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Magnetoelectric Control of Helical Light Emission in a Moiré Chern Magnet
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Magnetoelectric effects and their coupling to light helicity are important for both fundamental science
and applications in sensing, communication, and data storage. Traditional approaches require complex
device architectures, involving separate spin-injection, ferromagnetic, and optically active layers. Recently,
the emergence of 2D semiconductor moiré superlattices with flat Chern bands and strong light-matter
interactions has established a simple yet powerful platform for exploring the coupling between photon,
electron, and spin degrees of freedom. Here, we report efficient current control of spontaneous
ferromagnetism and associated helicity of light emission in moiré MoTe, bilayer—a system which hosts
a rich variety of topological phases, including newly discovered zero-field fractional Chern insulators. We
show that the current control is effective over a wide range of doping of the first moiré Chern band,
implying the uniformity of the Berry curvature distribution over the flat band. By setting the system into the
anomalous Hall metal phase, a current as small as 10 nA is sufficient to switch the magnetic order, a
substantial improvement over both conventional spin-torque architectures and other moiré systems. The
realized current control of ferromagnetism leads to continuous tuning of trion photoluminescence helicity
from left to right circular via spin-valley Hall torque at zero magnetic field. Our results pave the way for

topological optospintronics based on semiconductors with synthetic flat Chern bands.

DOI: 10.1103/ds5p-763x

I. INTRODUCTION

Moiré superlattice engineering has been proven to be an
effective approach for creating new phases of matter with
exotic physical properties [1-3]. A striking example is the
recent discovery of the fractional quantum anomalous
Hall (FQAH) effect in twisted MoTe, bilayer [4-10]
(tMoTe,) and rthombohedral-stacked multilayer graphene,
[11] realizing long-sought zero-field fractional Chern
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insulators. [12—18] Besides hosting the FQAH effect, the
semiconducting transition-metal-dichalcogenide (TMD)
tMoTe, is a direct band-gap semiconductor, with spin-
valley locking and a strong excitonic response [19-21].
These properties have enabled optical probing of the Chern
insulator [4] and putative composite Fermi liquid [10] states
via measurement of the intensity and helicity of trion
photoluminescence. In addition, both electric field and
doping have been demonstrated to be effective controls of
the spontaneous ferromagnetic order in tMoTe, [21],
enabling powerful magnetoelectric manipulation.

The physical properties of tMoTe, mentioned above
offer a new means to manipulate intrinsic magnetism—and
thus light-emission helicity, which is tightly linked with
spin-valley polarization—via electric current. Current con-
trol of light-emission helicity is highly sought after, as it
involves coupling the relevant degrees of freedom in
electronics, spintronics, and photonics. This functionality
has recently been achieved in complex multilayer
architectures [22]. For these devices, charge current in a

Published by the American Physical Society
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layer with strong spin-orbit coupling generates a spin
current, and the resulting spin-orbit torque enables mag-
netization switching in an adjacent ferromagnetic layer.
This further allows for injection of spin-polarized carriers
into a separate optically active layer. However, the degree
of circular polarization of emitted light is limited, largely
due to the spatial separation between the spin current
generating and the optically active layers.

Here, we realized spin-valley Hall-torque-driven mag-
netization switching and current-controlled helical light
emission in tMoTe,. Remarkably, the degree of circular
polarization can be continuously tuned, and reaches nearly
perfect circular polarization at a small applied current. This
is achieved via three unusual properties of the system. First,
the necessary ingredients—spin-torque control of magnetic
order and spin-polarization-dependent helical emission—
occur within a single direct band-gap semiconductor
system, overcoming the challenge of multilayer structures.
Second, flat Chern bands with nearly uniform Berry
curvature and spin-valley locking effects enable efficient
spin-valley polarization control over a large doping range.

R, (kQ)—=mm (c)

Third, tMoTe, hosts rich and electrically tunable quantum
phases. Tuning the system into an anomalous Hall metal
phase [23], i.e., a metallic phase with anomalous Hall
effect, increases the efficiency of current control. Below, we
present results from two tMoTe, devices, D(3.7°) and D
(3.9°), with twist angles of 3.7° and 3.9°. Both devices host
integer and fractional QAH states, as detailed in prior
reports [6,8].

