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Many-body interactions between carriers lie at the heart of correlated physics. The
ability to tune such interactions would allow the possibility to access and control
complex electronic phase diagrams. Recently, two-dimensional moiré superlattices
have emerged as a promising platform for quantum engineering such phenomena’=3.
The power of the moiré system lies in the high tunability of its physical parameters by
adjusting the layer twist angle', electrical field* 6, moiré carrier filling” " and
interlayer coupling’?. Here we report that optical excitation can highly tune the spin-
spininteractions between moiré-trapped carriers, resulting in ferromagnetic order in

WS, /WSe, moiré superlattices. Near the filling factor of -1/3 (that is, one hole per
three moiré unit cells), as the excitation power at the exciton resonance increases, a
well-developed hysteresis loop emerges in the reflective magnetic circular dichroism
signal as a function of magnetic field, a hallmark of ferromagnetism. The hysteresis
loop persists down to charge neutrality, and its shape evolves as the moiré
superlatticeis gradually filled, indicating changes of magnetic ground state
properties. The observed phenomenon points to amechanism in which itinerant
photoexcited excitons mediate exchange coupling between moiré-trapped holes.
This exciton-mediated interaction can be of longer range than direct coupling
between moiré-trapped holes’, and thus magnetic order arises even in the dilute hole
regime. This discovery adds a dynamic tuning knob to the rich many-body
Hamiltonian of moiré quantum matter>™,

Moiré superlattices formed by semiconducting transition metal
dichalcogenides (TMDs) represent an emerging platform to explore
correlated effects with high tunability’ %2, Combined with strong
Coulomb interactions, triangular moiré geometry, strong spin-orbit
coupling and isolated flat electronic bands, the TMD heterobilayer is
anideal platformto test tunable many-body Hamiltonians. Indeed, cor-
related insulating states at bothinteger and fractional moiré miniband
fillings have been demonstrated experimentally” ™. Local magnetic
moments were also observed near one hole per moiré until cell filling
(thatis, v=-1) that couple antiferromagnetically’, attributed to the
well-known solution of the Hubbard model with a triangular lattice at
half-filling. Theoretically, the TMD moiré platform offers an oppor-
tunity to investigate classic toy models with triangular or hexagonal
geometry for exploring strongly correlated physics™™. By varying
the onsite Coulomb interaction Uand the nearest-neighbour hopping
parameter t, many-body phase diagrams with various insulating, metal-
licand exotic magnetic and topological states have been predicted™ .

To experimentally realize these states, the ability to tailor the inter-
actions between moiré-trapped spins in situ and thus the many-body
Hamiltonianis highly desirable. One possible approachis to use optical

excitation. In fact, optical excitation of strongly correlated quantum
materials can have profound effects on the many-body electronic
states, suchaslight-induced superconductivity**, hidden charge den-
sity wave order® and so on. In the context of TMD heterobilayers, the
exciton stands out as a promising candidate, which s itself of interest
for the strong light-matter interactions, unique spin-valley-coupled
optical effects? and moiré superlattice physics” . These optical excita-
tions are already exploited as effective probes of correlated insulating
and generalized Wigner crystal states in moiré superlattices” >*° 2,
However, the impact of optical excitation on many-body electronic
states (thatis, non-equilibriumeffects) in the strongly correlated moiré
superlattice remains unexplored.

Here we report that optical excitation can enhance spin-spin
exchangeinteraction/between moiré-trapped carriers and thus trig-
gers the emergence of ferromagnetic order in the WS, /WSe, moiré
superlattice. This finding points to a profound and dynamic control of
themoiré many-bodyHamiltonian. Dual-gated WS,/WSe,sampleswere
fabricated to allow control of carrier doping while keeping the vertical
electrical field constant at zero (Fig. 1a, see Methods). Figure 1b shows
apiezoresponse force microscopy image of arepresentative device.
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Fig.1|Moiré-filling-dependent magnetic circular dichroismin WS,/WSe,
heterobilayer. a, Schematic of adual-gated WS,/WSe, heterobilayer device.

b, Piezoresponse force microscopy image of a heterobilayer showing
triangular moiré superlattice. Scale bar, 20 nm. ¢, Differential optical reflection
measurements (AR/R) as afunction of doping (gate voltage). Moiré miniband
filling factorvis also denoted. a.u., arbitrary units.d, RMCD signal intensity asa
function of filling factor and magnetic field (u,H). e, RMCD signal versus u,H

A homogeneous triangular moiré superlattice is observed with a
moiréwavelength of about 7.5 nm, consistent with near zero-degree
twist angle alignment. Optical reflection measurements as a func-
tion of doping show typical moiré excitons with moiré miniband
filling effects (Fig. 1c), as reported previously”®?. The filling factor
vislabelled on the right axis (see Extended Data Fig. 1 for the filling
factor assignment).

