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A quantum anomalous Hall (QAH) insulator is atopological phase in which
theinteriorisinsulating but electrical current flows along the edges of the
sampleineither 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-
tering?. The quantum anomalous Hall (QAH) state is one example of
such topological states®’. It possesses quantized Hall resistance with
adissipationless chiraledge current (CEC), similar to the integer quan-
tum Hall effect’ but without the need for an external magnetic field.
The QAH effect was first discovered inmagnetically doped topological
insulators (TIs), specifically, Cr- and V-doped (Bi,Sb),Te; thin films®’.
The resistance-free QAH CEC has been predicted to have potential
applicationsin next-generation energy-efficient electronics and spin-
tronics as well as quantum information applications’.

In QAH insulators, the edge states are spin-polarized and their
chiralities are determined by internal magnetization, whichleadstoa

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 (thatis, right- or left-handed propagating directions) can be changed
only by sweeping the external magnetic field u,Hback and forth>$91-55,
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)'*". Current-driven SOT has
been proved tobe an efficient mechanism for magnetization switching
inbulkinsulating TI-based films/heterostructures, including Cr-doped
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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
isshown in real (left) and momentum space (right) for positive (a) and negative
(b) magnetization. C, Chern number. ¢, Dependence of p,, (red) and p,, (blue) on
HoHmeasured at V, = V,°=+0.8 Vand T =20 mK. p,,(0) = +h/e*and p,,(0) = ~h/e*

-0.50

correspond to right-and left-handed CEC, respectively. V,, bottom gate voltage;
V., charge-neutral point of the QAH insulator; A, Planck’s constant; e, elementary
charge. d, Dependence of p,,(0) (blue) and p,(0) (red) on V, - V,° for the C=1QAH
insulator with right-handed CEC at o+ = 0 Tand T=20 mK.

(Bi,Sb),Te, films'® as well as (Bi,Sb), Te,/ferromagnet? and Cr-doped
(Bi,Sb),Te,/(Bi,Sb),Te, bilayers***. The SOT effectin these bulk insulat-
ing Tl-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)]**'"**. How-
ever, SOT switching has not been demonstrated in any magnetic Tl
films/heterostructures that host the QAH state with dissipationless
CEC.Torealize electrical SOT switchingin 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 filmsin
which anasymmetric potential between the top and bottom surfaces is
induced by their different environments. Condition (2) canbe achieved
by fabricating micrometre-sized mesoscopic QAH sandwich Hall bar
devices”, whichincreases the current density. Since the top and bottom
magnetic Tllayersin QAH sandwiches have similar magnetic moments,
these two magnetically doped Tl layers switch their magnetization
simultaneously. After SOT magnetization switching, the QAH insulator
with opposite edge current chirality isinduced.

Inthiswork, we fabricate QAH sandwich Hall bar devices that have
awidth of -1-10 um using electron-beam lithography (Methods)®.
By performing four- and three-terminal transport measurements®,
we demonstrate the electrical switching of the QAH edge current
chirality through thermally assisted SOT. We find that the C=1QAH
insulator with a right-handed CEC can be switched to the C=-1 QAH
insulator withaleft-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
domains*?%, awell-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),Te,;/4QL (Bi,Sb),Te,/3QL Cr-doped (Bi,Sb),Te; 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 SrTiO,(111) substrates in a molecular beam epitaxy (MBE)

chamber with a vacuum better than 2 x 10™° mbar. The SrTiO5(111)
substrate is also used as the dielectric in regulating the bottom gate
voltage V, to tune the chemical potential £; 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
(9-1-1T). 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 awidth w =5 um (Device A; Extended Data Fig. 1) by perform-
ingelectrical-transport measurements at the temperature 7=20 mK.
Figure 1c shows the u,H dependence of the Hall resistance p,, and the
longitudinal resistance p,, at the charge-neutral point V, = V,° =+0.8 V.
For positive magnetization M > 0, p,, has a quantized value of around
+0.9919 + 0.0023 h/€? and p,, = 0.0029 + 0.0007 h/e* (-74 £ 18 Q)
under zero magnetic field, corresponding to the C=1QAH state with
right-handed CEC (Fig. 1a). Using an external magnetic field to switch
the magnetization polarity (thatis, for negative magnetization M < 0),
p,displays anegative quantized value of around -0.9954 + 0.0019 h/e*
andp,, =7 x107+0.0002 h/e* (-2 + 5 Q) under zero magnetic field,
giving rise to the C=-1QAH state with left-handed CEC (Fig. 1b). The
well-quantized QAH state is confirmed by the V,dependence of p,, and
Pxatzero magnetic field [p,,(0) and p,,(0), respectively] (Fig. 1d). We
set the initial state at M > 0, and p,,(0) exhibits a distinct plateau ata
positive quantized value of ~0.9978 + 0.0027 h/€?, concomitant with
P(0) =0.0028 £ 0.0006 h/e’, centred at V, = V,° (Fig. 1d). Therefore,
the sampleis initially in the C=1 QAH state with right-handed CEC
(Fig.1a). We will next investigate if the QAH edge current chirality can
beelectrically switched viathe SOT effect by applying a current pulse.