II. RESULTS AND DISCUSSION

A. Anomalous Hall metal

We begin with an exploration of the anomalous Hall
metal phase (AHM). Figure 1(a) shows a schematic of the
dual-gated device and an atomic-force-microscopy (AFM)
image of D(3.9°). The clean surface implies a high device
quality. Figure 1(b) is a plot of longitudinal resistance (R ,)
as a function of the doping and out-of-plane electric field
(or displacement field) D/g,. Data are taken at a temper-
ature of 100 mK in D(3.7°) and symmetrized at magnetic
field uoH = 100 mT. As identified in a prior report [6],
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Anomalous Hall metal in moiré tMoTe,. (a) Top: schematic of the device cross section, with graphite gates in gray, BN

dielectric layers in blue, and Pt contacts in yellow. Top Pt gates are used to improve contact transparency, and current is injected via the
sample contacts. Optical probes can be used to reveal spontaneous spin-valley polarization with current controls. Bottom: AFM image of
device D(3.9°) with contacts for current injection visible. (b) Longitudinal resistance R,, vs moiré filling v and displacement field D/ ¢,
in D(3.7°), consistent with previous measurements. Resistance in black regions is too high to be reliably measured. R, is symmetrized at
|oH| =200 mT. (c) As in (b), but measuring RMCD. Region with finite RMCD signal is ferromagnetic. Sample was measured at
#oH =25 mT to prevent domain flipping as gates were swept. (d) Longitudinal (R,,) and Hall (R,,) resistance vs magnetic field in the
AHM metal regime. R,, hysteresis and nonvanishing signal at 0 T are signatures of the anomalous Hall effect. (¢) Temperature
dependence of R, vs v in D(3.9°). (f) Temperature dependence of R, at v = —0.78, extracted along the dotted line in (e). Increasing

resistance with the temperature indicates metallic behavior.
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there are QAH and FQAH phases near hole fillings v = —1
and v = —2/3, respectively, with suppressed R,,. Here, v is
the filling factor denoting the number of carriers per moiré
unit cell. Between v = —1 and —2/3, R,, is also sup-
pressed, while R, is finite but smaller than R,,.

A measurement of reflective magnetic circular dichroism
(RMCD) at 25 mT in the same region of phase space is
shown in Fig. 1(c). All optical measurements are taken at
1.6 K unless otherwise indicated. The small applied
magnetic field is to suppress spin fluctuations due to the
doping sweep (see Fig. S1 in Supplemental Material [24]).
As RMCD is sensitive to spin-valley polarization, the
measurement reveals the ferromagnetic phase space versus
v and D/¢,. Figure 1(d) illustrates R, and R, versus uoH
at hole filling v = —0.78 and D/¢y, = 0. As shown by the
RMCD measurement in Fig. 1(c), the system is in a spin-
valley-polarized (ferromagnetic) regime under these con-
ditions. R,, shows clear hysteresis and is on the order of a
few kQQ, while R,, is nearly constant at approximately
10 kQ, with a slight increase near the critical field H, ~
+20 mT where the sign of R, flips. Thus, the anomalous
Hall effect is observed at this partial filling of the first moiré
Chern band.

We further performed temperature-dependent measure-
ments. Figure 1(e) shows a measurement of R, versus
filling and temperature in D(3.9°). Around v = —1 and
v = —2/3, R, remains nearly vanishing at low temperature
and rises as the temperature is increased, when the thermal
activation of the carriers over the Chern gap dominates.
Between —1 and —2/3, R, continuously increases with the
temperature. Taking a linecut at v = —0.78 (dashed line),
R, increases from about 4 to 15 kQ as the temperature
increases from 100 mK to 4 K [Fig. 1(f)], suggesting a
metallic phase. In addition, previous measurements of trion
photoluminescence versus doping [4,10] do not show
suppression of the luminescence intensity in this region
of phase space, in contrast to the suppression observed at
Chern insulator states. This is consistent with the com-
pressible nature of a metallic phase. Taken together with
R,, being several times larger than R,,, the data demon-
strate the system is an AHM over this region of doping, i.e.,
a spontaneous ferromagnetic metal phase exhibiting an
anomalous Hall signal in a partially filled Chern band.

