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Evidence of frustrated magnetic interactions 
in a Wigner–Mott insulator
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Electrons in two-dimensional semiconductor moiré materials are more 
delocalized around the lattice sites than those in conventional solids1,2.  
The non-local contributions to the magnetic interactions can therefore  
be as important as the Anderson superexchange3, which makes the  
materials a unique platform to study the effects of competing magnetic 
interactions3,4. Here we report evidence of strongly frustrated magnetic 
interactions in a Wigner–Mott insulator at a two-thirds (2/3) filling of 
the moiré lattice in angle-aligned WSe2/WS2 bilayers. Magneto-optical 
measurements show that the net exchange interaction is antiferromagnetic 
for filling factors below 1 with a strong suppression at a 2/3 filling. The 
suppression is lifted on screening of the long-range Coulomb interactions 
and melting of the Wigner–Mott insulators by a nearby metallic gate.  
The results can be qualitatively captured by a honeycomb-lattice spin  
model with an antiferromagnetic nearest-neighbour coupling and 
a ferromagnetic second-neighbour coupling. Our study establishes 
semiconductor moiré materials as a model system for lattice-spin physics 
and frustrated magnetism5.

Moiré structures formed by semiconducting transition metal dichal-
cogenides (TMDs) provide a physical realization of the extended 
Hubbard models1,6–19. Correlated insulating states, which include 
both Mott insulators6–9,17,18 and Wigner–Mott insulators6,7,15,20, were 
recently observed in the strong correlation limit. The ground states and 
low-energy excited states of these correlated insulators are defined by 
the magnetic exchange interactions between localized spins1,10,12,21,22. 
Compared with real solids, electrons in the moiré lattice experience 
much weaker periodic potentials that are well approximated by har-
monic potentials, and the Wannier functions extend over an appreciable 
portion of a unit cell1,2,10,13. This makes the non-local contributions to 
the exchange interactions, which are usually negligible in atomic-scale 
Hubbard systems, relevant. Recent theoretical studies show that a 

ferromagnetic (FM) direct-exchange contribution (that is, proportional 
to the interaction) can be tuned to compete with an antiferromagnetic 
(AF) superexchange contribution (that is, inversely proportional to the 
interaction) to induce a rich phase diagram3,4,23. However, the impact of 
non-local interactions on the moiré spin physics needs to be examined 
experimentally.

We focused on the Wigner–Mott insulator state at a two-thirds 
(2/3) filling of the moiré lattice to reveal the frustrated magnetic 
interactions in angle-aligned WSe2/WS2 bilayers by magneto-optical 
measurements (Fig. 1). The bilayers formed a triangular moiré lattice 
with a period of about 8 nm (refs. 6, 7, 24) and a type II band alignment  
(Fig. 1b). The physics of the topmost moiré valence band can be 
mapped to a single-band triangular-lattice Hubbard model with a 
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We examined the magnetic response of the moiré bilayers by per-
forming magnetic circular dichroism (MCD) measurements near the 
fundamental moiré exciton resonance of WSe2 under an out-of-plane 
magnetic field (Fig. 2). The MCD is the difference between the reflec-
tion of left and right circularly polarized incident light normalized 
by the total reflection. It provides a measure of the magnetization, 
M, of the moiré bilayer because of the valley-dependent optical 
selection rules and spin-valley locking in monolayer TMDs6,27,28. The 
magnetic-field-dependent MCD spectrum in Fig. 2a is from device 
1 at ν = 2/3 and T = 1.7 K. (Extended Data Fig. 1 shows the raw 
helicity-resolved RC spectra.) The signal is enhanced near the moiré 
exciton resonance (∼1.67 eV). We used the integrated MCD over a nar-
row spectral window around the resonance to represent M, as described 
in earlier studies6,17. The results were insensitive to the exact choice of 
the spectral window (Extended Data Fig. 2).

