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Moiré superlattices can be used to engineer strongly correlated electronic states in
two-dimensional van der Waals heterostructures, as recently demonstrated in the
correlated insulating and superconducting states observed in magic-angle twisted-

bilayer graphene and ABC trilayer graphene/boron nitride moiré superlattices'™.
Transition metal dichalcogenide moiré heterostructures provide another model
system for the study of correlated quantum phenomena’ because of their strong
light-matter interactions and large spin-orbit coupling. However, experimental
observation of correlated insulating states in this systemis challenging with
traditional transport techniques. Here we report the optical detection of strongly
correlated phases in semiconducting WSe,/WS, moiré superlattices. We use a
sensitive optical detection technique and reveal a Mott insulator state at one hole per
superlattice site and surprising insulating phases at 1/3 and 2/3 filling of the
superlattice, which we assign to generalized Wigner crystallization on the underlying

lattice® ™. Furthermore, the spin-valley optical selection rules

24 of transition metal

dichalcogenide heterostructures allow us to optically create and investigate low-
energy excited spin states in the Mott insulator. We measure a very long spin
relaxation lifetime of many microseconds in the Mott insulating state, orders of
magnitude longer than that of charge excitations. Our studies highlight the value of
using moiré superlattices beyond graphene to explore correlated physics.

Moiré superlattices offer ageneral and powerful platform for engineer-
ing correlated electronic statesin van der Waals heterostructures. We
consider asimple but highly informative toy model: atwo-dimensional
electrongasina periodic potential of periodicity L. The periodic poten-
tial leads to the formation of a set of minibands in the electron band
structure. The electron-electron interaction U and the electronic
bandwidth W of the lowest electronic miniband can be estimated as

U=é’/(4nel) andW = % = :’Z"LZZ, respectively, and the ratio U/Wscales
e 2my

linearly with m;L. Here ¢ is the effective dielectric constant, m; is the
electron effective mass, k is the wavevector, fis the reduced Planck
constantand eis the electron charge. Strong correlation (with U/W>1)
can be readily achieved with sufficiently large m;L, for example, with
amoiré superlattice (L =10 nm) and an effective mass m;, > 0.1m,, for
£=4¢, (g, vacuum permittivity; m,, free electron mass). If the periodic
moiré potentialis very strong, the electron bandwidth Wis additionally
suppressed, further enhancing the correlation effects. The design
criteria of large m;L can be satisfied in many moiré heterostructures.
One such instance is the ABC trilayer graphene/boron nitride moiré

superlattice, which has tunable Mott insulator, superconductor and
correlated Cherninsulator states***. Transition metal dichalcogenide
(TMD) heterostructures represent another intriguing platform. The
large effective mass (m; = 0.5m,) of TMDs'*" can lead to many-body
phenomena even in monolayer TMDs™®", and creates particularly
strong correlation effectsinmoiré superlattices. Further, their strong
light-matter interactions®®* can enable optical detection and manip-
ulation of the correlated quantum states of matter.

Here we report the observation of the Mott insulator state and
generalized Wigner crystallization on an underlying lattice in semi-
conducting WSe,/WS, moiré superlattices. By taking advantage of
the strong light-matter interactions of TMDs, we optically detect
both the quantum capacitance and electrical resistance of the moiré
heterostructure while avoiding complications from very large con-
tactresistances. A prominent example of a strongly correlated elec-
tronic systemis the Mottinsulator at one hole per superlattice site
(n=n,, where nisthe hole concentration and n, corresponds to one
hole per superlattice site)?*?, asillustrated in Fig. 1a. We show that
the Mott insulating state exists in WSe,/WS, moiré superlattices at
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Fig.1|Optically detected resistance and capacitance techniqueinaWSe,/
WS, superlattice. a, Illustration of aMottinsulator statein a WSe,/WS, moiré
superlattice (green and orange layers) with one hole (red circles) per
superlattice unitcell. b, ¢, Schematic of a device used foran ODRC
measurementinaWSe,/WS, heterostructure (b), whichincludes alocal top
gateand aglobalback gate. Asmalla.c. bias (aP)leadsto chargeredistribution
betweenregionland region 2 (Afi), whichis detected viathe change in the
opticalreflectivity of the WSe, excitoninregion 2. This a.c. measurement can
be modelled as an effective RC circuit (c). The elements of the circuit are shown
schematicallyinb. C,, Cgand C,are the geometric capacitancesin thesystem,