B. Current control of spin-valley polarization

Next, we examine current control of ferromagnetism,
focusing on the anomalous Hall metal phase. We employ
RMCD to probe the ferromagnetic order. For instance,
Fig. 2(a) shows the RMCD signal as pyH is cycled at v =
—0.77 and D/gy = 0, i.e., in the AHM. The clear RMCD
hysteresis with finite signal at zero magnetic field is
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FIG. 2. Transverse spin and charge current in a ferromagnetic
metal. (a) RMCD signal as a function of yyH swept down and up.
RMCD hysteresis demonstrates ferromagnetic order. (b) RMCD
spatial map in the anomalous Hall metal regime (v = —0.77) with
magnetization pointing up. Gray dashed lines indicate Pt contact
area. (¢) RMCD map under a current of / = —35 nA (indicated
by the arrows) flowing between the upper-left contacts of the
device. The sign change in RMCD implies the reversal of spin-
valley polarization. (d) RMCD map with the current direction
reversed. The sign-reversed domain appears on the opposite side
of the current channel. (¢) RMCD map with magnetization
pointing down and / = —35 nA, as in (c). Despite the reversed
magnetization, domain signs on either side of the current channel
remain consistent with (c). (f) RMCD map with the reversed
current direction and magnetization pointing down. Signs of
domains on either side of the current channel match those in (d).
(g) Schematic of the spin-valley Hall effect.
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consistent with the observed anomalous Hall signal in
Fig. 1(d). To determine the effect of the injected charge
current / on the spin-valley polarization, we first took a
spatial map of the RMCD signal over the entire sample at
I = 0. Figure 2(b) shows this map for the same v and D/ ¢,
as in Fig. 2(a), measured at uoH = 0 with the magnetiza-
tion initialized to point up. A finite, positive RMCD signal
exists across the entire sample area, with contacts visible as
regions of decreased RMCD (outlined with gray dashed
lines). This is the expected behavior for a homogeneous
sample tuned to the ferromagnetic (FM) phase.

In stark contrast, when an RMCD spatial map is taken
under the same conditions as Fig. 2(b), but with current
flowing between the two contacts on the top left,
clear domains with negative RMCD signal are observed
[Figs. 2(c) and 2(d)]. The current injection configuration is
discussed further in Sec. IV. The opposite sign of the
RMCD signal in these domains compared to the rest of the
sample area demonstrates a current-driven spin-valley
polarization reversal. The spatial position of the domain
with reversed spin-valley polarization can be controlled by
the current flow direction. For / = —35 nA [Fig. 2(c)], this
negative domain with magnetization pointing down (blue)
is to the lower right of the current channel. In contrast, for
current flowing in the opposite direction [Fig. 2(d)], the
negative domain is on the upper left side.

We found that the spatial pattern of current-induced
polarization-reversed domains is independent of the initial
magnetization orientation. The RMCD map in Fig. 2(e) is
taken with the magnetization initialized to point down, as
evidenced by the opposite sign of the RMCD signal on the
bottom right of the map, far from the current channel.
Comparing this map to Fig. 2(c) taken at I = —35 nA,
although the initial magnetization direction is reversed, the
signs of the domains on either side of the current channel
are the same, i.e., positive on the upper left and negative on
the lower right. Similar behavior is observed when com-
paring Figs. 2(d) and 2(f); for the same / = 35 nA current,
the signs of the domains on either side of the current
channel match, even though the initial magnetization
directions are reversed. Varying the source-and-drain pin
configuration changes the current channel and thus the
locations of the domains (see Fig. S2 in Supplemental
Material [24]), but the same qualitative behavior remains.
Similar RMCD maps taken at selected current values (see
Fig. S3 in Supplemental Material [24]) show that current-
induced polarization-reversed domains are present for
values of I as low as 10 nA [24].

The above measurements demonstrate that the magnetic
domain pattern is determined only by the current flow
direction. This results from the mechanism for current-
induced magnetization flipping—spin-valley Hall torque—
as shown in Fig. 2(g). The spin-valley Hall torque switch-
ing of magnetic order has been observed in MoTe,/WSe,
heterobilayer superlattices, but only near full filling of the

moiré valence band (or v = —1) [25,26]. The observation
was attributed to the large Berry curvature near
v = —1[3,27,28], where the QAH effect was observed [29].
This Berry curvature generates an intrinsic spin-valley Hall
effect—the source of the spin-valley-polarized current
which exerts a torque on the magnetic ground state and
causes the observed magnetization flipping. Our results
demonstrate the same mechanism works in tMoTe,.

