Giant spin Hall effect in AB-stacked MoTe2/WSe: bilayers
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The spin Hall effect (SHE), in which electrical current generates transverse spin current,
plays an important role in spintronics for the generation and manipulation of spin-
polarized electrons 7. The phenomenon originates from spin-orbit coupling. In general,
stronger spin-orbit coupling favors larger SHEs but shorter spin relaxation times and
diffusion lengths 7. To achieve both large SHEs and long-range spin transport in a single
material has remained a challenge. Here we demonstrate a giant intrinsic SHE in AB-
stacked MoTe>/WSe; moiré bilayers by direct magneto optical imaging. Under moderate
electrical currents with density < 1 A/m, we observe spin accumulation on transverse
sample edges that nearly saturates the spin density. We also demonstrate long-range spin
Hall transport and efficient non-local spin accumulation limited only by the device size
(about 10 pm). The gate dependence shows that the giant SHE occurs only near the Chern
insulating state, and at low temperatures, it emerges after the quantum anomalous Hall
breakdown. Our results demonstrate moiré engineering of Berry curvature and large SHEs
for potential spintronics applications.

Main

The spin Hall effect has two distinct mechanisms, intrinsic and extrinsic, in a material ’. The
intrinsic effect is caused by spin-orbit coupling in the material’s electronic band structure,
whereas the extrinsic effect is caused by spin-orbit coupling between electrons and impurities
through scattering. Materials with large intrinsic SHEs are sought after for spintronics
applications *”. The intrinsic spin Hall conductivity is directly related to the spin-dependent
Berry curvature, which acts like a magnetic field in momentum space. Particularly, monolayer
transition metal dichalcogenides (TMDs) with strong Ising spin-orbit coupling exhibit opposite
Berry curvature at the K and K’ valleys, which is also spin dependent due to spin-momentum
locking #!2. The non-zero Berry curvature has manifested a valley and spin Hall effect in doped
monolayer TMD semiconductors '*'4, But the effect is weak because Berry curvature spreads
over large momentum space near the K (K’) point in the case of large band gaps. Tailoring the
electronic band structure by forming moiré heterostructures, specifically creating gapped band



crossings with small gaps near the Fermi level, opens a new route to generate Berry curvature
hotspots and large SHEs 329,

Moiré¢ materials are a highly tunable electronic system, in which rich quantum phenomena from
the effects of strong electronic correlations and nontrivial band topology have been realized '6-2°.
One such example is AB-stacked (60-degree-aligned) MoTe>/WSe> moiré bilayers. The TMD
bilayers form a triangular moiré lattice. But the Wannier orbitals of the topmost MoTe; and
WSe> moiré valence states are centered at two different sublattice sites and form an effective
honeycomb lattice 2'-2*. The low-energy physics can be mapped to the Kane-Mele model 2+2°
with interlayer (nearest-neighbor) hopping, complex intralayer (next-neighbor) hopping, and a
sublattice potential difference that is continuously tunable by an out-of-plane electric field 2!~
23,2629 The electric field can induce moiré band inversion and topological bands %!, Recent
experiments have shown that at filling factor v = 1 of the moiré unit cell, electron-electron
interactions can further induce ferromagnetic instability and a Chern insulator 3! with spin
degeneracy spontaneously lifted in each TMD layer *2. In addition, long spin relaxation time (> 8
us) near v = 1, presumably also from the strong electron-electron interactions, has been
observed in related TMD moiré bilayers 3* (independent of the Chern state). These results
suggest a unique opportunity to realize both strong SHEs and long-range spin transport in moiré
bilayers.

The spin Hall effect
We fabricate dual-gated field-effect devices of AB-stacked MoTe,/WSe: bilayers. Figure 1b

shows an optical image of a typical device. The device channel is shaped into Hall bar geometry
for simultaneous electrical transport and magneto optical imaging studies (Fig. 1a). The channel
has typical width and length of 3 and 9 um, respectively, and is defined by the top gate and the
contact electrodes. The top and bottom gate voltages (Vi and V) independently control the hole
filling factor v in the moiré bilayer and the out-of-plane electric field £ across it. To detect the
SHE, we employ magnetic circular dichroism (MCD) imaging at 730 nm, which is on resonance
with the fundamental intralayer exciton of the WSe> layer. The MCD is proportional to the spin
and valley polarization of the WSe; layer and is used to characterize the spin density ng in the
bilayer **33. More details on device fabrication and measurements are provided in Methods.