temperatures of up to45 K and has an estimated Mott-Hubbard gap
of about10 meV, an order of magnitude larger thanthatingraphene
moiré systems. Surprisingly, we also observe additional insulating
states from generalized Wigner crystallization at fractional fill-
ings of n=1/3n,and n=2/3n,. The emergence of these generalized
Wigner crystal states necessitates an extended Hubbard model with
notonly on-site (short-range) but also inter-site (long-range) interac-
tions”®. In addition, the strong light-matter interaction and unique
spin-valley selection rules of TMD moiré heterostructures allow
us to optically create and detect different elementary excitations
associated with their strongly correlated ground states. We use
circularly polarized light to generate a low-energy pure-spin exci-
tation, and we demonstrate an increased spin lifetime at the Mott
insulating state.

We investigate correlated states in a TMD heterostructure using
the novel optically detected resistance and capacitance (ODRC)
technique. The large semiconductor bandgap in TMDs leads to the
formation of Schottky barriers at metal-TMD junctions and corre-
spondingly large contact resistance. This large contact resistance
often hampers direct electrical-transport measurements in TMD
heterostructures, particularly for low carrier doping and at low tem-
peratures®. Our optical detection scheme avoids this difficulty. For
the ODRC measurements, we design a special device configuration
with two regions (Fig. 1b): one half of the device has alocal graphite
top gate (region 1), and the other half does not (region 2). We vary
the d.c. voltage on the local top gate (V,,,) to continuously control
the carrier dopinginregion1, where the chargeinjection occurs with
atime constant of about 1s. We then add an a.c. excitation voltage
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and Rand C,are the doping-dependent resistance and quantum capacitance,
respectively, of region1that we measure.d, e, Side-view illustration (d) and
optical microscope image (e) of a heterostructure with near-zero twist
angle(device D1). The graphite top gate, WS, and WSe, flakes are outlined in
grey, yellowand green, respectively. f, Optical absorption spectrumofthe
heterostructure, showing splitting of the WSe, A exciton into three prominent
peaks, whichis characteristic of intralayer moiré excitonsin an aligned
heterostructure. The ODRC measurements use alaser probeinresonance with
thelowest-energy exciton peak (red arrow).

(AV) to the local top gate. For excitation frequencies higher than
10 Hz, the electrical contact is effectively frozen and the TMD het-
erostructure is floated electrically (see Methods). In this case, the
a.c. excitation voltage leads only to charge redistribution between
region1landregion 2, with no total charge change, and the charge
redistribution dynamics depends on the quantum capacitance and
resistance in the moiré system. We detect the resulting change of
carrier concentrationinregion 2 (Afl) optically, through the induced
change in optical contrast AOC at the intralayer exciton resonance
(see Methods, Extended Data Fig. 1). The global graphite back gate
isusedtosetthed.c. dopinglevel of region 2 to optimize the exciton
optical response to doping changes.

Thea.c. electrical transport in the TMD heterostructure can be mod-
elled by an effective RC circuit, shown in Fig. 1c. Here C, and Cy are the
geometric capacitances between the TMD and the top and bottom
gatesinregion1, respectively, and C, is the TMD-bottom gate capaci-
tanceinregion2. These geometric capacitances C;(i=1,2,B) are set by
C,=¢,eA,/d;, where ¢, is the dielectric constant of the gate dielectric,
and A;and d;denote the relevant capacitor area and separation, respec-
tively. The parameters to be measured are Coand R, which correspond
to the doping-dependent quantum capacitance and resistance of the
moiré superlattice in region 1, respectively. The induced optical con-
trast change AOC in region 2 upon an a.c. capacitive excitation AVin
region 1 can be obtained from the effective circuit model (see Sup-
plementary Information) as