Filling-dependent circular dichroism

To probe the magnetic properties, we performed reflective magnetic
circular dichroism (RMCD) measurements. Figure 1d plots the RMCD
intensity as a function of vand y,H (in which g, is the permeability of
free space and H is the magnetic field strength) applied in the out-of-
plane direction. We mainly focus on —% <v< % for which the magnetic
responseismost appreciable. The dataare taken with the laser excita-
tioninresonance with the WSe, A exciton (see wavelength-dependent
datain Extended DataFig. 2). The excitation power is 200 nW, and the
experimental temperature is 1.6 K (see Methods). Figure 1d shows a
rich v-dependent magneto-optical response. These effects are illus-
trated by the RMCD line traces at selected filling factors in Fig. 1e.
Atv=-1(thatis, one hole per moiré unit cell), RMCD shows a super-
paramagnetic-like response and saturates for |u,H| above 1T.
This demonstrates the existence of local magnetic moments. The
superparamagnetic-like responseis robust for v near -1 (see Extended
DataFig. 3 for selected RMCD line traces). The observation is consist-
ent with a previous report of intralayer exciton Zeeman splittings®.
Notably, when hole doping becomes significantly smaller, a mag-
netic hysteresis loop starts to appear in the RMCD signal versus g, H,
a signature of ferromagnetic order (see Extended Data Fig. 4 for
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sweepingback and forth atselected filling factors.Atv=-1,a
superparamagnetic-like response is observed with120° antiferromagnetic
interactions between nearest-neighbour hole spins. As dopingis reduced, the
lineshape of RMCD versus u,H changes markedly. A sharp feature emerges near
zero magnetic field. The associated hysteresis loop, highlighted in the insets, is
the hallmark of ferromagnetic order.

filling-factor-dependent loop width). The RMCD line shape is very
sensitive to doping.Inanarrow doping regime nearv=-1/3,the RMCD
signal versus py,H shows typical ferromagnetic behaviour, distinct from
linear valley Zeeman effect. It possesses a hysteresis loop with spin-flip
transitions around p,H, = £11 mT, above which the signal saturates
(Fig. 1e and Extended Data Fig. 5). When the doping density further
reduces, the RMCD line traces evolvesinto a heartbeat line shape, and
eventually vanishes as electron doping dominates. The emergent sharp
RMCD features near zero magnetic field, which are associated with
ferromagnetic states at the low hole doping regime, are the focus of
this paper.

Optically induced ferromagnetism

We first present the results near v = -1/3. Figure 2a shows the RMCD
signal as a function of excitation power P. When P is smaller than
16 nW, the RMCD signal versus u,H vanishes (after subtracting a
constant background) and behaves as a featureless straight line.
Ahysteresis loop emerges as Pisincreased above a critical threshold.
The amplitude of the remnant RMCD signal at zero field grows as
Pincreases, and eventually saturates (Fig. 2b). In comparison, the
RMCD response and its saturation value at v = -1 have little excita-
tion power dependence (Extended Data Fig. 3). This is consistent
with the attribution of the RMCD response at v =-1to the intrinsic
magnetic interactions’. At low filling factors, however, the intrin-
sic magnetic interaction is significantly weaker because of larger
hole-hole distances compared to the v = -1 case. Thus, the peculiar
power-dependent RMCD responses at the fractional filling factor
v=-1/3signify the emergence of ferromagnetic order by optically
induced long-range spin-spin interaction.
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Fig.2|Observation of optically induced ferromagnetismnearv = -1/3
filling. a, Power-dependent RMCD versus y,H sweeping back and forth at base
temperature 1.6 K. The dataare offset for clarity. b, Remanent RMCD signal at
HoH=0asthe optical excitation powerincreases (filled dots) and decreases
(opendots).Solid lineisaguide totheeye. ¢, Temperature-dependent RMCD
signal versus u,H at optical excitation power of 103 nW. d, Magnetic hysteresis