Figure 2b shows the magnetic-field dependence of the integrated 
MCD of ν = 2/3 at representative temperatures. The MCD increased 
linearly with magnetic field B for small fields and saturated at around 
1 T at 1.7 K. With increasing temperature, the MCD decreased and no 
clear saturation was observed within the field range of 2 T at high 
temperatures. We extracted the magnetic susceptibility, χ ≡ limB→0

M
B

, 
from the MCD slope at zero field. Its temperature dependence is sum-
marized in Fig. 2d. The susceptibility follows the Curie–Weiss (CW) law 

(solid line), 1
χ
= T−θ

C
, where the Curie constant C is proportional to the 

saturation magnetization and θ (about –1.4 K) is the CW temperature. 
The CW law is known to describe the high-temperature magnetic 
response of interacting local moments with θ reflecting the net 
exchange interaction energy J between the local moments29,30 (we 
adopted the convention of expressing J in kelvin). A negative θ corre-
sponds to an AF exchange interaction. We limited the CW analysis to 

locked spin-valley pseudospin1 (referred to simply as spin below). The 
size of the electron Wannier function was about 2 nm (refs. 1, 10). The 
system was in the strong correlation limit with a nearest-neighbour 
hopping constant (t ≈ 1−2 meV) much smaller than both the on-site 
(U ≈ 100−200 meV) and the nearest-neighbour Coulomb repulsion 
(V ≈ 50 meV) (refs. 1, 6).

We studied two types of devices with a top and bottom gate (Fig. 1a).  
In both types, the gates were made of either graphite or TaSe2 (a TMD 
metal) electrodes and hexagonal boron nitride (h-BN) dielectrics. The 
gates could continuously tune the hole density in the moiré bilayer; a 
filling factor ν = 1 denotes one hole per moiré site or a half-filled moiré 
valence band. In device 1, both gate electrodes were about 20 nm away 
from the moiré bilayer and had a negligible screening effect. In device 
2, the bottom gate electrode (TaSe2) was placed about 1 nm below 
the moiré bilayer, which practically screened out all but the on-site 
Coulomb repulsion in the moiré lattice. We identified the magnetic 
response associated with the Wigner–Mott insulators by contrasting 
the behaviour of the two types of devices. Details on the device fabrica-
tion and measurements are provided in Methods.

Figure 1c shows the density-dependent reflectance contrast (RC) 
spectrum of device 1 near the fundamental moiré exciton resonance25,26 
of WSe2 at a temperature of T = 1.7 K. The moiré density was about 
2.0 × 1012 cm−2. Enhancements in the exciton spectral weight were 
identified at ν = 1, 2/3 and 1/3 (Fig. 1d). The enhancements arose from 
the formation of a Mott or charge-transfer insulator10 at ν = 1 (Fig. 1e) 
and Wigner–Mott insulators (or generalized Wigner crystals7) at ν = 2/3 
(Fig. 1f) and 1/3. The latter is a manifestation of the strong long-range 
V, whereas the Mott state is induced by the strong on-site U. From 
temperature dependence studies, the two Wigner–Mott insulators 
melt at around 35 K. These results are consistent with those of previ-
ous reports6,7,15.
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Fig. 1 | Correlated insulating states in WSe2/WS2 moiré lattices. a, Cross-
sectional schematics of the two types of devices investigated in this study. The 
WSe2/WS2 moiré lattice is hole-doped with holes (positive charges) that reside 
in the WSe2 layer. The bottom gate electrode is about 20 nm and 1 nm below the 
WSe2 layer in devices 1 and 2, respectively. b, Schematic moiré band structure. 
The Fermi level (dashed line) is inside the first moiré valence band of WSe2.  
c, RC spectrum of device 1 at 1.7 K as a function of filling factor (left) and doping 
density (right). RC enhancement near the fundamental moiré exciton resonance 