AOC=aAr =%

¢ 1

AV _

Aye C1+CBCL+in (1)
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Fig.2|Doping-dependentresistance and capacitance probed by ODRC.
a,0DRCsignalat1kHz (grey) and 30 kHz (black) from charge-neutral to
moderate hole doping. Strong gap-like features are observed at hole
dopinglevels of n=n,/3 (orange dashed line), n=2n,/3 (green dashed line)
and n=n, (bluedashedline). The purple dashed line correspondston=0.
b-d, Capacitance C(b) and resistance (c) of region1. Grey curves are
extracted fromthe dataina, and black dots are extracted from the frequency-
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Here w is the excitation frequency and a=AOC/A#i is the optical
detectionresponsivity inregion2, whichis constant for the fixed bot-
tomgate voltage used in our study. The frequency-dependent optical
signal AOC(w) allows us to extract the values of both C, and R: at low
excitation frequencies the resistanceis negligible, so the optical signal
probes the quantum capacitance Cy, whichis proportional to the den-
sity of states of the moiré heterostructure. At high modulation frequen-
cies, both Cyand R contribute to the optical signal.

We focus our study on WSe,/WS, heterostructures with near-zero
twist angles that have amoiré superlattice with a period of about 8nm
owingtothe~4% lattice mismatch between the WS, and WSe, monolay-
ers. Figure 1d shows a schematic of device D1: few-layer graphene is
used for the gates and contact to the TMD layers, and hexagonal boron
nitride (hBN) is used at the top and bottom gate dielectrics (¢,=4.2;
see Methods and ref. > for fabrication details). Figure 1e shows an opti-
cal microscopy image of the final device, with contours highlighting
the WS, and WSe, layers and the local graphite top gate. To verify the
presence of the moiré superlattice, we examine the optical absorp-
tion spectrum of the heterostructure (Fig. 1f). The spectrum shows
clear splitting of the WSe, A exciton, which is a signature of the moiré
superlattice in the heterostructure®.

Figure 2ashows the ODRC signals as a function of the hole doping of
the WSe,/WS, moiré superlattice in region 1. We use an a.c. excitation

dependent ODRCsignal (d) at representative doping levels.Ind, the dots are
thefrequency-dependent ODRC signal at the indicated values of V,,,and the
linesare the corresponding fits with the RC circuit model. The decreased
capacitanceand increased resistance indicate emerginginsulating states at
n=ny/3,n=2ny/3and n=n,. Allmeasurements are done at 3K. e, lllustrations of
generalized Wigner crystal (n=ny/3,n=2n,/3) and Mottinsulator states (n=n,)
inaWSe,/WS, moirésuperlattice.

voltage with the peak-to-peak amplitude of 10 mV at1kHzand 30 kHz.
When region 1is charge-neutral (V,,, > 0.2 V), the AOC signal is small
because no carriers are available to redistribute in the bandgap of
WSe,. When region 1is hole-doped (V,,, < 0.2 V), charge redistribu-
tion occurs, leading to a large increase in the signal. Interestingly, we
observe a strong gap-like feature at -1V (blue dashed line in Fig. 2a).
From a capacitance model, we estimate the corresponding hole con-
centration to be 1.86 x 10”2 cm2, which matches well with a density of
one hole per moiré unit cell (n,=1.88 x 10> cm%; see Methods). We
also observe two sharp dips at —0.2 Vand -0.6 V (orange and green
dashed lines in Fig. 2a), which correspond to hole concentrations of
n=ny/3andn=2n,/3, respectively. Additionally, abroad, weaker feature
is observed at —2.25V, which corresponds to n =2n,. These features
become stronger at the higher excitation frequency of 30 kHz. ODRC
signals for additional aligned heterostructures are shownin Extended
DataFig. 5.

We extract numerical values for the doping-dependent C.sand R of
the moiré heterostructure based on the effective a.c. circuit model and
equation (1). We plot C.sand Ras afunction of carrier dopingin Fig.2b,
C (grey lines). An optical responsivity of a =1.4 x10™ cm?is chosen so
that roPlorres Lat high doping, where the quantum capacitance
is mucil larger than the geometric capacitances and has negligible
contribution. At n=ny, n=ny/3 and n=2n,/3, C.decreases, whereas
the geometric capacitances remain unchanged (Fig. 2b). This decrease
in Cyris due to the much smaller quantum capacitance Cy, whichresults
fromthegreatly reduced density of states at these fillings. At the same
time, the electrical resistance shows marked increasesatn=n,, n=n,/3
and n=2n,/3 (Fig. 2¢). The simultaneous reduction of the density of
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Fig.3 | Temperature dependence of Mott and generalized Wigner crystal
states. a, Resistance derived from ODRC measurements performed at
temperatures between3Kand 70 K. The Mottinsulator state atn=n,is
observable upto 45K, and the generalized Wigner crystal statesatn=n,/3 and
n=2ny/3 persistuntil10K. b, Plot of In(resistance) versus 1/k;T for Mott (blue)
and generalized Wigner crystal states (orange and green). Error bars
correspond to the estimated experimental uncertainty in the extracted
resistance values. The estimated thermal-activation gap for the Mott state is
about10 meV, whichis found by fitting the datain b with a thermal-activation
function (black dashedline).