The SOT effectin a QAH sandwich

Inamagnetic TIsandwich near the bulk insulating regime, an electrical
current/, along the xaxis can generate spin accumulation S, along the
yaxisat the magnetic Tl/Tlinterface and exerts adamping-like torque
Tso &« M x (M x S,9) = —M X pigHso (refs.18-20,22,23) (Fig. 2a) on the
magnetic moment M, where y is the unit vector along the y axis and
HoHso  §,9 x Misknown as an effective spin-orbit field. Therefore,
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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
ofthe in-plane external magnetic field | 8] is less than 4°. b, Schematic of the
magnetic TIsandwich with symmetry-inequivalent top and bottom surfaces.

¢, Dependence of p,, on the current pulse /. under an in-plane magnetic

field uoH, =+0.05 T at T=20 mK. The corresponding current pulse density

Jouise is shown on the upper horizontal axis. The SOT switchingis carried out at

p,(0) =+0.27 h/e*. d—f, Dependence of p,,(0) (blue) and p,,(0) (red) on V, - V/,
after the first switch with /.. = =200 pA (d), the second switch with /s = 200 pA
(e) and the third switch with /. = ~200 pA (f) under poH, = +0.05 T. The data
shown are measured at zero magnetic field. g-i, Dependence of p,, on u,Hat

V= VgO 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.

whenasmallin-plane magnetic field u,H, is applied parallel (antiparal-
lel) to the electrical current direction, y,Hs, drives M along the positive
(negative) direction in a QAH sandwich (Fig. 2a). Since the carriers on
its two magnetic TI/Tlinterfaces have opposite spin polarization, 7,
fromtwo 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 V, inevitably
induces an asymmetric potential in a QAH sandwich®. Moreover, the
introduction of some dissipative bulk conducting channels may also
enhance the SOT effect through the spin Hall effect”. Therefore, we
first tune V, to make p,,(0) = +0.27 h/e* (around +7.00 kQ) 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 At = 5 ms, we examine the SOT mag-
netization switching at p,,(0) = +0.27 h/e* under u,H, = +0.05 T. After
SOT switching, the maximum value of p,,(0) is only -0.14 h/e*(-3.6 kQ)
because the magnetization moment is not fully switched (Fig. 2c). We
choose ji,H, =+ 0.05 T because itis much smaller than the anisotropy
field K= 0.7 T of our QAH sandwiches (Extended DataFigs.2and 3). The
values of p,, shown in Fig. 2c are measured at an excitation current of
~-1nAafterinjectingeach current pulse. We note that the current pulse
duration At =5 ms is much longer than the incubation period of the
SOT processinthe nanosecond timescale'”*°. 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 |/l ® 200 pAis sufficient for the
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Fig.3| QAH CEC switching through three-terminal measurements.

a, Schematics of chiral edge channels when the current flows from1to 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

0.50 -30 -15 0 15 30

P (b)andpy, 15 (c) onpyHat V= V,* and T =20 mK. d-f, Dependence of p,, ;3(0)
(red) and py4,5(0) (blue) on V, - I/gO at theinitial state (d), after the first switch
with /. 200 pA (e) and after the second switch with /.. = 200 pA (f) under
HoH,=+0.05T. The data shown are measured at zero magnetic field.