A major distinction in tMoTe,, however, lies in two
unique aspects of the system. The first is the low current
density required for magnetization switching in the anoma-
lous Hall metal phase. At approximately 10> A/cm?, the
switching current is nearly an order of magnitude lower
compared to other moiré systems [25,26]. This is most
likely due to the fact that in other systems the FM phase
exists only close to the insulating state, which has a
relatively large spin-valley energy splitting. In contrast,
in the AHM phase, the spin splitting is decreased due to
carrier screening and/or partial valley polarization. The
second aspect is that tMoTe, exhibits this current control
behavior over a much larger region of phase space.
Although in the above discussion we focus on the
AHM, efficient current switching is observed over a broad
range of fillings of the first moiré Chern band. As shown in
Fig. S4 in Supplemental Material [24], the sign of RMCD
changes with applied current not only near v = —0.77 but
over the entire FM phase space for hole fillings below
v = —1, as well as in the wings of the FM phase above
v = —1 with large electric field. Because the transverse
spin current arises from the Berry curvature of the moiré
bands, this broad range demonstrates that the Berry
curvature remains substantial far from the v = —1 band
edge. Our observations are consistent with theoretical work
predicting uniform Berry curvature [23,27] as well as with
the nearly uniform Berry curvature condition needed for the
observed fractional Chern insulator (FCI) states in the
system [30].

C. Current-controlled helical light emission

Having established efficient current control of spin-
valley polarization, we now turn to a second key behavior
in moiré MoTe,: spin-valley polarization-dependent emis-
sion helicity. Although magnetism-related phenomena have
been observed in several moiré TMD systems, the sponta-
neous helical light emission is unique to tMoTe, because its
bilayer form remains a direct band-gap semiconductor,
while other TMD moiré systems become an indirect band
gap. Details of the emission mechanism have been dis-
cussed in depth in previous works [4,10]. In brief, spin-
valley-polarized carriers bind to electron-hole pairs in the
opposite valley to form singlet trions, which emit in
the 67 (67) channel for the electron-hole recombination
in the +K(—K) valley. In the FM phase, due to sponta-
neous spin-valley polarization of the doped holes, light
emission occurs only in a single valley, leading to circularly
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polarized emission at poH = 0. This circularly polarized
emission is observed across the entire sample and dis-
appears above the Curie temperature 7' (Supplemental
Material Fig. S5 [24]). As shown below, current control of
spin-valley polarization would also allow us to control trion
emission helicity.

Figures 3(a) and 3(b) present the spatial maps of
circular-polarization-resolved trion photoluminescence.
The degree of circular polarization is defined as
p={[PL(67)— PL(c")]/[PL(6™) + PL(c")]}. The data
are taken with linearly polarized excitation at 632.8 nm,
with v = —0.77 and I = £35 nA, matching the experi-
mental conditions of Figs. 2(c) and 2(d). In these spatial
maps, domains with opposite signs of p on either side of the
current channel appear, which switch with the reversal of /.
This behavior demonstrates that the switching of the light
helicity is caused by the reversal of spin-valley polarization
by current, as demonstrated in our RMCD measurements in
Fig. 2. Selecting a spot on one of these domains [black dot
in Fig. 3(b)], we plot polarization-resolved PL spectra
[Figs. 3(c) and 3(d)] for I = £35 nA at yyH = 0. The data
clearly show that as we reverse the current flow direction,
the trion luminescence switches helicity with near-unity
polarization. This establishes current control of light-
emission helicity. In addition, comparing the polariza-
tion-resolved PL spatial maps between magnetization
initialized up [Figs. 3(a) and 3(b)] and down [Figs. 3(e)
and 3(f)], we observe the same domain behavior as for the
RMCD maps in Fig. 2, as expected from the spin-valley
Hall torque mechanism.