states and large increase of the resistance indicate the emergence of
insulating states at these fillings.

Totest our effective circuit model quantitatively, we measure the fre-
quency dependence of the ODRC signal at several representative hole-
doping densities. Figure 2d displays the experimental results (symbols).
We observe a clear signal fall-off withincreasing frequency, and the data
can be reproduced by the circuit model predictions (solid lines). The
effective capacitance and resistance at these fillings extracted from
the frequency dependence of the ODRC signal (black dots in Fig. 2b, c)
agree well with the values extracted directly from the data in Fig. 2a.

Our results show that the WSe,/WS, moiré heterostructure hosts
insulating states withreduced density of states and increased resistance
atn=ny,n=ny/3andn=2n,/3. These features are completely absentin
large-twist-angle WSe,/WS, heterostructures (see Methods, Extended
DataFig. 6) and only emerge in the moiré superlattices. Theinsulating
state at n=n,is typically assigned to a Mott insulator’*?* but may also
be considered to be an interaction-driven Wigner crystal state® ™ or
a charge-transfer insulator® (Fig. 2e). This state corresponds to half-
filling of the moiré miniband because the TMD heterostructure has a
degeneracy of 2 from spin-valley locking®. Similar correlated insulating

Upper Hubbard band

Energy —

Lower Hubbard band

5
Delay (us)

Fig.4|Opticalinvestigation oflow-energy spin excitation dynamics ofa
WSe,/WS, Mottinsulator. a, A circularly polarized pump pulse selectively
excites K-valley excitons with spin-up electrons and holes in the moiré
heterostructure. After afast charge recombination process, an excess of spin-
polarized holes remainsin the lower Hubbard band. The evolution of this low-
energy spinexcitation canbe measured by asecond probe pulse through
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states have alsobeenobserved atn=n,in twisted bilayer graphene and
ABC trilayer graphene/boron nitride moiré superlattices'™.

Onthe other hand, the observation of insulating states at n=n,/3
and n=2n,/3 is surprising. Insulating states at fractional filling of the
lattice sites have not been observed in other moiré superlattice systems
and cannot be described as a Mott insulator or by a Hubbard model
with only on-site repulsive interactions. We hypothesize that these
insulating states at n=n,/3 and n=2n,/3 correspond to generalized
Wigner crystallization®™ of holes in the TMD moiré superlattice. Fig-
ure 2e illustrates the real-space configurations of the generalized
Wigner crystal states, where holes try to avoid not only double occupa-
tion in one site, but also simultaneous occupation of adjacent sites.
There are three degenerate Wigner crystallization configurations. The
TMD moiré system spontaneously breaks the lattice translational sym-
metry owing to electron-electron interactions and condenses to one
specific configurationwitha~/3 x +/3 charge density wave pattern. The
emergence of these generalized Wigner crystal states suggests that
even the inter-site (long-range) interaction energy is larger than the
moiré miniband bandwidth, confirming the very strong correlationin
the TMD moiré heterostructure.

We perform ODRC measurements of the doping-dependent quantum
capacitance andresistance of the TMD moiré superlattices at different
temperatures. Figure 3a shows the extracted resistance for tempera-
tures from 3 K to 70 K. The resistance peaks of the Mott insulator and
generalized Wigner crystal states are observable up to temperatures
of 45K and 10 K, respectively. We estimate the Mott-Hubbard gap to

be A=10 meV by fitting the resistance with a thermal-activation func-
tion, exp[-4/(2k; 7)1 (kz, Boltzmann constant; T, temperature), for the
Mottinsulator state at n=n, (black dashedlinein Fig.3b). Owingto the
limited range exhibiting thermal-activation behaviour, the estimated
Mott gap has relatively large uncertainty. It is difficult to estimate the
size of the insulating gaps of the generalized Wigner crystal states
fromthe experimental data, but they are probably 5-10 times smaller
thanthe Mottinsulator gap according to the temperature at which the
generalized Wigner crystal signatures disappear.