SOT magnetization switchingin Device A (w =5 pm). The correspond-
ing current pulse density /. is shown on the upper horizontal axis of
Fig.2c. Thecritical current density for SOT magnetization switching is
foundtobe~4 x10° A m?, whichis around the same order of magnitude
asthatinbulkinsulating TI-based films/heterostructures®2°?**but a
few orders of magnitude smaller than thatin heavy metal/ferromagnet
heterostructures”*,

Electrical switching of the QAH CEC throughboth

bulk and surface carriers

Next, we use the SOT effectinduced by both bulk and surface carriersin
magnetic TIsandwiches to realize the electrical switching of the edge
current chirality. We start with the C=1QAH state with right-handed
CEC as the initial state (Fig. 1a,d) and carry out four switchings of the
edge currentchirality in Device A (w = 5 pm) by changing the direction
of either uoH, or I, (Figs.2and 3, Extended Data Fig. 4 and Supplemen-
tary Table1). Before each switching, we tune V,so that|p,,(0)| = 0.27 h/€?,
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 /. = —200 pA under g,H, = +0.05 T, and p,,(0) is switched
fromaround+0.2789 h/e*to approximately —0.2321 h/e* indicating that
the majority of magnetizationis switched froma positive to anegative
direction (Fig. 2d). Under zero magnetic field, we use V, to tune the
chemical potential back to the magnetic exchange gap and find that
p,(0) displays a plateau with a negative quantized value of around
-0.9836 + 0.0019 h/€?, concomitant with p,,(0) = 0.0229 + 0.0006 h/€e*
at V, = V,° (Fig. 2d). After the first switching, the sample behaves as a
C=-1QAHinsulator with left-handed CEC (Fig.1b), whichis validated
by measuring the initial magnetization curves at V, = V,° (Fig. 2g).
For the second, third and fourth switchings, by changing the direc-
tion of either poH, or I, we find that p,,(0) = +0.9833 + 0.0018 h/e’
and p,(0) = 0.0163 + 0.0003 h/e? after the second switching,
p,(0) = —0.9953 + 0.0007 h/e* and p,,(0) = 0.0476 + 0.0006 h/e*
after the third switching, and p,,(0) = +0.9862 + 0.0009 h/e* and
P(0) = 0.0219 + 0.0007 h/e* after the fourth switching at V, = V,°
(Fig.2e,fand Extended DataFig. 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 V, = V/,° (Fig. 2h,iand Extended Data
Fig. 4b, respectively). For Device A, the SOT magnetization switch-
ing ratio at |p,,(0)| = 0.27 h/e* by applying |/,,.| = 200 pA under

HoH,=+0.05T 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 insulators”**. We note that the V,° values after each
switchingare notidentical, presumably due to the hysteretic ferroelec-
tric property of the SrTiO, substrate>* (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 p,, ;; and py, ;s on poH at
T=20mK and V, = V,°. At zero magnetic field, p,, ;; = h/e* and py, ;5= 0
for M >0, correspondingtoa C=1QAH insulator withright-handed CEC
(Fig.1a). For M< 0, p,, ;3= 0 and py, ;s = h/€*, corresponding toa C=-1
QAH insulator with left-handed CEC (Fig. 1b). Figure 3d-f shows the
dependence of p,,;; and p,, ;s under zero magnetic field [p,4,3(0) and
P1415(0), respectively] on V, - V,° at the initial QAH state and for the
QAHs states after the firstand second switches. At V, = V,°, py, 13(0) = h/€?
and py, ;5 (0) = 0 validate that both the initial state and the state after
the second switch are the C=1QAH insulator with right-handed CEC,
and p, 5(0) = 0 and py, ;5(0) = h/€? validate that the state after the first
switch is the C=-1QAH insulator with left-handed CEC. Therefore,
we establish that the QAH edge current chirality can be reproducibly
switched by theinjection of current pulses under anin-plane magnetic
field throughthe SOT effectinduced by both bulk and surface carriers
(Extended DataFigs.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 effectinduced by only surface carriers to switch the edge
current chirality. We apply a current pulse on magnetic TIsandwiches
at V, = V,° under an in-plane magnetic field (Fig. 4a) and investigate
whether or not the C=1QAH insulator can be switched to the C=-1
QAH insulator (Fig. 4b). For Device A, p,,(0) = +1.0005 + 0.0020 h/e*
and p,,(0) = 0.0220 + 0.0007 h/e*at V, = V,°, corresponding to the
right-handed CEC. By applying /e = —200 pA under uoH,=+0.05T
at V,=V,°, p,.(0) is found to be around -0.4552h/€” and p,,(0) is
~0.6166h/€?, suggesting that the device is tuned away from the
QAH regime. After the current pulse, we vary V, to tune the sam-
ple back into the QAH state with p,,(0) = ~1.0008 + 0.0011 h/e?
and p,.(0) = 0.0564 + 0.0006 h/e’ at V, = V,°, corresponding to the
left-handed CEC (Fig. 4c). We replicate this phenomenon in a QAH
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a, Schematic of the initial C=1QAH sandwich with fully aligned positive
magnetization. b, Schematic of the C=-1QAH sandwich heterostructure with
percolating negative magnetization after SOT switching at V, = V,°. The dark grey
areas depict the magnetic domains that fail to switch. Owing to the quantum
percolation property, the sample still shows a well-quantized C = -1 QAH effect.
¢, Dependence of p,,(0) on V, - V,° for Device A (w = 5 um) before (blue) and after
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(red) magnetization switching at V, = V,° with /,;. = =200 pA under yi,H, = +0.05 T
at T=20 mK. The V,° values are +49.5 V and +54.0 V before and after SOT
magnetization switching, respectively. d, Dependence of p,.(0) on V, - V,° for
Device B (w =2 pm) before (blue) and after (red) magnetization switching at