of WSe2 is observed at several commensurate filling factors (dashed horizontal 
lines). d, A linecut in c at 1.674 eV (black line) and the maximum RC of the  
exciton feature as a function of doping (red line). e–h, Charge configurations  
at zero temperature on the underlying triangular moiré lattice for ν = 1 (e),  
2/3 (f), slightly above 2/3 (g) and below 2/3 (h). Filled circles denote occupied 
sites. In g, an extra hole resides at the centre site of a honeycomb formed by the 
occupied sites; in h, the doped vacancies (empty circles) are assumed to reside  
on a pair of nearest-neighbour sites in a spin model to account for χ near ν = 2/3.
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5–35 K (above |θ| but below the melting temperature of the Wigner–
Mott insulator), in which the picture of local moments applies. The 
fitting results were, however, not sensitive to the precise choice of the 
temperature range. The picture of local moments is also consistent 
with Fig. 2b, which reflects the alignment and saturation of the local 
moments under an external magnetic field. In the low-temperature 
limit, the saturation field (Bs ≈ 1 T) also reflected J: a higher Zeeman 
field was required to overcome a stronger AF exchange to achieve 
magnetic saturation. At temperatures above J, the magnetic response 
was strongly affected by thermal excitations.

We performed similar measurements and analysis for the entire 
filling range of ν ≤ 1 (Extended Data Figs. 3 and 4). Figure 2c shows the 
filling-dependent χ at varying temperatures. At high temperatures, a 
linear dependence was observed (Extended Data Fig. 5), which reflects 
the expected linear dependence of the local moment density on filling, 
C ∝ ν. As the temperature decreased below J, χ increased drastically 
and a non-monotonic filling dependence emerged (Figs. 2c and 3a). 
Concurrently, both the CW temperature (Fig. 3b) and the saturation 
field at 1.7 K (Fig. 3c) also exhibited a strongly non-monotonic filling 
dependence. For all ν values, the CW temperature was negative or 
close to 0. The three quantities, χ, θ and Bs, were fully consistent with 
each other. For instance, a small |θ| was accompanied by a small Bs and 
a large χ; these are manifestations of a small AF exchange interaction J. 
The filling dependences for θ and Bs were not exactly identical because 
of the finite temperature effects for Bs.

The most striking feature of Fig. 3 is the strong suppression of the 
AF exchange around ν = 2/3. The width of the feature in the filling fac-
tor agrees well with the width of the Wigner–Mott insulator at ν = 2/3  
(Fig. 1c,d). A similar effect is also likely at around ν = 1/3, but because the 
local moments were far apart, the exchange energy scale was too small 
to be fully resolved in this experiment. Suppression of the AF exchange 
at other fractional fillings between 1/3 and 2/3 was not observed. As 
the magnetism in the triangular-lattice Hubbard models at generic 
fillings that involve itinerant carriers is too complex to be resolved 
in one study, we focused on the most notable observation at fillings 
around 2/3 below.

To elucidate the role of the Wigner–Mott insulator on the mag-
netic response at 2/3 filling, we compared the behaviour of devices 
1 and 2. In device 2 (Fig. 1a), the bottom gate electrode effectively 
screened out the long-range Coulomb repulsion and quenched the 
Wigner–Mott insulator31. This is consistent with recent reports32,33 and 
is supported by the absence of any enhancement in the exciton RC at 
ν = 2/3 (Extended Data Fig. 6). Also no longer observable in device 2 
were the pronounced peak in χ and the dip in Bs at around 2/3 filling at 
1.7 K (Fig. 3a,c). In addition, we were able to perform the CW analysis 
on the temperature-dependent χ (Extended Data Fig. 7). The presence 
of a strong correlation probably contributes to the applicability of the 
CW analysis for interacting local moments here34,35. The extracted CW 
temperature (Fig. 3b) was again negative with a larger magnitude for 
the entire filling range (θ ≈ −7 K at ν = 2/3), which reflects stronger AF 
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Fig. 2 | Magneto-optical measurements (device 1). a, MCD spectrum as a 
function of magnetic field at ν = 2/3 and T = 1.7 K. The spectrum is integrated 
over a narrow window around the fundamental moiré exciton resonance (within 
the two vertical lines) to represent the sample magnetization. b, Magnetic-
field dependence of integrated MCD at representative temperatures. The 
MCD saturates above ~1 T at 1.7 K. The slope at zero magnetic field is extracted 
to represent χ. c, Filling dependence of χ at varying temperatures. A sharp 