We next consider the emission helicity as a function of
both the applied magnetic field and current. As seen in
Fig. 4(a), p vs ppH swept down and up at / =0 and v =
—0.77 shows hysteretic behavior and finite p at zero
magnetic field. This is expected for a ferromagnetic system
where near-unity p arises from spin-valley polarization.
The same measurement with injected current [Figs. 4(b)
and 4(c)] shows that while hysteresis vs poH is still visible,
the center of hysteresis moves away from ugH =0,
depending on the current direction. A full dependence of
p vs both I and uoH is shown in Fig. 4(d). We observe that
the p can be continuously tuned as a function of both
parameters. p vs I and pgH for both magnetic field sweep
directions is shown in Supplemental Material Fig. S6 [24].
The tuning of the trion PL emission helicity as a function of
the current is highlighted in Fig. 4(e); it can be continuously
varied between 6 and 6~ at zero magnetic field. While we
do not observe hysteresis in the p vs I measurements in the
AHM regime, hysteresis in spin-valley polarization vs [ is
observed at v =—1 and finite D/ey (Supplemental
Material Fig. S7 [24]). This discrepancy is likely due to
stronger domain-wall pinning in gapped phases, leading to
nonvolatile domains.

Our experimental results can be compared to quantita-
tive calculations using the spin-diffusion equations in a
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FIG. 3. Current control of helical light emission. (a) Spatial map
of PL degree of circular polarization p with magnetization
initialized to point up. Measurement taken with / = —35 nA
current and in the anomalous Hall metal regime (v = —0.77) at
uoH = 0 T. Domains with opposite signs of p are visible on either
side of the current channel. Finite, but smaller, p is visible far from
the current channel, on the lower-right side of the device. (b) Same
as (a), but with 7 =35 nA. The domain signs are reversed
compared to (a). (c¢) Circular-polarization-resolved PL spectra
from the position marked by the black dot in (b). The PL shows
clear helicity dependence of the light emission at ygH = 0 T, with
the signal predominantly in the 6~ channel. (d) Same as (c), but
with 7 = —35 nA, extracted from the same position in (a). The
helicity dependence of the PL is switched, with signal now mainly
inthe 6" channel. (¢) As in (a), but with magnetization initialized to
point down. While the opposite sign of p is visible far from the
current channel on the lower right of the device, the sign of the
domains on either side of the current channel remains the same as in
(a), with the same current flow direction but opposite magnetiza-
tion. (f) As in (b), but with magnetization pointing down. Behavior
of domains with switching of current and magnetization direction is
consistent with RMCD behavior in Fig. 2.

slab geometry [Fig. 4(f)] [26,31]. We define oM, as
current-induced magnetization and M? = gugn as sample
magnetization. Here, g is the g factor of charge carriers, yp
is the Bohr magneton, and n is the carrier density. Using
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FIG. 4. Continuous tuning of emission helicity via current. (a) p vs ugH swept down and up, with / = 0 nA. Hysteresis is visible,
indicating that light-emission helicity is controlled by the spin-valley polarization. (b),(c) Same as (a), but with / = 35 nA (b) and
I = —35 nA (c). While hysteresis of p vs poH is still visible, applied current favors opposite spin-valley polarizations for opposite flow
directions. (d) p vs I swept down, as a function of ugH, starting from positive yoH. Emission helicity can be continuously tuned between
the 6" and ¢~ channels by both current and magnetic field. (e) p as a continuous function of I, at uoH = 0 T, initialized with
uoH > 0 T. Insets: helicity-resolved PL emission for large positive and negative current. Helicity can be continuously tuned between
these two limits by changing /. All data are taken in the anomalous Hall metal regime, with v = —0.77, and with the beam spot on the
opposite side of the current channel as for Figs. 3(c) and 3(d) (see Supplemental Material Fig. S8 [24]). (f) Schematic of sample current
flow configuration, with I and J injected charge and transverse spin currents, respectively. Current source and drain are at the black
dots, with the current channel length W. (g) Induced magnetization M, versus x, derived from the spin-diffusion equations and realistic
sample parameters at y = 0. The critical charge current /- for magnetization flipping is about 30 nA, the same order of magnitude as

experimental observations (see Sec. IV).

realistic sample parameters (see Sec. IV), Fig. 4(g) plots the
calculated spatial distribution of 6M,/M? for selected
charge currents. The calculations show that M, has
opposite sign at opposite sides of the current channel,
and becomes comparable to M? for a charge current of
approximately 30 nA [Fig. 4(g)]. This estimate is on the
same order of magnitude as our experimental observation
of current switching. A comparison between RMCD data
and the modeled spin-diffusion behavior (Supplemental
Material Fig. S9 [24]) shows remarkably similar profile,
lending additional experimental support for the spin-dif-
fusion picture.