V, = V2 with /. = -100 pA under poH = +0.05 T at 7= 20 mK. The V,® values are
+50.0 Vand +52.0 V before and after SOT magnetization switching, respectively.

sandwich Hall bar device of width w = 2 pm (Device B; Extended Data
Figs.6-8).InDevice B, we use/, ;.. ~ ~100 pA due toits narrower width
(Extended DataFig. 9). Here, p,,(0) = +0.9999 + 0.0007 h/e*and around
-0.6005h/¢* before and after the switching process, respectively. By
tuning V,, p,,(0) = -0.9865 + 0.0009 h/e*at V, = V,°, concomitant with
0(0) =0.0072 £ 0.0002 h/€?, 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 TIsandwich is near the QAH regime.

We next discuss two possible origins for electrical switching of
the edge current chirality at V, = V,°. First, we find that the sample is
usually tuned away from the QAH regime after the injection of the
current pulseat V, = V,°, whichin turninduces anasymmetric potential
on two surfaces of the QAH samples®. After SOT switching, p,,(0) is
around-0.4552h/e? and —0.6005h/€* for Devices A and B, respectively
(Fig.4c,d).Both valuesindicate that the SOT induced by surface carri-
ers plays adominant role in magnetization and edge current chirality
switching’. Second, the current pulse of hundreds of microamperes
ismuchlarger than the breakdown current (tens to hundreds of nano-
amperes) of the QAH insulators?****, so the QAH state must have been
broken down after injecting the current pulse at V, = V,°, 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, creatinga 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 Tl sandwiches**

appears after each switching (Fig. 4b).

,awell-quantized QAH state

Spinsusceptibility ina QAH sandwich

As noted above, in QAH sandwiches, 75, can be generated by spin
polarization S from the ISGE of the surface and/or bulk carriers. The
ISGE induces Sisge ~ (2 x E) (refs.18,19,23,36) (Fig. 2a), which can be
evaluated from the response function y,, that connects spin polariza-

tiontoanelectricfield Ethrough S; = Zj)(yfjwith ij=x,y,z(Methods).

Here2is the unit vector along the zaxis. As the QAH insulators are bulk
insulating, the major mechanism s expected fromthe spin polarization
of the surface carriers (Supplementary Sections 2,11and 12)****”. Mag-
netic switching can be caused by the damping-like torque from S;s¢
via 750 156e « M X (M X 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 = (L, +L,)
(Fig. 5ainset) using a four-band Hamiltonian'**°

H (ky.~i0;) = (Do (2) — D10 + D2k} *) 00T
+Ag (kyoy — ke0y) T, — iBy0,00T,
+(=G10,2 + Gk 2) 0pTo + M (2) 0,7 + V(2) 0Ty,