peak emerges at 2/3 filling as the temperature decreases. d, CW analysis of the 
temperature dependence of the inverse susceptibility (symbols). The error bars 
are one-sigma uncertainties of the zero-field slope in b. CW temperatures that 
correspond to the best fits (solid lines) are included. Data for different filling 
factors are vertically displaced for clarity. The horizontal dashed lines mark 
where 1/χ is zero. a.u., arbitrary units.
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interactions between the local moments. The dip in the filling depend-
ence of |θ| at around ν = 2/3 was no longer observable. All these results 
indicate that the suppressed AF exchange interaction at a 2/3 filling in 
device 1 is associated with the Wigner–Mott insulator.

We considered the exchange mechanisms between local moments. 
The Anderson superexchange, which involves virtual hopping of par-
ticles between two neighbouring sites, was AF. When the long-range 
interactions were negligible, the superexchange was inversely 

proportional to the on-site U (∼ t2

U
). This mechanism contributed to 

the observed net AF exchange and its enhancement on screening of 
the Coulomb repulsions. However, the superexchange mecha-
nism alone cannot explain the observed suppression of the net AF 
exchange near 2/3 filling (Fig. 3b). Other contributions, such as the 
interaction-assisted hopping and direct exchange, have to be consid-
ered3,4. These non-local contributions to the exchange interaction are 
relevant in semiconductor moiré materials because of the harmonic 
trapping potentials and the extended electron Wannier functions1,2,10,13. 
In particular, the direct exchange is FM and proportional to Coulomb 
interactions3; it can be tuned by screening to compete with the AF 
superexchange to induce frustrated magnetism.

In the Wigner–Mott insulator at ν = 2/3, holes form a crystal with 
a honeycomb lattice20 (Fig. 1f). As the system remains insulating when 
immediately doped away from a 2/3 filling36, the spin physics near 
ν = 2/3 can be captured by a (doped) spin model on the honeycomb 
lattice (Methods). The spin model is a good approximation in the flat 
band limit, as in angle-aligned WSe2/WS2 (refs. 6, 7). For simplicity, we 
considered a model with both nearest and second neighbour Heisen-
berg interactions. We did not make assumptions of the sign of the 
Heisenberg interactions to begin with, but we showed (Methods) that 
the experimental data favours an AF nearest-neighbour coupling J1 and 
a FM second-neighbour coupling J2 (both J1 and J2 are taken to be positive 
in our convention). A recent microscopic analysis3 showed that such a 
regime is possible. The choice of a FM J2 is consistent with the observed 
increase in |θ| when the long-range interaction was screened (Fig. 3b). 
Exactly at ν = 2/3, there were three nearest neighbours and six second 
neighbours per hole. The CW temperature, which is a weighted sum 
of the exchange interactions29,30, is hence given by θ = −(J1 − 2J2). The 
exchange is always AF as long as J1 > 2J2.

For ν ≳ 2/3, the extra holes naturally resided at the centre moiré 
sites of the honeycomb to minimize the Coulomb repulsion (Fig. 1g). 

They increased the AF nearest-neighbour links, but did not increase the 
FM second-neighbour links in the dilute limit. This simple picture 
implies that filling above 2/3 drove the system ‘more AF’. For ν ≲ 2/3, 
vacancies were introduced into the honeycomb lattice (Fig. 1h). Intro-
ducing a vacancy removes twice as many FM links as AF links. This is 
identical to the original lattice and hence cannot explain the stronger 
AF exchange observed in the experiment. However, if we further assume 
that a fraction of the vacancies (0 < x ≤ 1) reside on a pair of 
nearest-neighbour sites, to introduce a pair of vacancies removes 12 FM 
links but only 5 AF links (Fig. 1h), and hence drives the system more AF 
(detailed calculations in Methods). Note that we did not attempt to 
prove that vacancies were, indeed, introduced in pairs here, but a recent 
theoretical study on TMD moiré materials suggested that doping in 
pairs could cost less Coulomb repulsion energy under the right condi-
tions11. Nevertheless, the spin model with only J1 and J2 adopted here is 
probably too simple to account for all the experimental data near ν = 2/3.