The hysteresis loop width exhibits negligible dependence on the
optical excitation power, implying that the loop width is mainly deter-
mined by the magnetic anisotropy at temperatures much lower than
the Curie temperature. Our measurements thus suggest that magnetic
anisotropy is intrinsic to this moiré system. We note that the width
of the hysteresis loop depends on the magnetic field sweeping rate
(Extended DataFig. 5). Slower sweeping leads to anarrower hysteresis
loop width. This result reflects slow magnetic domain dynamicsin the
magnetization flipping process. Here, all magnetic field sweep results
are taken with asweep rate of 14 G s, below which the hysteresis loop
width is nearly independent of the sweep rate.

The ferromagnetic order is further confirmed by temperature-
dependent RMCD measurements (Fig. 2c) measured at P=103 nW.
The hysteresis loop width reduces as the temperature increases, as
shown in Fig. 2d. There is a 5 mT instrument offset above 10 K until
the noise level exceeds the signal above =45 K. A similar temperature
dependence is also observed at other filling factors (Extended Data
Fig.4). The effective Curie temperature is determined to be about 8 K.
In the mean field limit, this gives rise to an estimated exchange
interaction/on the order of -1 meV (with the Hamiltonian Hin the
form of JS, - S,; see Supplementary Information). Note that the main
experimental results are reproduced in another device (Extended
Data Fig. 6).

At v=-1/3, photoluminescence measurements show a correlated
insulating state (Extended DataFig.1). Thisis consistent with previous
reports that a generalized Wigner crystal forms with holes arranged
inatriangular lattice’*?°>, Monte Carlo simulations also suggest that
this v =-1/3 stateis relatively robust compared to other fractional fill-
ing charge orders (Extended DataFig.1). The period of the charge order
atv=-1/3(=13 nm)is~/3 times larger thanthat at v = -1. Thus, the intrin-
sic spin-spin interaction of the former should be much smaller com-
pared to the latter. This is manifested by the vanishing RMCD signal
taken at very low excitation power (Fig. 2a), which implies negligible
intrinsic magneticinteractionatsuchalowfilling. The power-dependent

470 | Nature | Vol 604 | 21 April 2022

loop widthasafunctionoftemperature. Solid lineisaguide to the eye.
Theloop widthis determined by the difference between the magnetic fields at
whichthe RMCD signal crosses zero as u,His swept back and forth. The error
baristhestandard deviation obtained by averaging over five data points. Inset:
schematic of ferromagnetic order with spinsarrangedin atriangular lattice.

RMCD signal highlights the marked optical tuning of the spin-spin
interaction strength /, and hence of the magnetic phase in the moiré
superlattice (Fig. 2d, inset).

Ferromagnetismin the dilute holeregime

When the hole doping density reduces and v deviates from -1/3, the
line trace of RMCD signal versus u,H quickly evolvesinto heartbeat-like
shapes with a narrow width (<100 mT), as shown in Fig. 1e. Figure 3a
plotsthe zoom-in RMCD intensity in the low doping regime. The signal
reaches its maximum near v =-1/7, and is still appreciable at nominal
charge neutrality. Although the total net charge of the system vanishes
at the charge neutrality point, inevitable defects as well as optically
created photocarriers can give rise to puddles of dilute holes trapped
inthe moiré potential of the WSe, layer. As electron dopingincreases,
the RMCD signal reduces and eventually vanishes. The signal peaking at
v=-1/7isprobably due to the formation of a correlated insulating state,
formed by holes arranged inatriangular lattice (Extended Data Fig. 1).

Figure 3b shows the RMCD signal as a function of excitation power
Patv=-1/7.1tstarts withaslightly tilted straight line without any hys-
teresis, which is the typical magnetic-optical response of TMDs with-
out magnetic order. As Pincreases, the heartbeat line shape emerges
with a hysteresis loop as the magnetic field is swept back and forth.
The RMCD amplitude, defined as the peak-to-valley value of the heart-
beat line shape, increases with P and eventually saturates (Fig. 3¢).
These results demonstrate optically induced ferromagnetismin the
dilute hole doping regime.