Here the Paulimatrices 1, , actonthe orbital space and the Pauli matri-

ces 0. actonthe spin-1/2 space. k, k,and k, are the in-plane crystal
momenta. The parametersare takentobe D, = 6.86 eV A%, D,=44.5¢eV A?,
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Fig. 5| Theoretical calculations of x,, in the 3-4-3 QAH sandwich. a, Energy
spectrum for the 3-4-3 QAH sandwich heterostructure with M= 0.05 eV. The
colour scale represents the contribution xy,(ky, n, Ep = Ey,,) when the Fermi
surface crosses the nth band at k,. b, Spin response function y,, for the 3-4-3 QAH
sandwich heterostructure under different magnetization Mand chemical
potential E. The colour scale represents the final spin response function y,,/ef,
where fi=h/2m. ¢, Comparison of y,, from the two-surface-state model (Methods
and Supplementary Section 11) and the four-band Hamiltonian of the 3-4-3 QAH
sandwich heterostructure. The blue (red) lines are x,, from the top (bottom)
surface. Theblack line is the total of the two surfaces, and the black circles denote
points calculated from the 3-4-3 QAH sandwich model with M =0.05 eV,
corresponding to the grey vertical dashed linein b. Note that the vertical axisinb
and cis the chemical potential £;.

A,=333eVAandB,=2.26eVA.C,=-6eVA’and C,=30 eV A2areused
to tune the relative position of Dirac points and bulk valence bands.
M(z) is the magnetization from Cr doping and V(2) = V, x (z/L - 1/2) is
the asymmetric potential along the z direction with V,=0.05eV. The
QAH sandwich with magnetic dopants in the top and bottom surface
layers is modelled by

Do L]SZSLZ
Do (2) =
Do+ADy O<z<ljorly<z<lL
and
0 LISZSLZ
M@2) =
MO<z<ljorl,<z<lL

withD,=-0.28 eVand AD,= 0.26 eV. For the 3-4-3 QAH sandwich used
inthiswork, L, =3 nmand L, =7 nm (Fig. 5ainset).

Figure 5a shows the energy spectrum of the 3-4-3 QAH sandwich
atafixed magnetization M= 0.05 eV. The corresponding spinresponse
functiony,, as afunction of the magnetization Mand chemical poten-
tial £ is shown in Fig. 5b. For £ >-0.1eV, the carriers near £E; come
primarily from surface states. A non-zero x,, 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 E; = —0.15 eV, the chemical poten-
tial starts to cross the first bulk valence QW sub-bands, and one more
peak of x,, 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 statesis expected in this regime. By further lower-
ing the chemical potential to £ < -0.2 eV, the second bulk valence QW
sub-bands appear and their contribution to y,, has an opposite sign.
By comparing our theory and experiments, we conclude that surface
states giverisetoastrongcontributiontothe SOT, evenlarger thanthe

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

Tosummarize, 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, forexample, the interplay
between magnetism and topology, which may help to usher in the next
generation of quantum material-based computation and information
technology.

Online content
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Methods

MBE growth of QAH sandwich heterostructures

The 3-4-3 QAH sandwich heterostructures, specifically 3QL Cr-doped
(Bi,Sb),Te,/4QL (Bi,Sb),Te,/3QL Cr-doped (Bi,Sb),Te,, are fabricated
using acommercial MBE system (Lab10, Omicron) withabase pressure
lower than 2 x 107° mbar. In these QAH samples, the heavily Cr-doped
(Bi,Sb),Te; layer [thatis,x = 0.24 in (Bi,Sb),_Cr,Te;] isinatrivial insu-
lator regime, so the two non-trivial surface states are formed at the
interfaces between the middle undoped Tl layers and the surface
magnetic Tl layers'**'. Before the growth of the QAH samples, the
heat-treated insulating SrTiO,(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
ismaintained at-230 °C and the Bi/Sbratiois 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
Al,O;is deposited ontop of the QAH sandwich heterostructures using
anatomic 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 witha~3-nm-thick Al,O; capping
layer are patterned into Hall bar devices with a width w of ~1-10 um
using two-step electron-beamlithography. 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/Auelectrodes using electron-beam evaporation, the ~-3-nm-thick
Al O, layer is etched using CD26 alkaline developer. Finally, we use Ar
plasmatoetchthe QAH sandwichinto the Hallbar geometry. To avoid
the charging effect, we deposita~20-nm-thick layer of Auontop 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 avector magnet (Bluefors; 9-1-1T). The bottom
gate voltage V, is applied using a Keithley 2450 meter. The excitation
currents used in the PPMS (1.7 K) and dilution (-20 mK) measurements
are10 nA and 1 nA, respectively. The results reported here have been
reproduced inaround ten Hall bar devices with awidth from1to10 pm
using our PPMS and around five Hall bar devices withawidth from1to
5umusingour dilutionrefrigerator (Extended Data Figs.5and 10). The
current pulse with aduration of 5 ms, parallel to the in-plane magnetic
field, is applied using aKeithley 6221 source meter. The current pulse
density J,s used for magnetization switching is similar in all devices
of different widths. More transport results are shownin 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

¥ (2) = (zlkyNA) = V2/L sin Nriz/L [k, A),

where 1is the orbital and spin degrees of freedom; y/2/L sin Ntiz/L with
N as a positive integer satisfies the open boundary condition
Y(z=0)=¢(z=L)=0inthe zdirection of a thin film. For L =10 nm in
our QAH sandwiches, Nistruncated at N, = 30, whichis large enough
toreproduce the gapless Dirac surface states for M= 0 eV.