In conclusion, we reveal the frustrated magnetic interactions in 
semiconductor moiré bilayers in a strong interaction limit through 
a strongly suppressed AF exchange in the Wigner–Mott insulator at 
ν = 2/3. We did not observe any clear enhancement or suppression of 
the net exchange interaction at other commensurate fractional fill-
ings between 1/3 and 2/3, for which charge-ordered states have been 
reported6,15,16. In general, the magnetic interaction in an extended Hub-
bard system at generic fillings is a complicated problem. Future studies 
are required to better understand the mechanism of magnetic exchange 
in the presence of charge order, nematicity16 and itinerant electrons.
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Methods
Sample and device fabrication
Dual-gate devices of angle-aligned WSe2/WS2 heterobilayers were 
fabricated using a dry-transfer method reported in the literature6. 
In short, atomically thin flakes of each constituent were exfoliated 
from bulk crystals onto SiO2–Si substrates, and identified by their 
RC under an optical microscope. The thickness was determined 
more accurately by atomic force microscopy. A polymer stamp was 
used to pick up all of the flakes sequentially. The finished stack was 
released onto SiO2–Si substrates with prepatterned Au electrodes. 
Second harmonic generation was employed to determine the crystal 
axes of the WSe2 and WS2 monolayers before stacking6. The main 
text reports results from a 60°-aligned sample. The results were 
reproduced in a second 60°-aligned sample (Extended Data Fig. 8). 
Similar results were also observed in a 0°-aligned sample (Extended 
Data Fig. 8). For the second type of device, an extra few-layer TaSe2 
flake was introduced into the device (Fig. 1a). It was separated from 
the WSe2/WS2 heterobilayer by a bilayer h-BN spacer. The TaSe2 
flakes were exfoliated inside a nitrogen-filled glove box to avoid 
sample degradation. We followed the procedure described in Tang 
et al.6 to calibrate the doping density and filling factor of the moiré 
bilayer. Specifically, we measured the h-BN gate dielectric thickness 
by atomic force microscopy and used the known dielectric constant 
of h-BN (~3) to calculate the hole doping density using a parallel plate 
capacitor model.

Magneto-optical measurements
Details of the MCD measurements were reported in Tang et al.6 and Li 
et al.17. In short, the devices were mounted in a closed-cycle cryostat 
with a superconducting magnet (attoDRY 2100). The magnetic field 
was applied perpendicular to the sample plane. White light from a 
tungsten halogen lamp was collimated and focused onto the devices 
(with the power less than 1 nW). The reflected light was detected by a 
liquid nitrogen-cooled charge-coupled device attached to a grating 
spectrometer. The polarization of the white light was controlled by a 
combination of a polarizer and a broadband quarter-wave plate. The 
WSe2/WS2 heterobilayers were grounded during the optical measure-
ments. In device 1, both the top and bottom gate voltages were con-
trolled independently by two Keithley source meters. In device 2, the 
TaSe2 flake was grounded, and only the top gate voltage was applied to 
tune the filling factor. In contrast to that of Wang et al.37, the excitation 
intensity was kept substantially lower to minimize the perturbation on 
the correlated states. We also analysed the MCD spectrum rather than 
a single-wavelength MCD signal so that a sign change in the MCD signal 
as well as a spectral shift in the exciton resonance with doping can be 
properly accounted for.

The MCD spectrum is defined as MCD = I+−I−
I++I−, where I+ and I− are, 

respectively, the spectrum of the reflected left- and right-handed 
incident light from the sample. The integrated MCD signal is computed 

as 
∫ϵ2

ϵ1
dϵ(MCD)

∫ϵ2
ϵ1
dϵ

, where ε is the photon energy and the limits of integration 

are given by the dashed lines in Fig. 2a. We focus on the MCD response 
in this study rather than the exciton Zeeman splitting as in an earlier 
study6. Although the two methods are generally in good agreement 
with each other, the MCD gives a better signal-to-noise ratio. It directly 
reflects the optical Hall response and the spin-valley polarization of 
the system, and is therefore more straightforward to interpret17. In 
particular, the MCD is easier to analyse than the exciton Zeeman split-
ting in the presence of multiple exciton peaks at ν = 2/3 which partially 
overlap in energy (Extended Data Fig. 1). We focused on hole doping, 
for which a strong MCD is observed (Extended Data Fig. 9). To isolate 
the local moment response, we also subtracted a small, constant slope 
at high magnetic fields from the magnetic-field-dependent MCD; 
this slope arises from the bare exciton Zeeman effect, which is nearly 
temperature independent.