Figure 1c shows the four-terminal longitudinal resistance R,, as a function of the two gate
voltages at temperature T = 1.6 K. The arrows label the electric field and filling factor axes. At
fixed filling factor v = 1 (black dashed line), for small electric fields, the system is a charge-
transfer insulator with divergent R, at low temperatures. For intermediate electric fields, the
system is a Chern insulator with small R, (denoted by a dashed circle). It supports an intrinsic
quantum anomalous Hall (QAH) effect (Extended Data Fig. 1), where the Hall resistance Ry, is
quantized and the longitudinal resistance vanishes at small magnetic fields. Both quantities
exhibit magnetic hysteresis. The MCD is correlated with the transport characteristics, and also



exhibits a spontaneous signal and magnetic hysteresis. These results are consistent with earlier
studies 3!.

Figure 1d shows the MCD image of the device at 1.6 K, zero magnetic field and zero bias. The
gate voltages are parked in the middle of the Chern insulator state. Positive MCD (or negative
MCD if the spins are polarized in the opposite direction) is observed throughout the channel. The
spatial variations in the MCD magnitude reflect inhomogeneous magnetization in the bilayer !5,
which may arise from strain and/or twist angle disorders *¢ (see Extended Data Fig. 2 for further
characterization of the sample inhomogeneity). At 6 K, MCD vanishes (see Extended Data Fig. 3
for images at intermediate temperatures). This is consistent with the reported ferromagnetic
ordering temperature T, ~ 5 K of the Chern insulator state *'*>. However, when the device is
biased at 3.3 pA along the long axis, we observe MCD of opposite signs on two edges of the
channel and zero MCD in the middle of the channel. MCD on the two edges switches sign when

the bias current is reversed (Extended Data Fig. 4).

The observed effect above T, is consistent with the SHE (Fig. 1a). The electrical current with
density J along the long axis drives a transverse spin current with density J; along the short axis
of the Hall bar, which pumps opposite spins onto the two edges. Under steady-state conditions,
spin pumping is balanced by spin relaxations. This results in spin accumulation on the edges with
a characteristic decay length [, into the bulk that is governed by spin diffusion 2*7. In Fig. 1d,
however, we do not observe any clear decay of the MCD from the edges. The channel is nearly
divided into two large domains of opposite spins. This suggests that spin diffusion is limited by
the channel width (see below).

Below we fix the gate voltages in the middle of the Chern state and characterize the SHE above
T, and the interplay between the SHE and QAH below T,.. We then study the gate dependence of
the SHE to explore its origin. In the latter, we employ measurement geometry shown in the lower
panel of Fig. la to increase the device length for long-range spin Hall transport. Here the
electrical current is biased along the short axis and the spin current is driven along the long axis
of the Hall bar. Unless otherwise specified, the magnetic field is fixed at zero.

Interplay between the SHE and QAH
Figure 2a shows the MCD images at representative currents biased along the long axis of the

device at 6 K (see Extended Data Fig. 5 for images with currents biased along the short axis).
The MCD amplitude increases monotonically with the current. Figure 2¢ (top panel) summarizes
the current dependence of MCD at two edges, P1 and P2, as denoted in Fig. 2a. The response is
linear for small currents and saturates above about 1 pA (corresponding to a density of 0.3 A/m).
The saturation MCD is comparable to that measured at zero bias under high magnetic fields
(Extended Data Fig. 6), where the gate-doped holes are almost fully spin-polarized. The
observed SHE is thus highly efficient; with moderate currents it nearly saturates the spin density
in the sample. In comparison, the SHE-induced edge magnetization reported in conventional



semiconductors is orders of magnitude smaller than the saturation value >*!3!%37 The SHE in
moiré bilayers also has weak temperature dependence (Fig. 2d). The study is performed up to 18
K because the exciton resonance that is used to probe the MCD remains temperature
independent.

