the QAH sandwich into the Hall bar geometry. To avoid 
the charging effect, we deposit a ~20-nm-thick layer of Au on top of the 
resist before electron-beam lithography.

Electrical-transport measurements
Transport measurements are carried out using both a PPMS (Quan-
tum Design; DynaCool, 1.7 K, 9 T) and a dilution refrigerator cryostat 
(Bluefors; 10 mK) with a vector magnet (Bluefors; 9-1-1 T). The bottom 
gate voltage Vg is applied using a Keithley 2450 meter. The excitation 
currents used in the PPMS (≥1.7 K) and dilution (~20 mK) measurements 
are 10 nA and 1 nA, respectively. The results reported here have been 
reproduced in around ten Hall bar devices with a width from 1 to 10 μm 
using our PPMS and around five Hall bar devices with a width from 1 to 
5 μm using our dilution refrigerator (Extended Data Figs. 5 and 10). The 
current pulse with a duration of 5 ms, parallel to the in-plane magnetic 
field, is applied using a Keithley 6221 source meter. The current pulse 
density Jpulse used for magnetization switching is similar in all devices 
of different widths. More transport results are shown in Extended Data 
Figs. 1–10 and Supplementary Information.

Numerical simulations on SOT in QAH sandwich 
heterostructures
To numerically solve the spectrum of the four-band Hamiltonian, we 
use the basis

ψ (z) = ⟨z|k∥Nλ⟩ = √2/L sinNπz/L ||k∥λ⟩ ,

where λ is the orbital and spin degrees of freedom; √2/L sinNπz/L with 
N as a positive integer satisfies the open boundary condition 
ψ(z = 0) = ψ(z = L) = 0 in the z direction of a thin film. For L = 10 nm in 
our QAH sandwiches, N is truncated at Nmax = 30, which is large enough 
to reproduce the gapless Dirac surface states for M = 0 eV.

From the Hamiltonian, the response function of spin polarization 
can be obtained from the Kubo formula42

χyx = eℏ∑
n
∫

d2k∥
(2π)2

χyx (k∥,n, EF)

= − eℏ4π ∑
n
∫

d2k∥
(2π)2

2Γ2

((EF − Ek∥n)
2
+ Γ2)

2 ⟨k∥n||σy ||k∥n⟩ ⟨k∥n |vx| k∥n⟩ .

Here, Ek∥n and ||k∥n⟩ are the nth energies and eigenstates of Hamil-
tonian, respectively. vx is ∂kxH is the velocity operator. The contribution 
on the Fermi surfaces is defined as χyx (kxn, EF = Ek∥n) with k∥ = kx ̂x taken 
as the typical point on the Fermi surfaces. The parameter Γ is the 
self-energy broadening from disorder, where Γ = 0.03 eV is used. In 
Supplementary Section 13, we also perform the numerical simulations 
on the Landau–Lifshitz–Gilbert equation to show the effects of τSO,ISGE 
in the magnetization switch.

To further understand χyx, the two-surface-state model is used 
with the Hamiltonian

H2s = (
−vF(kyσx − kxσy) +Mσz + V0/2 0

0 vF(kyσx − kxσy) +Mσz − V0/2
) .

The first (second) diagonal block is the top (bottom) surface; 
vF is the Fermi velocity, M is the magnetization and V0 is the asym-
metric potential between two surfaces. In Fig. 5a, M = 0.041 eV and 
V0 = 0.032 eV are fitted from the surface-state spectrum of EF > −0.15 eV.

Data availability
The datasets generated during and/or analysed during this study are 
available from the corresponding author upon reasonable request.
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Extended Data Fig. 2 | SOT-induced magnetization switching under different 
in-plane magnetic fields in Device A. a, Current pulse Ipulse dependence of ρyx 
under different μ0H|| at T = 20 mK. The corresponding current pulse density 
Jpulse is shown on the upper horizontal axis. The hysteresis loops reflect the 
reversal of magnetization direction. All these SOT switching measurements 

are done at ρyx ~ 0.27 h/e2. The data curves are vertically shifted for clarity. 
b, μ0H|| dependence of the Hall resistance change Δρyx at T = 20 mK. Δρyx is 
maximized near μ0H|| = +0.05 T, so we choose |μ0H||| = 0.05 T for the SOT-induced 
magnetization switching in Device A.