Determination of the saturation magnetic field
We used the Brillouin function, M

Ms
= tanh (B/Bs) , to describe the 

magnetic-field dependence of the integrated MCD signal or the sample 
magnetization M. Here B denotes the applied magnetic field and Ms 
and Bs are the saturation magnetization and magnetic field, respec-
tively. An example is shown in Extended Data Fig. 10 for ν = 0.96 and 
T = 1.7 K. The filling dependence of Bs is shown in Fig. 3c.

Spin model
At 2/3 filling, the charges form a Wigner–Mott crystal with the shape 
of a honeycomb lattice20, which is 2/3 of the lattice sites of the original 
triangular moiré lattice (Fig. 1). We considered filling factors of around 
2/3. Although in our experiment the moiré lattice was filled with holes for 
the entire doping range, we refer to fillings slightly below and above 2/3 as 
‘electron doping’ and ‘hole doping’, respectively. One key observation we 
made is that, when immediately doped away from a 2/3 filling, the system 
remained insulating at low temperatures, based on capacitance measure-
ments36. This implies that the doped charges in the flat band system are 
always immobile, probably due to the presence of long-wavelength moiré 
disorders and/or a strong correlation. The spin physics of the system 
near a 2/3 filling was therefore captured by a (doped) spin model on the 
honeycomb lattice with each immobile hole carrying a spin-1/2 degree 
of freedom. The effect of moiré disorder was not treated explicitly in our 
model; it only enters in localizing the doped holes/electrons.

The spin model we adopted has AF nearest-neighbour (nn) cou-
pling J1, and FM next-nearest-neighbour (nnn) coupling J2 (in our con-
vention, both J1 and J2 are taken to be positive). The Hamiltonian of the 
spin model takes the following form:

H = ∑
nnbonds

J1S⃗i ⋅ S⃗j − ∑
nnnbonds

J2S⃗i ⋅ S⃗j + ∑
sites

h⃗ ⋅ S⃗i, (1)

where S⃗i is the spin on site i and h⃗ is the external magnetic field. As the 
main physics we focused on is observed at a finite temperature, we 
used a high-temperature expansion to analyse this model. Note that 
the qualitative results of our high-temperature expansion calculation 
were insensitive to whether the spin was treated as a classical 
three-component vector or a quantum spin-1/2 variable. The following 
calculation was performed using the former treatment.

With hole doping away from 2/3 filling, namely, ν > 2/3, there were 
two main qualitative findings in the experiments: (1) The CW tempera-
ture θ remained negative, but its magnitude increased under hole dop-
ing (Fig. 3b); this implies that, speaking overall, the system is AF, and it 
becomes even ‘more AF’ under hole doping. (2) The spin susceptibility 
decreased with hole doping at a low temperature (Fig. 3a), but increased 
with hole doping at a high temperature (Extended Data Fig. 5).

Figure 1g depicts the set-up for hole doping away from 2/3 filling. 
The extra hole doped to the system naturally resides at the centre moiré 
sites of the honeycomb. A doped hole increases the nearest-neighbour 
AF links in the system (labelled as dashed lines in Figure 1g), but does 
not increase the FM next-nearest-neighbour links. This simple picture 
implies that hole doping drives the system ‘more AF’, and increases |θ|. 
At filling ν = 2 (1 + p)/3, the high temperature expansion leads to the 
following result for θ, expanded to the leading order of doping p (>0):

θ = − [(J1 − 2J2) + (3J1 + 2J2)p] +O (p2) . (2)