Next, we study the bias dependent MCD images at 1.6 K, at which the Chern insulator emerges
(Fig. 2b). As the current increases, a small domain of negative MCD first appears near the top
right corner of the image and grows gradually in size. Eventually, the sample is split into two
large domains of opposite magnetizations on each side of the current (Supplementary MCD
movies). The resulting MCD image is nearly identical to that at 6 K under high bias, and is
independent of the spontaneous magnetization direction (Extended Data Fig. 4). The high-bias
MCD at 1.6 K is consistent with the SHE-induced spin accumulation discussed above.

Figure 2¢ summarizes the bias dependence of MCD at P; and P> and the device transport
characteristics at 1.6 K. When the current reaches about 0.5 uA, the MCD at one of the edges
(P1) changes sign. Concurrently, the spontaneous Hall response diminishes and the longitudinal
resistance increases substantially, indicating a QAH breakdown. The QAH breakdown
corresponds to the termination of edge-dominant transport and the onset of bulk transport. The
SHE, manifested in spin accumulation and MCD sign change at P;, becomes relevant only
beyond the QAH breakdown.

The bias dependent MCD at 1.6 K consists of two contributions, the spontaneous magnetization
of the Chern insulator and the spin accumulation from the SHE. In Fig. 2e, we extract the
spontaneous magnetization contribution as the difference between MCD at 1.6 K and 6 K
because MCD at 6 K is purely from the SHE, which is weakly temperature dependent. This
analysis is further justified by the nearly identical high-bias MCD images at 1.6 K and 6 K (Fig.
2a,b and Supplementary MCD movies). The spontaneous magnetization is quenched above ~
0.5 uA, which agrees with the QAH breakdown observed in transport studies (Fig. 2c). The
relevance of QAH breakdowns is further supported by the magnetic field dependent breakdown
current (Extended Data Fig. 7). A higher current is required for QAH breakdown since the out-
of-plane magnetic field helps to stabilize the QAH effect.

Gate dependence
We examine the gate dependence of the SHE to further elucidate its relationship with the Chern

insulating state. We scan Vy, with Vi, fixed at -4.692V. Figure 3a shows the MCD images at
representative filling factors at 1.6 K. The bias current is 2.6 pA so that the system is far beyond
the QAH breakdown (Extended Data Fig. 5). We bias the device along the short axis near one
end of the Hall bar to increase the spin transport length. The current is confined to a small region
near the tip of the electrodes. Opposite magnetizations are observed on two sides of the current.
The current path, identified from zero MCD, deviates from a straight line due to sample
inhomogeneities. (Extended Data Fig. 8 shows more MCD images for current biased with



different electrode pairs.) Overall, the current-induced magnetization is the strongest atv = 1
and drops sharply both above and below v = 1. At the same time, the induced magnetization
spreads the furthest from the source at v = 1.

We analyze the MCD, or equivalently, the spin density ng to the right of the current. Figure 3b
illustrates a line profile of MCD along the grey line in Fig. 3a. The spin density arises from the
source (vertical dashed lines), peaks in the middle, and vanishes at the end of the channel
because of the presence of an end electrode (Fig. 1b). A similar behavior is observed for the spin
density to the left of the source. We illustrate the filling dependence of the spin density at two
representative locations, P3 and P4, in Fig. 3d. Spin accumulation is sharply peaked around v = 1
at P4 which is 6 pm away from the source. In contrast, closer to the source at P3, the distribution
is wider; in addition to the peak around v = 1, a second weaker peak is also observed around
v =12

We extract the steady-state spin current density, J;, from the measured spin density by using the

o . D . : . . :
continuity equation, a—f + ? = 0. Here x is the propagation distance of the spin current, and t, is
N

the spin relaxation time. We numerically integrate the MCD line profile with the boundary
condition that ] vanishes at the right end of the device. The spin current density is normalized to
1 at the source (Fig. 3c¢). It decays towards the right end of the device. Deviations from smooth
monotonic decay are likely effects of sample inhomogeneity.