The strong electron correlation and light-matter interactioninthe
heterostructure provides unique opportunities to optically investigate
excited states from the correlated phases, such as low-energy charge
and spin excitations. Charge excitations in Mott insulator systems have

beenintensively studied, featuring ultrafast decay dynamics (typically a
few picoseconds) from the holon-doublon recombination process” %.
Onthe other hand, the dynamics of pure spin excitations are difficult
to explore. Here we directly measure the doping-dependent decay of
a pure spin excitation by taking advantage of the unique spin-valley
selectionrulesinthe TMD heterostructure'>*. We use the pump-probe
schemedescribed inrefs.°*'to generate and probe the spin excitation
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pump-induced circular dichroic signals. b, Doping-dependent decay dynamics
ofthe optically generated pure spin excitations. ¢, Spin (blue) and charge
(black) lifetimes as a function of hole doping. The spin relaxation slows down
markedly near n=n,, withalifetime aslong as 8 pus. By contrast, the total charge
population decays quickly for all doping levels.



inthe moiré heterostructure at 20 K. Specifically, a circularly polarized
pump excitation is employed to selectively excite K-valley excitons
composed of spin-up holes and electrons. The relaxation of the spin-
polarized electrons and holes within about 100 nsresultsin aresidual
spin polarization in the lower Hubbard band of the Mott insulator,
asillustrated in Fig. 4a. We probe the evolution of the residual spin
polarization through the pump-induced circular dichroic signal and
the charge population through the pump-induced change in the total
absorption of the probe beam. Figure 4b shows the time evolution of
the spin population at different hole densities. The doping-dependent
spinlifetime, represented by blue symbolsin Fig. 4c, shows a prominent
increase at the Mott insulator state (n = n,) and reaches more than
8 us. By contrast, the lifetime of charge excitations (black symbols) is
orders of magnitude shorter. The long-lived spin excitations from the
Mottinsulator state can provideimportantinformation aboutitsspin
configuration. It hasbeen proposed that the Mott insulator statein the
WSe,/WS, moiré superlattice can host intriguing spin states, such as
the quantum spin liquid®***. However, further theoretical studies will
berequired tounderstand the experimentally observed spin dynamics
in the Mott insulating state, which is beyond the scope of this paper.

Our results demonstrate that TMD moiré heterostructures can host
novel quantum correlated phases and offer an attractive platform for
probing excited-state and non-equilibrium dynamics of the correlated
phases owing to aunique combination of highly correlated electrons,
strong light-matter interactions and a large spin-orbit effect in the
system.
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Methods

ODRC measurements

A function generator (Rigol 10227) is used to generate the top-gate
voltage, which consists of ad.c. offset, V,,,, and asmall a.c. modulation,
AV Avoltage source (Keithley 2400) is used for the back-gate voltage.
Alaser diode with centre energy of 1.66 eV serves as the probe light.
The diode energy is fine-tuned using a thermoelectric cooler so that
the probe energy is resonant with the lowest-energy WSe, A exciton
absorption peakinregion 2. Thereflected probelightis collected with
anavalanche photodiode (Thorlabs APD 410A) and then analysed using
alock-inamplifier thatis locked to the function generator output.

WSe, A exciton absorptioninregion 2

The lowest-energy WSe, A exciton in region 2 is used to measure the
electrical properties of region 1as the local top gate is tuned. To be a
reliable probe, the exciton in region 2 must respond only to charge
redistribution due to the modulation voltage AV, but not to the d.c.
biasapplied to thelocal top gate, V,,,. We measure the optical spectrum
of the lowest-energy WSe, A exciton (1.6-1.74 eV) while sweeping V,,,
from 0.5V to -3.5V (Extended Data Fig. 1a). We record the spectrum
15 s after changing V,,, to ensure that the contact injects charge. We
observe almost no change in the spectrum. Therefore, the static local
top gate does not influence the hole concentration in region 2, and it
remains a stable probe for all V,,, values used.