Exciton-mediated exchange interaction

The above experimental observations establish optical creation and
tuning of the magnetic order, otherwise absent in dark conditions,
inthe WS, /WSe, moiré superlattices. We note that the RMCD probe
of the magnetic response is through resonant excitation of the WSe,
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Fig.3|Opticallyinduced ferromagnetismindilute holegas.a, RMCD
intensity plot at the low doping regime. Dataare taken at 7=1.6 Kand optical
excitation power of 200 nW. b, RMCD measurements at fractional filling
v=-1/7for different optical excitation powers. ¢, Extracted RMCD amplitude,
corresponding to the peak-to-valley valuein the heartbeatline shape, versus
optical excitation power.Solid lineis aguide to the eye. Theerror bars
correspond to the measurement noise floor of the RMCD signal.

d, Exciton-mediated exchange interactions between moiré-trapped spins.
The semi-transparent red envelope denotes the centre-of-mass wavefunction

exciton, on which ultrafast interlayer charge transfer leads to forma-
tion of long-lived interlayer excitons®**, Experiments on MoSe,/WSe,
moiré superlattices have shownthat at the low excitation limit (<10 nW),
these excitons are mostly trapped by the moiré potentials, giving rise to
narrow photoluminescence lines. With increasing excitation power, the
steady state population of itinerant (or untrapped) interlayer excitons
grows significantly, manifested by abroad luminescence background?®.
Our observations therefore point to the role of these optically injected
itinerant excitons in aiding the magnetic interactions between holes
trapped in moiré potentials. Indeed, spin-spin interactions between
two spatially separated holes can arise as a second-order process medi-
ated by their exchange interaction with a common itinerant exciton,
asillustrated in Fig. 3d. A similar role of an exciton has been theoreti-
cally explored in a virtual excitation regime, in which a fourth-order
perturbation process leads to a short-ranged exchange interaction
of localized spins in I1I-V semiconductors®, which may also resultin
magnetic order™®,

We found that this exciton-mediated hole-hole exchange interaction
isferromagnetic (see Supplementary Information). The strength of the
exciton-mediated exchange interaction depends on the separation
of moiré-trapped holes, exciton density and effective temperature
of the exciton gas, which can in general be different from the lattice
temperature. Figure 3e plots the calculated/as afunction of hole sep-
aration and exciton density, at an exciton temperature of 20 K (see
Extended Data Fig. 7 for other exciton temperatures). We found that

Jremains significant at a hole-hole distance of 20 nm. At areason-
able exciton density of 10" cm™ (see Supplementary Information),
its strength can reach the order of 0.5 meV (Fig. 3e). We note that a
quantitative comparison between the calculation and experiment is
challenging for non-equilibrium many-body problems. For instance,
the RMCD response does not resemble the typical magnetization curve

oftheitinerant exciton. Moiré-trapped holes (red dots) interact with each
other through asecond-order process mediated by their exchange interaction
withthe holeinthe exciton. Inset: aFeynman diagram depicts the spin-spin
interactions between two moiré-trapped holes mediated by the optically
injected exciton. h;(0},), hy(o}) denotes ahole at moirétrapiinspinstateaoy, oy,
and X (k, 0, o) denotes an exciton of momentum k with electron/hole spin
0./0. e, Calculated spin-spininteraction strength/mediated by an optically
excited exciton asafunction of exciton density (n) and spatial separation (r)
betweenmoiré-trapped holes. Negative/means ferromagnetic interaction.

even qualitatively, subject to theinfluence of the excitonicline shape.
The exact origin of the line shapes, for example the heartbeat at the
dilute hole doping regime, is not clear. It might reflect the change of
the magnetic ground state properties on doping. Nevertheless, the
observed RMCD hysteresis on the forward and backward sweeping of
magnetic field is unambiguous evidence of magnetic order, which is
consistent with our calculation that excitons can effectively establish
ferromagnetic exchange interactions in dilute moiré hole gas.