Figure 3e illustrates the filling dependence of the spin Hall conductivity agy (that is, the spin
current density per unit bias electric field). We characterize ggy using J¢ at the source normalized
by the sample resistance because in the measurement the current is kept constant for different
filling factors, and the bias electric field is proportional to the sample resistance. The spin Hall
conductivity is peaked around v = 1 with a second weaker peak around v = 1.2. We also use the
width at half-maximum of the J; line profile to characterize the spin transport distance (Fig. 3f).
The width increases sharply with filling factor, peaks around v = 1, and gradually decreases for
v > 1. The maximum width (~ 5 pm) is comparable to the channel length (~ 9 um) and is
therefore an underestimate of the spin diffusion length I (see Methods for modeling of spin
diffusion in a rectangular slab and Extended Data Fig. 9). Future studies using a longer and more
homogeneous device channel are required to determine /g near v = 1.

Discussions and conclusions
We have observed a giant SHE in AB-stacked MoTe2/WSe> moiré¢ bilayers by direct MCD

imaging. In contrast to conventional semiconductors, the SHE-induced magnetization in TMD
moiré bilayers can nearly saturate the spin density for moderate bias currents. The effect is
dominated by the intrinsic Berry curvature contribution. This is supported by both the weak
temperature dependence of the effect (Fig. 2d) and the significantly enhanced ogy atv =1,
where a Chern insulator emerges. The Berry curvature hotspots are expected from interaction-



driven gap opening at v = 1 (Ref. 2!*"). Secondary Berry curvature hotspots are also possible,
which could explain the observed smaller enhancement of ogy near v = 1.2. But further
investigations are required to verify it. The large SHE-induced magnetization at v = 1 in the
steady state is also enabled by the long spin relaxation time (and spin diffusion length). We have
observed spin diffusion over several um’s, which is limited by the device channel length. Our
results highlight the potential of moiré engineering for creating Berry curvature hotspots. The
demonstration of giant SHEs in the same material platform as many reported exotic quantum
many-body phenomena opens exciting opportunities for gate-defined lateral heterostructure
quantum devices.

Methods

Device fabrication

We fabricated AB-stacked MoTe2/WSe; Hall bar devices using the layer-by-layer dry transfer
method 3%, In short, we first exfoliated the bulk crystals onto Si substrates to obtain MoTe, and
WSe, monolayers and few-layer hexagonal boron nitride (hBN) and graphite. The crystal
orientations of the MoTe> and WSe, monolayers were determined by angle-resolved optical
second-harmonic generation spectroscopy before stacking. The constitute layers were then
picked up sequentially using a polycarbonate (PC) stamp to realize the dual-gated device, in
which the TMD bilayers are encapsulated between hBN and graphite top and bottom gates 3'.
We used a relatively thin (approximately 5 nm) hBN layer for the top gate to support a large out-
of-plane electric field. We used 5-nm-thick Pt as metal electrodes for better electrical contacts to
the sample while keeping the strain effects minimal. Two different devices were examined in this
study; the results are reproducible.

Electrical transport measurements

Both the electrical transport measurements and optical imaging were performed in a closed-cycle
“He cryostat (attoDRY 2100) equipped with a 9 T superconducting magnet. The base
temperature is about 1.6 K. We applied the low-frequency (17.717 Hz) lock-in techniques to
measure the sample resistances. For zero DC bias, a small AC bias of 0.7 mV was applied to
obtain the longitudinal resistance in Fig. 1c; the resultant AC current was kept under 20 nA to
avoid heating and high bias effects. For transport under a DC bias, a function generator and
dividers (100:2 and 100:3) were used to superpose a small AC current on the DC current. The
AC current was kept below 5 nA. After a low-noise current preamplifier (Stanford Research
SR570), the DC component of the current was measured by a multimeter (Keithley 2000) and the
AC component was measured by a lock-in amplifier to yield the differential resistances.