As long as J1 > 2J2, θ is always negative, which signifies AF behaviour. 
Also, |θ| increases with hole doping p at the leading order expansion 
of p, which is consistent with the experimental data. The spin suscep-
tibility χ reads:

χ = n (1 + p)
3 (T − θ)

∼ n (1 + p)
3T + n (−J1 + 2J2 − 4J1p)

3T2 +O (p2) , (3)

where n is the number of holes of the honeycomb at ν = 2/3.
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As an example, let us choose J1 = 2.5J2 = 2.5 A. We then have θ ≈ 
−0.5 A. One immediately notices that when T < 10 A, χ decreases with 
doping p, and when T > 10 A, χ increases with p. All these are consistent 
with the experimental observations.

With electron doping away from 2/3 filling, namely, ν < 2/3, there are 
also two main qualitative findings in the experiments: (1) The CW tem-
perature θ remains negative, and the magnitude of |θ| increases under 
hole doping (Fig. 3b); this implies that the system still becomes ‘more 
AF’ under hole doping. (2) The spin susceptibility always decreases 
with doping within the temperature range in the experiment (Fig. 3a).

Electron doping was modelled as doping vacancies in our spin 
model. The experimental facts are somewhat counterintuitive, as dop-
ing vacancies normally do not increase |θ|. However, in the following 
we show that with a simple extra assumption of the configurations of 
doped vacancies, our model can explain the two experimental facts 
listed above. The set-up for vacancies doping is depicted in Fig. 1h:  
we assume that the doped vacancies always reside on a pair of 
nearest-neighbour sites. Although we do not prove here that the vacan-
cies do form pairs, we note that a similar pair-wise doping in TMD moiré 
materials in the flat band limit was discussed by Slagle and Fu11 as a way 
to minimize the Coulomb repulsion energy. At filling ν = 2(1 − p)/3, the 
high temperature expansion calculation gives the following results:

θ = −[(J1 − 2J2) − (2J13 − 2J2)p] +O (p2) . (4)

As long as 3J2 > J1 > 2J2, θ is always negative, and |θ| increases with p, 
again consistent with the experimental data. The reason |θ| increases 
with p is that, on the original lattice model, there are twice as many 
second neighbour links (FM interactions) as nearest-neighbour links 
(AF interactions). As the vacancies are ‘paired up’, doping a pair of 
vacancies removes 12 FM links, but removes only 5 AF links. Hence, 
doping vacancies can indeed drive the system more AF, and increase 
|θ|. The spin susceptibility χ is calculated as:

χ = n(1 − p)
3(T − θ) ∼

n(1 − p)
3T +

n [−J1 + 2J2 + ( 5J1
3
− 4J2)p]

3T2 +O (p2) , (5)

Again, as an example, let us choose J1 = 2.5J2 = 2.5 A. Then we obtain 
θ ≈ −0.5 A. We found that as long as T > A/6, χ always decreases with p, 
which is consistent with experimental findings.
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Extended Data Fig. 1 | Helicity-resolved reflectance contrast spectra at varying magnetic fields. a–c, Results for filling factor 0.88 (a), 0.67 (b) and 0.44 (c).  
The black and red lines denote the left (LCP) and right circularly polarized (RCP) excitations, respectively. The spectra are vertically displaced for clarity.
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Extended Data Fig. 2 | Analysis of MCD spectra. a, MCD spectrum as a function 
of magnetic field at ν = 2/3 and 1.7 K. The vertical dashed lines denote the three 
energy windows (M1, M2 and M3) for the MCD analysis. b, Magnetic-field 
dependent MCD integrated in window M1, M2 and M3 and normalized to 1 upon 