Tunable magneticinteractions

We further performed temperature-dependent RMCD measurements
atv=-1/7 as afunction of optical excitation power, ranging from 26
to 253 nW.Figure 4aillustrates the results at select excitation powers.
We define acritical temperature T, above which the heartbeat ampli-
tude vanishes (below the noise level 0.2%), as for the magnetic response.
Using 253 nW optical excitation as anexample, the heartbeat line shape
remains strong up toabout 40 K. Figure 4ashows astrong dependence
of T on the optical excitation power. To further highlight this effect,
we plot the extracted amplitude of the RMCD signal as a function of
excitation power and temperature in Fig. 4b (see Extended DataFig. 8
for line cuts). These data show that once the optical excitation power
islarge enough tointroduce magnetic order, T. can be optically tuned
fromabout20Kto45K.

T also exhibits strong dependence on the filling factors. Figure 4¢
shows RMCD signal versus magnetic field as afunction of temperature
at select v (Extended Data Fig. 9). We then plot the extracted RMCD
amplitudeinFig.4d. This figure highlights that for the magnetic states
within-2/3 <v <+1/3, T. peaks near correlated insulating states at frac-
tionalfillings and drops sharply once v deviates from these states (for
example,-1/2and-1/7,and see -1/3 in Extended DataFig.10). Although
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Fig.4|Tuning the magnetic states using optical excitation power and
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b, Theextracted RMCD peak-to-valley amplitude as a function of temperature
and excitation power atv=-1/7. The critical temperature T, for the RMCD
signalto vanish canbelargely tuned by the optical excitation power. Dashed

the correlated insulating states are not required for the formation of
light-induced magnetic states, these observations suggest that the lat-
teris further stabilized with the formation of charge order, for which the
spin fluctuations among moiré spins are minimized. The dependence
oftheresults on the optical excitation power and filling factor under-
scores the broad tunability of the moiré many-body Hamiltonian, which
may lead to the creation of exotic states unique to moiré superlattices.
Weimagine severalimmediate possibilities, such as exploring the effect
of optical orientation of exciton spins on the formation of magnetic
states®*, electric field tuning effects, transient magnetism, optically
controlled topological phase transitions, magneto-exciton polaritons
in the absence of magnetic field, and many-spin entangled states for
optically driven quantum information**.
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Methods

Sample fabrication

Mechanically exfoliated monolayers of WS, and WSe, are stacked
using a dry-transfer technique on hexagonal boron nitride (hBN)
and graphene back gate, with prefabricated platinum contacts.
The crystal orientation of theindividual monolayersis first determined
by linear-polarization-resolved second-harmonic generation before
transfer. The alignment angle of WS, and WSe, is double-checked by
piezoresponse force microscopy (PFM) during transfer before encap-
sulating the structure with top hBN and graphite. The hBN encapsu-
lation (20-40 nm) provides an atomically smooth substrate. PFM is
performed on aBruker Dimension Iconatomic force microscope (AFM).
Platinum-iridium-coated, electrically conductive AFM probes (Bruker’s
SCM-PIT-V2) with a force constant of =3 N m™ are used. An a.c. bias is
applied between the tip and the sample thatinduces a periodic defor-
mation of the sample whose amplitude and phase give local informa-
tion on the electromechanical response. Small a.c. bias magnitudes
(<300 mV) with resonance frequencies in the range of =700 kHz are
applied for lateral PFM.

Optical measurements

All photoluminescence and differential optical reflection measure-
ments are performed in ahome-built confocal optical microscopeinthe
reflectiongeometry. The sampleis mounted in an exchange-gas-cooled
cryostat (attoDRY 2100) equipped with a 9-T superconducting mag-
net in the Faraday configuration. The sample temperature is kept at
1.6 Kunless otherwise specified. A SuperK Extreme Supercontinuum
white light laser (pulse duration around 2 ns; repetition rate around
78 MHz) and an LLTF tunable high-contrast filter with selected wave-
length 739.2 nm are used to excite the sample at normal incidence,
unless otherwise specified. The power is specified in the main text
and the corresponding figure captions. The Gaussian profile of the
excitationbeam hasaFWHM of around 700 nm. We also used the same
laser with white light emission for AR/R witha 600-nm long-pass filter
and an 800-nm short-pass filter (average power 15 nW). Reflectance
and photoluminescence signals are dispersed by a diffraction grating
(600 grooves per millimetre) and detected on a silicon CCD camera.
The photoluminescence is spectrally filtered from the laser using a
long-pass filter before being directed into a spectrometer.