MCD imaging
A light-emitting diode (LED, Thorlabs M730L5) with nominal wavelength at 730 nm was used
as the illumination source. Two tunable bandpass filters were used to further engineer the light



spectrum to be centered at the A exciton resonance of WSe; with 3-nm full-width-half-
maximum. A Glan-Taylor polarizer and a broadband quarter-wave plate were combined to
change the light helicity between the left and right circular polarization. A low-temperature
objective of numerical aperture 0.8 was used to focus light on the sample. The incident light
intensity on sample was kept below 1 nW/um? to minimize the heating effect on the sample. The
reflected light was collected by the same objective and sent to a 2D electron-multiplying charge-

coupled device (Princeton Instruments, ProEM 512 x 512) for imaging. The typical integration
I——It
I=+I*

time for an image was 0.5 s. The MCD ( ) was determined as the relative intensity

difference between the image of left (I*) and right (I7) circularly polarized light. A background
MCD signal of about 0.3% was present in the setup. It arises from polarization imperfections of
the optics such as the beam splitter and objective. We used the MCD image of the sample in the
heavily hole-doped regime, in which the sample spectrum is featureless, as the background and
subtracted it from all MCD images.

Spin continuity equation and spin current
In the moiré bilayers investigated here, the spin diffusion model is valid (the spin relaxation time

far exceeds the momentum relaxation time). We model our device as a rectangular slab with
width W and length L as shown in Extended Data Fig. 9a. The electrical current is applied along
the y-direction in the middle of the device; the dark blue dots mark the current ejection/extraction
points. The spin current is driven along the x-direction. The origin of the coordinates is set at the
center of the slab. Following Ref. *°, we solve the damped diffusion equation with the
appropriate boundary conditions to obtain an analytical expression for the steady-state spin
density ng(x,y):

+odKk  ikx cosh [w(k)y]

Ns Cx, }/)"’ f—OO 21 € w(k) coth [kW /2] sinh[w (k)W /2]+ k tan2 8y cosh[w (k)W /2]

The solution is expressed in terms of inverse Fourier transforms. Here parameter w(k) =

\ k? + 152 depends on the spin diffusion length [g; 8 denotes the Hall angle and tan (8y) is the
ratio of the spin Hall conductivity and the ordinary longitudinal charge conductivity. The spin

current density /¢ can be obtained from the spin density profile using the spin continuity equation

s 4 OMs = _ s 1 the steady state, the spin pumping rate balances the spin decay rate so that

5 at Tg

] . . . d . .

% = 0. The spin continuity equation becomes a—i: + % = 0. The spin current density J; can
N

therefore be obtained by integrating n,(x) at a fixed y and requiring that J; vanishes at the
boundary of the channel.

We plot the spin density profile at y = 0 for different sample geometries and spin diffusion
lengths in Extended Data Fig. 9b-d. A Hall angle 8= m/6 is used. With increasing sample length
L, the spin density ng appears more localized near the source and the spin current /3 becomes
more distinguishable for different diffusion lengths. The sample geometry in the experiment is



closest to the case of W =3 um,L = 9 um in Extended Data Fig. 9c, which qualitatively
reproduces the experimental results in Fig. 3.
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Figure 1 | Direct observation of the spin Hall effect. a, Schematic illustration for the local
(top) and non-local (bottom) spin Hall measurements. Top, Bias current along the x-axis induces
a spin Hall current along the y-axis. Bottom, Bias current between a pair of local Hall probes
along the y-axis induces a spin Hall current along x-axis, enabling non-local spin Hall transport.
b, Optical microscope image of multi-terminal Hall bar device. The scale bar represents 5 um. c,
Dependence of the longitudinal resistance Ry, on the top and bottom gate voltages (V4 and V).
The arrows label the filling factor v and electric field E axes. The white dashed line encircles the
QAH region at v =1. d, MCD images taken at the center of QAH region (V;;=-4.693V,
Vpg=3.528V) at 1.6K with zero bias current (left panel), 6K with zero bias current (middle panel)
and 6K with bias current equals 3.3uA. Black dashed lines mark the sample boundaries and