III. CONCLUSIONS

Using RMCD and polarization-resolved PL, we have
established current control of spin-valley polarization and
helical light emission in moiré MoTe,. Although the device
requires cryogenic temperatures, the strong coupling
between electronic, spintronic, and photonic degrees of
freedom demonstrated by these results could be appealing
in a range of device applications. A particular advantage of

moiré MoTe, over other topological or optospintronic
systems such as magnetically doped topological insulators
or spin light-emitting diodes is that tMoTe, is intrinsically
topological, ferromagnetic, semiconducting, and optically
active, with substantial potential for applications. One
possibility is to use these properties to couple magnetic
information storage to optical communication within a
single device. In addition, the topological phases which
occur in tMoTe, could open new frontiers in topological
optospintronics. As the integer and fractional Chern insula-
tors recently observed in this system have a topological
index which depends on the magnetization orientation, the
observed spin-valley Hall torque implies that current
injection can be used to manipulate these topological
states. One interesting direction could be to use current
injection to establish two magnetic domains with opposite
orientations and investigate the physics arising at the
interface between two zero-field FCIs with opposite topo-
logical indices. We foresee that establishing current control
of magnetic order in moiré MoTe, will add an important
tuning knob to our toolbox as investigation of these zero-
field FCIs and their anyonic excitations continues.
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IV. METHODS

A. Device fabrication

The moiré MoTe, samples equipped with electrical con-
tacts used in this study were fabricated using the procedure
discussed in more depth in Ref. [6]. In brief, van der Waals
flakes used in the heterostructure devices—graphite, h-BN,
and MoTe,—were mechanically exfoliated on oxygen-
plasma-cleaned Si/SiO, substrates and identified using an
optical microscope. Atomic force microscopy was used to
check #-BN thickness. A graphite and #-BN bottom gate with
Pt contacts was prepared using conventional dry-transfer,
electron-beam lithography, e-beamevaporation, and contact-
mode atomic force microscope (AFM) cleaning techniques.
In a glovebox with < 0.1 ppm H,O and O, concentrations,
monolayer MoTe, was exfoliated, and an ~-BN—encapsu-
lated moiré bilayer was created with the cut-and-stack dry-
transfer technique, before putting down on the prepared back
gate. After washoff and AFM cleaning of the device, asetof Pt
contact gates and Au wire bonding pads were deposited using
e-beam lithography and evaporation. Finally, the device was
AFM cleaned again, before transferring on a top graph-
ite gate.

B. Transport measurements

Transport measurements were taken in a Bluefors dilution
refrigerator with a 9-T magnet and base electron temperature
of about 80 mK. An ac current bias of 0.2-0.5 nA was
generated using a 100-MQ resistor in series with an ac
voltage source (SR830), with the current monitored using
a DLI2I1 current amplifier. Four-terminal R,, and R,
signals were amplified using the differential mode of an
SR560 voltage preamplifier with an input resistance (about
100 MQ) much larger than the contact resistance of the
device. The amplified voltage signals were demodulated and
measured using SR830 and SR860 lock-ins.

C. Optical measurements

Optical measurements were taken in a closed-loop
magneto-optical cryostat (attoDRY 2100) with an attocube
xyz piezostage and xy scanners, 9-T z-axis superconducting
magnet, and with a base temperature of 1.6 K. Current was
applied to the sample using a 100-MQ resistor in series
with a dc voltage source (Keithley 2450) connected to the
source pin, with the drain pin grounded. Contact gates were
set to —3 V to ensure transparent electrical contact to the
moiré MoTe,, as discussed in Ref. [6]. Polarization-
resolved photoluminescence measurements were taken
with linearly polarized 632.8-nm HeNe laser excitation
focused on the sample by a high-NA nonmagnetic

|

cryogenic objective to an approximately 1-um beam spot.
Sample emission was collected by the same objective and
passed through a quarter wave plate and linear polarizer to
select the right- and left-circularly-polarized channels.
Signal was then passed through a 75-pm pinhole and
dispersed with a diffraction grating (Princeton Instruments,
600 grooves/mm at 1-pum blaze) and detected by a liquid-
nitrogen-cooled infrared CCD (Princeton Instruments
PyLoN-IR 1.7).