We measure the absorption spectrum as a function of the carrier
densityinregion 2 by varying the global back-gate voltage. Extended
DataFig.1bshowsthe absorption spectrawhen the back-gate voltage
istunedinasmallrange around -1V. For the ODRC measurement, the
modulation voltage AV is typically set to 10-25 mV, so the redistrib-
uted charges correspond to a small back-gate voltage change of
<25 mV. Within this range, the exciton resonance (1.673 eV) shows
monotonic and linear change with carrier concentration. Therefore,
the optical detection responsivity a is a constant for our choice of
back-gate voltage.

We estimate an optical detectionresponsivity a=1.4 x10"2cm? The
noise of the ODRC signal is ~2 x 107 in our lock-in measurement for
3 saveraging time. This allows us to detect a carrier density changein
region 2 as small as 10° cm with optical detection.

-12

Low-frequency behaviour of ODRC signal

Extended DataFigure 2 shows the frequency-dependent ODRC signal
at V,,,=-1.6 V (thatis, away from any features) for modulation frequen-
cies between 0.05 Hz and 137 Hz. The carrier injection through the
graphite contact hasacharacteristic time constant of -1s. At the lowest
modulation frequency (0.05 Hz), the graphite contact can efficiently
inject chargeinresponsetoAV. Asaresult, the carrier density in region
2 remains constant and the overall ODRC signal is negligible. At 1Hz,
the ODRC signalis partially reduced compared with higher-frequency
responses because the contact can inject some charge in response to
AV . For frequencies higher than ~10 Hz, the contact becomes frozen.
As aresult, the heterostructure is effectively floated and the ODRC
signal reaches its typical low-frequency value. We also note that the
ODRC signalis linear with AV,

Heterostructure preparation for optical measurements

We use adry-transfer method with a polyethylene terephthalate (PET)
stamp to fabricate the WSe,/WS, heterostructures®. Monolayer WSe,,
monolayer WS,, few-layer graphene and thin hBN flakes are first exfo-
liated onto Si substrates with a 90-nm-thick SiO, layer. For aligned
heterostructures, we use polarization-dependent second-harmonic
generation (SHG) to determine the crystal axes of WS, and WSe,**¢
We then use a PET stamp to pick up the few-layer graphene top gate,
top hBN flake, the WS, monolayer, the WSe, monolayer, the few-layer-
graphene contact, the bottom hBN flake and the few-layer graphene

back gateinsequence. Between picking up WS, and WSe,, we adjust the
angle of the PET stamp to ensure a near-zero twist angle between the
flakes. The PET stamp with the above heterostructureis then stamped
onto a clean Si substrate with 90 nm SiO,. The PET and samples are
heated to 60 °C during the pick-up and to 130 °C for the stamping
process. Finally, we dissolve the PET in dichloromethane overnight
atroomtemperature. Contacts (-75nmgold with a~-5-nm-thick chro-
mium adhesion layer) to the few-layer graphene flakes are made using
electron-beam lithography and electron-beam evaporation. Finally,
we measure the polarization-dependent SHG on the monolayer TMDs
in the heterostructure to determine the twist angle (see Extended
DataFig.4).

Calibration of hBN dielectric constant

We directly calibrated the hBN dielectric constant against the known
dielectric constant of SiO, using a dual-gate TMD device with agraphite
top gate (with hBN as the gate dielectric) and a Si back gate (with SiO,
as the gate dielectric). Specifically, we fabricated a dual-gated MoSe,
device with a 45-nm-thick top hBN gate and a 290-nm-thick SiO,/Si
back gate. The hBN crystal is from the same batch that was used to
fabricate our WSe,/WS, moiré heterostructure devices. Extended Data
Fig. 3a shows the MoSe, A exciton peak intensity as a function of the
top-andback-gate voltages. Extended DataFig. 3b shows the extracted
charge-neutral points for each Si back gate, which correspond to the
top graphite gate voltages that bring the system to zero net charge.
The data show alinear behaviour and the slope indicates the relative
gate efficiency. The hBN dielectric constant was then obtained using a
parallel-plate capacitor model. The hBN thickness was determined by
calibrated atomic force microscopy measurements, and the SiO, thick-
ness was verified by the optical reflection spectrum. We obtain ahBN
dielectric constant of 4.2 + 0.4 using the SiO, dielectric constant of 3.9.