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

d?k,
Xx = Ehz'[ ZXyX(kH’n’EF)
n (2m)

_ _ﬂzf &k 2r2
4n 4 2

@y ((EF LB+ rz)

5 (kynl o, [kyn) (kyn |ox| kyn).

Here, £, ,and |k n) are the nth energies and eigenstates of Hamil-
tonian, respectively. v, is d,,His the velocity operator. The contribution
ontheFermisurfacesisdefinedas yy, (kxn,EF = Ek”,,)with ky = kyxtaken
as the typical point on the Fermi surfaces. The parameter I is the
self-energy broadening from disorder, where I'=0.03 eV is used. In
Supplementary Section 13, we also perform the numerical simulations
onthe Landau-Lifshitz-Gilbert equation to show the effects of 75 5¢¢
in the magnetization switch.

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

—Up(ky0, — ky0y) + Mo, + V/2 0
Hys = .

0 vp(ky 0y — ky0y) + Mo, — Vy/2

The first (second) diagonal block is the top (bottom) surface;
ve is the Fermi velocity, M is the magnetization and V, is the asym-
metric potential between two surfaces. In Fig. 5a, M= 0.041eV and
V,=0.032 eV arefitted fromthe surface-state spectrum of £, > -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 magneticfieldsinDevice A. a, Current pulse /.. dependence of p,,
under different p,H, at T=20 mK. The corresponding current pulse density

Jouise is sShown on the upper horizontal axis. The hysteresis loops reflect the
reversal of magnetization direction. All these SOT switching measurements

aredoneatp,, - 0.27 h/e’. The data curves are vertically shifted for clarity.

b, u,H, dependence of the Hall resistance change Ap,, at T=20 mK. Ap,, is
maximized near p,H, =+0.05 T, so we choose [l H,| = 0.05 T for the SOT-induced
magnetization switching in Device A.
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Extended Data Fig. 3| More magneto-transport properties of Device A. a, 1 H
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T=20 mK. After SOT-induced switching, p,,(0) is - -0.225 h/e>. After applying
WoH - 0.5 T to align the magnetization, p,,(0) - 0.268 h/e”. Therefore, the SOT
magnetization switching ratio at p,,(0) - 0.27 h/e* by applying |/,,l~200 pA
under poH, =+0.05Tis ~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
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after magnetic training. When the sample magnetization is fully aligned, the
negligible p,, difference suggests the gating effectinduced by the injection of
Iouise is much weaker when the SOT switching is done at p,,(0)| ~0.27 h/e*. The

red dashed curve corresponds to the initial magnetization process after SOT
switching. b, poH, dependence of p,, at T=20 mK when the sample is tuned to
p,(0) ~0.27 h/e*. We find that the anisotropy field K is ~0.7 T and thus the sample
magnetization almost points upward and downward under [p,H,| = 0.05T.

Nature Materials


http://www.nature.com/naturematerials

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

T T T T T T T T T T T T T
a C = 1 QAH with right-handed CEC T - R —
s
N i
Q . i
= 4th switch Device A Device A
5 S
S or B
Q05+ - é
S o
= T =20mK
[oR Vg=Vg0
uoH,= 0.05T, I, = -200 pA wyH =0T P ) ]
0o~
" 1 " 1 " 1 " 1 1 1 "
-50 -25 0 25 50 -0.50 025 000 025 050
Vg - Vo HoH (T)
005 N T T T T T T T T T T
= (o3 1 1 1 Device A
= 000 f-mm e ]
T
o
=1
005 I I I I I .
T T T T T
— 200 |
<
=
A
\g' -200 +
1k
O 0
1k