saturation at large fields. The solid lines are fits to the Brillouin function. The 
saturation field BS obtained from the fit (shown in the key) is insensitive to the 
choice of the spectral window.
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Extended Data Fig. 3 | Magnetic response of device 1 at varying temperatures for 𝜈 = 0.33 (a), 0.57 (b), 0.8 (c) and 0.96 (d). The color of the symbols varying from 
darkest to lightest denotes the temperature from 1.7 to 29.9 K.
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Extended Data Fig. 4 | Magnetic response of device 1 at 1.7 K. a, Integrated MCD as a function of magnetic field and filling factor. b, Linecuts of a at selected filling 
factors. The curves are displaced vertically for clarity.
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Extended Data Fig. 5 | The magnetic susceptibility as a function of fillings at high temperature (device 1). The dashed straight line is just an eye guidance to the 
linear filling dependence.
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Extended Data Fig. 6 | Optical characterization of device 2 at 1.7 K. a, Filling-dependent reflectance contrast (RC) spectrum. Enhanced RC near the fundamental 
moiré exciton resonance of WSe2 is observed only at integer filling factors. The absence of the RC enhancement at 𝜈 = 1/3 and 2/3 supports the absence of these Wigner-
Mott insulator states. b, Linecut of a at 1.673 eV.
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Extended Data Fig. 7 | Magneto-optical measurements (device 2). a, MCD 
spectrum as a function of magnetic field at ν = 2/3 and T = 1.7 K. The spectrum 
is integrated over a narrow window around the fundamental moiré exciton 
resonance (within the two vertical lines) to represent the sample magnetization. 
b, Filling dependence of the magnetic susceptibility, χ, at varying temperatures. 
The susceptibility is extracted from the linear slope of the magnetic-field 
dependence of integrated MCD at zero field. The solid lines are guides to the eye. 
c, Curie-Weiss analysis (solid lines) of the inverse susceptibility (symbols) as a 

function of temperature. The error bars are propagated from the uncertainty of χ.  
The CW temperatures corresponding to the best fits (solid lines) are included. 
Data for different filling factors are vertically displaced for clarity. The horizontal 
dashed lines mark where 1/χ is zero. Linear dependences are observed at 
temperatures smaller than the CW temperatures; no sign of magnetic ordering 
is observed (that is no kink in the temperature dependence). The absence of 
magnetic ordering at temperatures smaller than the mean-field CW temperature 
signifies the importance of magnetic frustrations in the system.
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Extended Data Fig. 8 | Results from additional devices. a, Comparison of the 
filling factor dependent saturation magnetic field of a 0- and 60-degree-aligned 
sample at 3.5 K. b–d, Results from another 60-degree-aligned sample, including 
the filling factor dependence of the magnetic susceptibility at 1.7 K (b), the 
saturation magnetic field at 1.7 K (c), and the Curie-Weiss temperature (d). The 

dashed lines denote 2/3 filling, where suppression of AF interactions is observed 
in all samples. A weaker suppression is observed in the 0-degree-aligned 
sample, which could be caused by the different moiré structure. The error bars 
correspond to the uncertainties of the Brillouin-function fit (a and c), the linear 
fit to the field dependence of the MCD near zero field (b), and the CW analysis (d).
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Extended Data Fig. 9 | Helicity-resolved reflectance contrast spectrum as a 
function of doping for both electron and hole doping. a, b, d, e Gate voltage 
dependent left- and right-handed reflectance contrast spectrum (LCP and 
RCP) for the WSe2 (a, b) and WS2 (d, e) layer. The magnetic field is at 2 T. Positive 
and negative fillings correspond to hole and electron doping, respectively. 
The dashed lines label the integer filling factors. c,f, Extracted gate voltage 
dependent MCD spectrum for the WSe2 (c) and WS2 (f) layer. Strong MCD 
response is observed only in the WSe2 exciton resonance and only for the hole 

doping case. The results can be understood based on the type-II band alignment 
in WSe2/WS2 bilayers; electron (hole) doping fills the WS2 (WSe2) conduction 
(valence) band. Strong MCD in the WSe2 layer is expected for hole doping 
because states near the Fermi level are directly involved in the optical transitions. 
On the other hand, states near the Fermi level are not involved in the optical 
transitions for electron doping in W-based TMDs. The MCD response is weak in all 
cases for electron doping.
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Extended Data Fig. 10 | Determination of the saturation magnetic field (device 1). The red curve is a Brillouin-function fit to the integrated MCD as a function of 
magnetic field (at 0.96 filling and 1.7 K). The corresponding saturation magnetic field is 0.63 ± 0.01 T.
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