http://www.nature.com/naturematerials


Nature Materials

Article https://doi.org/10.1038/s41563-023-01694-y

a

Device A

µ0H (T)

ρ yx
(h

/e
²)

T=20mK

ρ yx
(h

/e
²)

µ0H|| (T)

Device A

T=20mK
b

Extended Data Fig. 3 | More magneto-transport properties of Device A. a, μ0H 
dependence of ρyx without tuning Vg after SOT switching at ρyx(0) ~ 0.27 h/e2 and 
T = 20 mK. After SOT-induced switching, ρyx(0) is ~ −0.225 h/e2. After applying 
μ0H ~ 0.5 T to align the magnetization, ρyx(0) ~ 0.268 h/e2. Therefore, the SOT 
magnetization switching ratio at ρyx(0) ~ 0.27 h/e2 by applying |Ipulse|~200 μA 
under μ0H|| = +0.05 T is ~ 0.225/0.268 = 83.9%. Here the switching ratio is defined 
as the absolute value of the zero magnetic field Hall resistance ratio before and 

after magnetic training. When the sample magnetization is fully aligned, the 
negligible ρyx difference suggests the gating effect induced by the injection of 
Ipulse is much weaker when the SOT switching is done at |ρyx(0)| ~0.27 h/e2. The 
red dashed curve corresponds to the initial magnetization process after SOT 
switching. b, μ0H|| dependence of ρyx at T = 20 mK when the sample is tuned to 
ρyx(0) ~ 0.27 h/e2. We find that the anisotropy field K is ~0.7 T and thus the sample 
magnetization almost points upward and downward under |μ0H||| = 0.05 T.
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Extended Data Fig. 4 | Electrical switching of edge current chirality in 
Device A through bulk and surface carriers generated SOT. a, Gate (Vg − Vg

0) 
dependence of ρyx(0) (blue) and ρxx(0) (red) of the QAH insulator after the 
fourth switch with Ipulse ~ −200 μA under μ0H|| = −0.05 T. The SOT switching is 
done at ρyx(0) ~ −0.27 h/e2 and T = 20 mK. b, μ0H dependence of ρyx at Vg = Vg

0 and 
T = 20 mK after the fourth switch. The red dashed curve corresponds to the initial 

magnetization process after the SOT switching. c, Summary of all four switches 
of CEC chirality at T = 20 mK. The CEC chirality can be switched by changing the 
direction of either the in-plane magnetic field or the current pulse. Note that 
the SOT switching is independent of the initial direction of magnetization M 
(Supplementary Figs. 11 and 12). Therefore, the reversed magnetization should 
be independent of the number of switching times.
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Extended Data Table. 5 | Electrical switching of edge current chirality in 
Device A at T = 2 K. a-c, Gate (Vg − Vg

0) dependence of ρyx(0) (blue) and ρxx(0) 
(red) of the QAH insulator with right-handed CEC (that is the initial state) (a), 
after the first (b) and second (c) switches. d, μ0H dependence of ρyx (blue) and 

ρxx (red) at Vg = Vg
0 and T = 2 K. e, f, μ0H dependence of ρyx at Vg = Vg

0 and T = 2 K 
after the first (e) and second (f) switches, respectively. The red dashed curves 
correspond to the initial magnetization process after each switch.
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Extended Data Fig. 6 | QAH state in Device B (w = 2 μm). a, The optical 
photograph of Device B. The effective area of the Hall bar device is 8 μm × 2 μm. 
b, Temperature dependence of ρyx(0) (blue squares) and ρxx(0) (red circles) at 

Vg = Vg
0. All measurements are taken at μ0H = 0 T after magnetic field training. The 

critical temperature of the QAH state in Device B is ~6.8 K. c, d, μ0H dependence of 
ρyx and ρxx measured at different temperatures and Vg = Vg

0.
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Extended Data Fig. 7 | Electrical switching of edge current chirality in 
Device B through bulk and surface carriers generated SOT. a-c, Gate (Vg − Vg