arrows show the bias current direction.
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Figure 2 | Giant spin accumulation and QAH breakdown. a,b, Bias current- dependent MCD
images at 6 K (a) and 1.6 K (b) taken at the center of the QAH region (V;;=-4.693V,
Vpg=3.528V). Black dashed lines mark the sample boundaries and arrows show the bias current
direction; and P1 and P2 mark the edge locations for the data in Fig. 2. Zero-bias spontaneous
MCD is observed only at 1.6 K. The high-bias MCD images, which consist of two domains, are
nearly identical for 1.6 K and 6 K. ¢, Bias current dependence of edge MCD from P1 and P2 at
1.6 K and 6 K (top) and R,, and Ry, at 1.6 K (bottom). A QAH breakdown is observed near

0.5 pA at 1.6 K (the horizontal dashed line marks the resistance quantum). Concurrently, the



MCD at P1 switches sign at the QAH breakdown while that at P2 increases gradually and
saturates. No QAH breakdown is observed at 6 K; the MCD on both edges increase
monotonically and saturates at high bias. d, Temperature dependence of MCD at high bias
(3.3 pA) for both P1 and P2. The MCD is nearly saturated and independent of temperature at this
bias current. e, Difference in edge MCD (AMCD) between 1.6 K and 6 K as a function of bias
current. The AMCD signal reflects the spontaneous magnetization for the QAH state, which
vanishes beyond the QAH breakdown.
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Figure 3 | Doping dependent non-local spin Hall transport. a, Filling factor dependent MCD
images at a high bias current of 2.6 nA (beyond the QAH breakdown at 1.6 K) in the non-local
measurement geometry. Black dashed lines mark the sample boundaries and the arrow shows the
bias current direction. b,c, MCD line profile (b) and the corresponding spin Hall current density
(¢) at varying filling factors (taken at the grey line in a). J; is normalized at the current path
centerline at 3um (vertical dashed line). Non-local spin Hall transport and spin accumulation far
away from the current path centerline are the most significant at v =1. d, Filling factor
dependence of the local and non-local MCD extracted at P3 and P4 marked in (a). The non-local
MCD is greatly enhanced at v = 1 compared to the local MCD, where a local peak near v = 1.2
is also observed. e, Spin current /¢ at the current path centerline 3um as a function of filling
factors. J; is normalized to the resistance at each filling factor. f, Half-width half-maximum of
the /¢ line profile as a function of filling factors at 1.6 K. Enhancement of the half-width is
clearly observed at v = 1.
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Extended Data Figure 1 | Basic characterization for the Chern insulator. a, Magnetic-field
dependence of R, and Ry,, at 1.6 K for the Chern insulating state (V;4=-4.693V, V},;,=3.528V).
Nearly quantized R,,, and vanishing R, are observed at magnetic fields higher than 0.2 T. b,
The corresponding magnetic-field dependent MCD. A hysteresis is observed, consistent with the
transport results and with the emergence of a ferromagnetic state.
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Extended Data Figure 2 | Zero-bias MCD images at varying fillings and electric fields. a, b,
Zero-bias spontaneous MCD images at varying filling factors and fixed E = 0.628 V/nm (a) and
at varying electric fields and fixed v = 1 (b). Temperature is at 1.6 K. Black dashed lines mark
the sample boundaries. Strongest MCD is observed at the Chern insulating state (v = 1 and E =
0.633 V/nm); the MCD signal decreases with detuned v and E. MCD inhomogeneity originating

from strain and/or twist angle disorders is also observed.
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Extended Data Figure 3 | Temperature dependent spontaneous MCD. Zero-bias spontaneous
MCD images at varying temperatures for the Chern insulating state (V;=-4.693V, V},,=3.528V).

Spontaneous MCD is observed below about 5 K. Black dashed lines mark the sample
boundaries.