Switching time

Extended Data Fig. 4 | Electrical switching of edge current chirality in
Device A through bulk and surface carriers generated SOT. a, Gate (V, - V,°)
dependence of p,,(0) (blue) and p,,(0) (red) of the QAH insulator after the
fourth switch with /. - =200 pA under poH, = —-0.05 T. The SOT switching is

magnetization process after the SOT switching. ¢, Summary of all four switches
of CEC chirality at 7=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

doneatp,,(0) - -0.27 h/e’and T =20 mK. b, p,H dependence of p,,at V, = V,* and
T=20 mK after the fourth switch. The red dashed curve corresponds to the initial

(Supplementary Figs.11and 12). Therefore, the reversed magnetization should
beindependent of the number of switching times.
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after the first (b) and second (c) switches. d, p,H dependence of p,, (blue) and
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b, Temperature dependence of p,,(0) (blue squares) and p,,(0) (red circles) at p,and p,, measured at different temperatures and V, = V,°.
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Extended Data Fig. 7 | Electrical switching of edge current chirality in
Device B throughbulk and surface carriers generated SOT. a-c, Gate (V,~ V/,*)
dependence of p,,(0) (blue) and p,.(0) (red) of the QAH insulator with the right-
handed CEC (that s the initial state) (a), after the first switch with /. ~ -100

pA (b) and the second switch with /. ~ 100 pA (c) under p,H, - +0.05 T. Both
SOT switchesare doneat|p,,(0)|~0.27 h/€*and T=20 mK.d, p,H dependence
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of p,, (blue) and p,, (red) at V, = V,° and T =20 mK.e, f, u,H dependence of p,, at
V,=V,”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. V,°s are
+1.0V,+22.5V,and +35.5 V for the initial state, after 1 switch, and after 2" switch,
respectively.
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Extended Data Fig. 8 | More magneto-transport properties of Device B after
SOT switching. a-d, 1,H dependence of p,, without tuning V; after SOT switching
atp,,(0) - 0.185 h/€*(a),-0.275 h/e’ (b), ~0.625 h/e* (c), and -0.999 + 0.001 h/€* (d),
respectively. After SOT-induced switching, the corresponding p,,(0) is

~-0.142 h/é*(a), - —0.240 h/e* (b), - —0.489 h/e* (c), and - —0.620 h/e* (d),
respectively. After applying poH ~ 0.5 T to align the magnetization, p,,(0)
becomes-~0.184 h/e?*(a),-0.277 h/e* (b), ~0.523 h/e*(c), and ~0.653 h/e* (d),
respectively. The red dashed curve corresponds to the initial magnetization
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process after each switch. e-g, Threeratios pj,(0)/p3, (0, trained) (e), p;X(O)/p)‘?X
0) (), pyax (0, trained)/ pj'jx(O) (g) asafunction ofpyx"(o), where the SOT switching
is done. p,,°(0): the zero magnetic field Hall resistance before SOT switching.
p,x"(0): the zero magnetic field Hall resistance after SOT switching. p§, (0,
trained): the zero magnetic field Hall resistance after SOT switching and

HoH - 0.5 T training. All measurements are taken at 7= 20 mK. For the SOT
switching done near the QAH regime, the p;X(O)/p},’X(O) ratio cannot be used to
estimate the magnetization switching ratio since p,, < Mbecomesinvalid.
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Extended Data Fig. 9| SOT-induced magnetization switching under doneatp,, - 0.27 h/e’. The data curvesin (b) are vertically shifted for clarity.
differentin-plane magneticfieldsin Device B (w = 2 pm). a, Current pulse ¢, WoH, dependence of the Hall resistance change Ap,, at T=20 mK. Ap,, is
I,use dependence of p, under pH, = +0.05 T (top) and pH, =-0.05 T (bottom) maximized near p,H, =+0.05 T, so we chose | H,| = 0.05 T for the SOT-induced
at T=20 mK.b, /.. dependence of p,, under different p,H, at T=20 mK. The magnetization switching in Device B. We find that the optimal p,H, for the SOT-
corresponding current pulse density/,, in (@) and (b) is shown on the upper induced magnetization switching is independent of the width of the QAH Hall bar
horizontal axis. All these SOT switching measurementsin (a) and (b) are device.
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Extended Data Fig. 10 | Electrical switching of edge current chirality in (w=2pum) (d), Device F (w=1um) (e), and Device G (w =1 pum) (f), respectively.
more QAHinsulator devicesat T = 2 K. a-f, Gate (V, - Vgo) dependence of The SOT-induced magnetization switching is all done at p,,(0) ~ 0.155 h/e*and
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