RMCD measurements were taken with excitation near
the trion resonance by filtering a broadband supercontin-
uum source (NKT SuperK Fianium FIR-20) by dual
passing through a monochromator to achieve a narrow
excitation bandwidth. The out-of-plane magnetization of
the sample induces an MCD signal AR, the difference
between the reflected right- and left-circularly-polarized
light. To obtain the normalized RMCD AR/R, the laser
intensity was chopped at p = 850 Hz, and the phase was
modulated by A/4 via a photoelastic modulator at
f =50 kHz. An InGaAs avalanche photodiode detector
was used to collect the reflected signal, and the output was
read by two lock-in amplifiers (SR830). The ratio between
the p-component signal 7/, and f-component signal I,
gives the RMCD signal: AR/R = I,/[J(x/2) x I, where
J; is the first-order Bessel function.

D. Determination of doping density and electric field

A parallel plate capacitor model was used to determine
the carrier density n and electric field D from the applied
top and bottom gate voltages Vg and Vpg. Gate capac-
itances Crg and Cpg are calculated using the A-BN
thickness determined by atomic force microscopy, taking
the 4-BN dielectric constant to be 3.0. Thus, n and D can be
computed as n = (VigCrg + VegCrag)/€ — Notrser and
D/ey = (V16Crg — VBGCra)/2€0 — Dofiier»  With e the
electron charge and g, the vacuum permittivity. Carrier
density offset ng is derived from fitting to the insulating
states in the PL spectra and transport measurements. D ..
is determined from the symmetry axis of the RMCD phase
diagram.

E. Induced magnetization and spin Hall current

The magnetization induced by the spin Hall currents can
be derived from the spin-diffusion equations [26,31]. The
configuration considered is shown in Fig. 4(f). A charge
current / is injected in the y direction into a slab of width
W, generating a spin current Jg in the x direction to flip the
magnetization. Solving the diffusion equation in the slab,
the induced magnetization [26,31] is

cosh(myy)

2gupltanOsy [ dk .
oM, (x,y) = — k
els/s

22¢ @y coth(kW /2) sinh(w; W /2) + 4ktan?(Ogy ) cosh(w W /2)’
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where ¢ is the g factor of charge carriers, pp is the Bohr
magneton, Ogy is the spin Hall angle, e is the electron
charge. [ is the spin-diffusion length, and zg is the spin
relaxation time wy = \/k* + [§%.

The calculation parameters are estimated from exper-
imental values. W =3 pm is the distance between elec-
trical contacts. To estimate the value of /g, we note that
experimentally the size of the flipped domain is on the
order of um, indicating /¢ should be on the same order. We
choose [, =1 pm. The spin Hall angle is defined by
tan Ogy = eogy/ho,,, where ogy is the spin Hall conduc-
tivity, o,, is the longitudinal conductivity, and 7% is the
reduced Planck constant. ogy = (6yx — oy i )h/2e
(Ref. [32]) due to spin-valley coupling in TMDs, with
oy x and oy g the Hall conductivities of valleys K and K.
If we assume the system is fully polarized to K, ogy is
simply oy xh/2e = hoay/2e, and 6,y is the anomalous
Hall conductivity. Thus, tanOsy = oap/20,,. The exper-
imentally measured longitudinal resistance p,, and anoma-
lous Hall resistance p,, are both on the same order of a few
kQ. We thus take tanOsy = 6pp/20, = Pry/2p5 = 1/2.
Finally, while 7, cannot be determined directly from our
measurement, 7, in TMD heterobilayers is estimated to be
on the order of ps in Refs. [26,33]. We take 7, to be on the
same order here, 7, =5 ps.

Figure 4(g) shows the induced magnetization oM, vs
position x at the center of the slab (y = 0) for different
injection currents /. The magnetization flipping occurs
when the peak of M. is on the order of M?, where M? is
the magnetization of the ground state. MY = gugn, and
carrier density n = —3.8 x 10'> cm™? for the filling v =
—0.78 in our experimental sample. With our choice of 7,
the critical current for magnetization flipping is on the order
of 30 nA, consistent with the experimental values.
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