Determination of the relative twist angle between WSe, and WS,
layers

The twist angle between the WSe, and WS, flakes in device D1 is
0.4°+0.3°,as determined via polarization-dependent SHG (Extended
Data Fig. 4)*35%, The SHG signal is four times larger on the hetero-
structure than on the monolayer regions, indicating that this device
iscloser to 0° than 60°.

Determination of moiré density n,
The moiré density n, corresponds to one hole per moiré unit cell,
and it is directly determined by the moiré periodicity through

ng= 1/[L,%,1 sin(t/3)].Here Ly = a/~/ 52+ 6%isthe moiré superlattice con-
stant, 6 = (a - a’)/a = 4% is the lattice mismatch between WSe,
(a=0.328nm)and WS, (a’=0.315nm) and fis the twist angle between
the two layers. At 8 smaller than -1°, L, is mainly determined by the
intrinsiclattice constant mismatch between the two layers, so n,is not
sensitive to a small uncertainty in 6. For device D1, we measured 6 to
be 0.4° + 0.3° using angle-dependent SHG. This corresponds to
n,=1.88 x10” cm2with an experimental uncertainty of ~10%.

ODRC results from additional near-aligned heterostructures

We measured three near-aligned WSe,/WS, moiré heterostructures
(twist angle <1°). Extended Data Fig. 5a, b shows the ODRC signal of the
other two devices, D2 and D3. The qualitative behaviour of the Mott
insulator and generalized Wigner crystal states that are observed in
D1and described in the main textis reproducible in these devices. We
observeaclearincreaseintheresistance and decrease in the AOC signal
atthe Mott statesand the generalized Wigner crystal stateatn=1/3n,,.
However, at n =2/3n, the generalized Wigner crystal state is almost
notobservable. We do notice that devices D2 and D3 have much larger
inhomogeneous broadening compared with device D1, asshownby the
much broader width of the resistance peak. Presumably, the n=2/3n,



state is much more fragile than the Mott insulator and the n=1/3n,
state, and it is completely smeared out by the large inhomogeneous
broadeningin D2 and D3.

ODRCsignalin alarge-twist-angle WSe,/WS, heterostructure

We measured the ODRC signal for a large-twist-angle WSe,/WS, het-
erostructure, D4.Inthis device, the monolayer WSe, and WS, flakes are
intentionally misaligned, and the absorption spectrumis characteristic
ofalarge-twist-angle heterostructure. The signal from the misaligned
heterostructure also shows a sharp increase when doped below the
bandgap (red curve in Extended Data Fig. 6a), indicating that charge
redistribution occurs. However, the signal is largely flat and does not
showany clear dips correspondingtoinsulating states, insharp contrast
with thealigned case (blue curve). This observationis consistent with
our conclusion that theinsulating statesin the aligned heterostructure
are Mott and generalized Wigner states in the moiré superlattice, which
is not present in a large-twist-angle heterostructure. Extended Data
Fig. 6b presents the ODRC signal at several representative frequen-
cies, which shows a characteristic RC circuit fall-off with increasing
frequency. No additional featureis observed in the hole-doping region
uptoafrequency of 1MHz, further confirming the absence of insulat-
ing states. The overall lower resistance in the misaligned device may be
due to the different back-gate doping used in the two measurements.

Generation of optical pump-probe pulses with controlled time
delay

Two electronic pulse generators (HP 8082A and HP 214B) were used
to generate optical pump and probe pulses separately. Both pulse
generators were triggered by the digital output of a data acquisition
card, so the period and delay of the two triggering signals could be
directly controlled with a computer. The output electronic pulses
with -20 ns pulse duration were then converted to optical pulses by
two radiofrequency-coupled laser diode modules with energies of
1.80 eV (pump) and1.66 eV (probe). The pump and probe beams were
focused on the sample withbeam-spot diameters of -30 pmand -5 pm,

respectively. Their polarizations were set using linear polarizersand a
shared quarter-wave plate. The reflected probe light was collected by
aphotomultiplier tube. The pump-probe signal was analysed using a
lock-in amplifier with modulation frequency of 2.5 kHz.
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peak. The spectral change is monotonic and approximately linear with carrier
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