0) 
dependence of ρyx(0) (blue) and ρxx(0) (red) of the QAH insulator with the right-
handed CEC (that is the initial state) (a), after the first switch with Ipulse ~ −100 
μA (b) and the second switch with Ipulse ~ 100 μA (c) under μ0H|| ~ +0.05 T. Both 
SOT switches are done at |ρyx(0)| ~ 0.27 h/e2 and T = 20 mK. d, μ0H dependence 

of ρyx (blue) and ρxx (red) at Vg = Vg
0 and T = 20 mK. e, f, μ0H dependence of ρyx at 

Vg = Vg
0 and T = 20 mK after the first (e) and second (f) switches. The red dashed 

curves correspond to the initial magnetization process after each switch. Vg
0s are 

+1.0 V, +22.5 V, and +35.5 V for the initial state, after 1st switch, and after 2nd switch, 
respectively.
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Extended Data Fig. 8 | More magneto-transport properties of Device B after 
SOT switching. a-d, μ0H dependence of ρyx without tuning Vg after SOT switching 
at ρyx(0) ~ 0.185 h/e2 (a), ~0.275 h/e2 (b), ~0.625 h/e2 (c), and ~0.999 ± 0.001 h/e2 (d), 
respectively. After SOT-induced switching, the corresponding ρyx(0) is 
~ −0.142 h/e2 (a), ~ −0.240 h/e2 (b), ~ −0.489 h/e2 (c), and ~ −0.620 h/e2 (d), 
respectively. After applying μ0H ~ 0.5 T to align the magnetization, ρyx(0) 
becomes ~0.184 h/e2 (a), ~0.277 h/e2 (b), ~0.523 h/e2 (c), and ~0.653 h/e2 (d), 
respectively. The red dashed curve corresponds to the initial magnetization 

process after each switch. e-g, Three ratios ρayx(0)/ρayx  (0, trained) (e), ρayx(0)/ρbyx
(0) (f), ρayx  (0, trained)/ ρbyx(0) (g) as a function of ρyx

b(0), where the SOT switching 
is done. ρyx

b(0): the zero magnetic field Hall resistance before SOT switching. 
ρyx

a(0): the zero magnetic field Hall resistance after SOT switching. ρayx(0, 
trained): the zero magnetic field Hall resistance after SOT switching and 
μ0H ~ 0.5 T training. All measurements are taken at T = 20 mK. For the SOT 
switching done near the QAH regime, the ρayx(0)/ρbyx(0) ratio cannot be used to 
estimate the magnetization switching ratio since ρyx ∝ M becomes invalid.
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Extended Data Fig. 9 | SOT-induced magnetization switching under 
different in-plane magnetic fields in Device B (w = 2 μm). a, Current pulse 
Ipulse dependence of ρyx under μ0H|| = +0.05 T (top) and μ0H|| = −0.05 T (bottom) 
at T = 20 mK. b, Ipulse dependence of ρyx under different μ0H|| at T = 20 mK. The 
corresponding current pulse density Jpulse in (a) and (b) is shown on the upper 
horizontal axis. All these SOT switching measurements in (a) and (b) are 

done at ρyx ~ 0.27 h/e2. The data curves in (b) are vertically shifted for clarity. 
c, μ0H|| dependence of the Hall resistance change Δρyx at T = 20 mK. Δρyx is 
maximized near μ0H|| = +0.05 T, so we chose |μ0H||| = 0.05 T for the SOT-induced 
magnetization switching in Device B. We find that the optimal μ0H|| for the SOT-
induced magnetization switching is independent of the width of the QAH Hall bar 
device.
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Extended Data Fig. 10 | Electrical switching of edge current chirality in 
more QAH insulator devices at T = 2 K. a-f, Gate (Vg − Vg

0) dependence of 
ρyx(0) before (blue) and after (red) SOT magnetization switching in Device 
C (w = 10 μm) (a), Device D (w = 5 μm) (b), Device B (w = 2 μm) (c), Device E 

(w = 2 μm) (d), Device F (w = 1 μm) (e), and Device G (w = 1 μm) (f), respectively. 
The SOT-induced magnetization switching is all done at ρyx(0) ~ 0.155 h/e2 and 
T = 2 K under μ0H|| ~ +0.05 T. The current pulse Ipulse used for SOT magnetization 
switching becomes smaller by reducing the width of the QAH Hall bar device.
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