MCD (mrad)

24 0 24
a | |
-0.5 pA -0.7 pA 0.9 uA -1.2 uA
3 ] 3 o - e o - =
€
26
> - T - - -
o r o - 3 3 £
3 6 9 3 6 9 3 6 9 3 6 9 3 6 9
X (um) X (um) X (um) X (um) X (Um)
MCD (mrad)
24 0 24
b [ |
0.0 A 0.7 uA 0.8 yA 1.0 yA 1.9 uA
N e ¥ Fi_w -
£ ! -
26 ]
> |- . 1 —-. = - i - y ol _
. : ’ '
o + 4 3 r
3 6 9 3 6 9 3 6 9 3 6 9 3 6 9
X (Hm) X (Hm) X (Hm) X (Hm) X (Hm)

Extended Data Figure 4 | Dependence of the SHE on the directions of bias current and
spontaneous magnetization. a, MCD images at 1.6 K under reversed bias current compared to
Fig. 2b. Positive spontaneous MCD is prepared at zero bias. The current-induced edge MCD has
opposite signs compared to Fig. 2b, consistent with the bulk SHE beyond QAH breakdown. b,
MCD images at 1.6 K with spontanecous MCD opposite to that in Fig. 2b. The same current-
induced MCD images are observed at high bias, demonstrating that the SHE is independent of
the spontaneous magnetization direction.
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Extended Data Figure 5 | SHE with currents biased along the short axis. MCD images at 6 K
(a) and 1.6 K (b) under varying bias currents. The bias current is along the short axis near one
end of the Hall bar. The current is confined to a small region near the tip of the electrodes.
Opposite magnetizations are observed on two sides of the current and the magnitude increases
with increasing bias current. The current path, identified from zero MCD, deviates from a
straight line due to sample inhomogeneities. Spontaneous MCD is also observed at 1.6 K under
zero bias. The spontaneous MCD is quenched beyond the QAH breakdown. The 1.6 K and 6 K
MCD images are nearly identical under high bias.
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Extended Data Figure 6 | Giant spin accumulation at high bias. a, Bias current-dependent
edge MCD at 1.6 K for the Chern insulating state (at P1 in Fig. 2a). A QAH breakdown is
observed near 0.5 pA, where the MCD switches sign. b, The corresponding magnetic field
dependent zero-bias MCD at the same sample location. We can see that the current-induced
MCD at high bias (a) is as strong as the zero-bias MCD near magnetic saturation at 0.5 T (b).
The results demonstrate the giant spin accumulation on sample edges due to the SHE.
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Extended Data Figure 7 | Magnetic field dependent QAH breakdown. a, b, Dependence of
R.x (a) and R,,, (b) on the bias current and magnetic field at 1.6 K for the Chern insulating state.
QAH breakdown is signified by rapid changes in both R,, and R,, (the dashed lines). The
critical current for the QAH breakdown increases with magnetic field. ¢, Corresponding bias
current-dependent edge MCD (at P1 in Fig. 2a) at representative magnetic fields. The MCD
switches sign at the QAH breakdown critical current, which increases with magnetic field,
consistent with the transport results.
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Extended Data Figure 8 | SHE with different bias current path. MCD images at 1.6 K and
v = 1 using different pairs of Hall probes as the source (S) and drain (D). The bias current is
shown in each panel. Black dashed lines mark the sample boundaries; and arrows show the bias
current direction. Due to the SHE, the sample is split into two domains of opposite MCD
according to the bias current path. The current path centerline, where the MCD is zero, deviates

from a straight line connecting S and D due to sample inhomogeneity.
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Extended Data Figure 9 | Steady state drift-diffusion model in non-local geometry. a,
Schematic sample geometry with half-length L and width W. The coordinate system is set up
such that the sample center is at the origin. Current ejection/extraction points are marked by dark
blue disks atx =0, y = +W /2. b, ¢, d, Spin density ny and spin current density J profile at
y = 0 for representative spin diffusion lengths with sample geometry L = 3um (b), 9um (c¢),
30um (d) and fixed W = 3um. A Hall angle of /6 is used in all cases. With increasing L, the
spin density becomes more localized around the current centerline and the spin current density
J shows stronger dependence on the spin diffusion length.