The RMCD measurement was performed with an a.c. lock-in meas-
urement technique. In brief, an intensity-modulated laser beam (at
800 Hz)waslinearly polarized 45° to the photoelastic modulator (PEM)
slow axis. Transmitting through the PEM, the light was sinusoidally
phase modulated at 50.1 kHz, witha maximum retardance of A/4. This
produces analternatingleft- and right-circularly polarized light wave
atthe phase modulation frequency. The modulated light was focused
down onto the sample at normalincidence. The optical reflection was
then separated from the incidence path using a laser-line nonpolar-
izing beamsplitter and projected onto a photodiode, whose signal is
sentinto two lock-in amplifiers: oneis tuned at 50.1 kHz to detect the
RMCD, and the other is tuned at the chopper frequency, 800 Hz, to
normalize the RMCD signal with respect to the laser intensity, reflected
off the sample.

Estimation of interlayer exciton density

We estimate the upper bound of the exciton density under 100 nW
pulse excitation (78 MHz, pulse duration 2 ns) with photon energy in
resonance with the WSe, A exciton (1.677 eV). The optical absorptionis
mainly from the WSe, layer, accounting for about 10% (ref. *). Approxi-
mately 500 photons, and thus 500 excitons, are excited per pulse.

We normalize the exciton population over the Gaussian profile of the
excitationbeam (FWHM 700 nm). Assuming a near-unity efficiency for
conversionof anintralayer exciton into aninterlayer exciton, and owing
totheshortduration of the pulse compared to the excitonlifetime, the
interlayer exciton density is about 10" cm~2immediately after a pulse.

Estimation of filling factor based on doping density

The doping densities in the heterobilayer are determined from the
applied gate voltages onthe basis of the parallel-plate capacitor model.
The thickness of BNis determined by AFM analysis. Both top and bottom
BN flakes of the device presented in the main text are 37 nm (top BN) and
38 nm (bottom BN). The doping density is calculated as CAV, + C,AV,,
inwhich C,and G, are the capacitance of the top and bottom gates. AV,
and AV, are the applied gate voltages relative to valence/conduction
band edges. The geometric capacitance is calculated with dielectric
constant g5 = 3. The moiré lattice constant is obtained directly from
PFM. The filling factor is estimated on the basis of the doping density
and size of the moiré unit cell, and is then compared with the assign-
ment of integer filling factors based on differential reflectance and
photoluminescence.

Data availability

The data that support the plots within this paper are available from
the corresponding authors upon reasonable request. Source dataare
provided with this paper.
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Extended DataFig.2|Excitation Energy dependent RMCD atselected
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between the magnetic fields at which the RMCD signal crosses zero as 1, His
sweptback and forth. The error baris the standard deviation obtained by
averaging over 5 data points. The set of datain a were taken at different thermal
cycles. This causes aslight offset of loop width in (a) compared with those at
the samefilling factorsin (b) and Fig. 2d in the main text.
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regime near v=-1/3,showingtypical ferromagnetic behavior. Dataare
extracted from Fig.1d. b. Magnetic field sweeping rate dependent RMCD
hysteresis loops at v=-1/3 with 76 nW excitation.



Article

RMCD (%)

RMCD (%)

a 5 - 5 b ; fv=1/5
0
a1
00}
S —
= X
g £
804l 8
g z
= 0.5
i \
L 0 - 1\
05 v=-12
-0.8
-1.2 L L L L L
04 -02 00 02 04 -1.0 -0.5 0.0 0.5
uH (T) 1H (T)

Extended DataFig. 6 | Datafrom anadditional device at near zero twist
angle onsapphire substrate. It resembles the mainresults observed in the
device presented in the maintext.a, RMCD signal as a function of filling factor v
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b, RMCDsignal vs u,H measured sweepingback and forth at selected filling
factors. c,Power dependent RMCD atv=-1/3.d, Temperature dependent
RMCD atv=-1/3 and optical excitation power of 590 nW. The datain (c) and (d)
are offset for clarity.
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Extended DataFig. 8| Excitation power dependentRMCD atv = -1/7.a, Line cuts of Fig. 4b in the main text at three different optical excitation power
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