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Moiré superlattices have emerged as an exciting condensed-matter quantum simulator for exploring the
exotic physics of strong electronic correlations. Notable progress has been witnessed, but such correlated
states are achievable usually at low temperatures. Here, we report evidence of possible room-temperature
correlated electronic states and layer-hybridized SU(4) model simulator in AB-stacked MoS, homobilayer
moiré superlattices. Correlated insulating states at moiré band filling factors v = 1, 2, 3 are unambiguously
established in twisted bilayer MoS,. Remarkably, the correlated electronic state at v = 1 shows a giant
correlated gap of ~126 meV and may persist up to a record-high critical temperature over 285 K. The
realization of a possible room-temperature correlated state with a large correlated gap in twisted bilayer MoS,
can be understood as the cooperation effects of the stacking-specific atomic reconstruction and the resonantly
enhanced interlayer hybridization, which largely amplify the moiré superlattice effects on electronic
correlations. Furthermore, extreme large nonlinear Hall responses up to room temperature are uncovered
near correlated electronic states, demonstrating the quantum geometry of moiré flat conduction band.
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Moiré superlattices formed by vertically stacking atomic
layers with a twist and/or a lattice mismatch, introduce a
new length and energy scale to engineer the electronic
structure and represent a highly controllable quantum
platform for a wide variety of emerging correlated
physics [1-5]. One well-known manifestation is magic-
angle twisted bilayer graphene, where the formation of
moiré flat bands strongly enhances the ratio U/W by
significantly suppressing W (U and W are electron-electron
interaction and electronic bandwidth, respectively) and
hence results in a rich phase diagram of correlated
electronic states, such as Chern insulator states [6-9],
orbital ferromagnetism [10,11], and unconventional super-
conductivity [10,12,13]. However, because U is consid-
erably small (~10 meV) [5], these correlated states in the
twisted graphene system can survive only at temperatures
of a few K, limiting their tunability in experiments and
hindering their applications in quantum technologies.
Therefore, it is particularly important to explore additional
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moiré superlattices with large U, which may enable
the possibilities of correlated electronic states at high
temperatures.

Given that U is inversely proportional to the dielectric
constant, transition metal dichalcogenide (TMD) moiré
superlattices with relatively small dielectric constants
represent a potential platform to realize high-temperature
correlated physics [2,14]. Indeed, a host of correlated
electronic states, such as generalized Wigner crystal states,
excitonic insulator, quantum criticality, and quantum
anomalous Hall effect have been uncovered in TMD homo-
and heterostructure superlattices at much higher critical
temperatures than in graphene moiré superlattices [15-23].
Notably, correlated phases up to about 150 K have
been realized at half filling of the first moiré miniband
in angle-aligned WSe,/WS, and MoSe,/WS, moiré
superlattices [24,25]. The critical temperatures of corre-
lated electronic states in these TMD heterostructure super-
lattices, although significantly increased compared to that
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in graphene moiré superlattices, are still well below room
temperature.

In this work, we fabricate high-quality, encapsulated,
dual-gated MoS, homobilayer moiré superlattice devices
and report the transport evidences of possible room-
temperature correlated electronic states in AB stacked
samples with a twist angle of ~57.5°. Insulating states at
doping density of one, two, and three electrons per moiré
superlattice site are uncovered unambiguously. Together
with first-principle calculations, we uncover that these
insulating states correspond to correlated electronic phases
at moiré band filling factors v = 1, 2, 3, evidencing a layer-
hybridized SU(4) correlated model simulator. This is in
sharp contrast to previous TMD moiré superlattice results
of single-band SU(2) Hubbard model that correlation-
induced insulating phases can appear only at half-filling
of moiré band. Notably, v =1 correlated state hosts a
record-large correlated gap of ~126 meV and may persist
up to a record-high temperature over 285 K, demonstrating
ultra-strong electron correlations in MoS, homobilayer
moiré superlattice. Furthermore, large nonlinear Hall
responses up to room temperature are uncovered near
the correlated electronic states, demonstrating the quantum
geometrical properties of electron wavefunctions.

Correlated electronic states in twisted bilayer MoS,.—It
is well known that the direct electrical-transport detection
of the correlated states is challenging in TMD semicon-
ductor moiré superlattices [16,26]. To construct high-
quality moiré superlattices for transport measurements,
we adopt monolayer MoS, single crystals grown by
the van der Waals epitaxial technique, which show better
electronic qualities than the exfoliated ones (Supplemental
Material Fig. 1 [27]) [28,29]. Then hexagonal boron nitride
(h-BN) encapsulated, dual-gated MoS, homobilayer moiré
superlattice devices with multiple electrodes are fabricated
utilizing the “cut and stack™ technique [37,38]. Figure 1(a)
shows the schematic diagram of the twisted bilayer MoS,
dual-gate device. The twist angles are controlled to be at
~57.5° (i.e., AB stacking) or ~2.5° (i.e., AA stacking),
producing a moiré superlattice with a periodicity close to
7-8 nm [Fig. 1(b)]. The long periodic moiré potential would
fold the band into the mini-Brillouin zone [Fig. 1(c)]. Few-
layer graphene less than 1 nm is used as the contact to
MoS,, which can endow good Ohmic contact and facilitate
the cryogenic transport [39]. Moreover, the dual-gate
configuration enables us to independently tune the carrier
density n and out-of-plane displacement field D.
Here n= (vab —l—CtV,)/e and D = (vab — CtV,)/ZeO,
where e (g() is the elementary charge (vacuum permittivity),
C, (V,) and C, (V,) are the geometrical capacitances per
area (applied voltages) for the bottom and top gates,
respectively.

Figure 1(e) shows the color plot of four-terminal longi-
tudinal resistance as a function of # at various temperatures
for 57.15° twisted bilayer MoS, (device No. 1). The

corresponding optical image can be found in Fig. 1(d)
and Supplemental Material Fig. 4 [27]. It is noteworthy that
although one of the MoS, layers is closely aligned to the
top h-BN layer in device No. 1 (Supplemental Material
Fig. 4 [27]), the aligned effect on band structures and
electronic correlations can be ignored because of large
lattice mismatch (~25%). Unless otherwise specified, all
results in the main text are taken from device No. 1.
Remarkably, apart from the diverging resistance peaks at
n = 0 that mark the intrinsic band edge of MoS,, four
strong resistance peaks at n = ng, 2n, 3n, 4n, are clearly
observed. n, = 2.85 x 10'2 cm™2 is equal to 1/A and thus
corresponds to moiré density that one electron per super-
lattice site, where A = (1/3/8)(a?/{sin[(60 — 0)/2]}?)
denotes the moiré unit cell area with a = 0.315 nm ()
the MoS, lattice constant (twist angle). In other words, the
four strong resistance peaks at n = ng, 2no, 3ng, 4ng
coincide with one, two, three, four electrons per moiré
superlattice site—that is, moiré band filling factors v = 1,
2, 3, 4. Figure 1(f) shows a plot of the resistance versus n
for five different twisted bilayer MoS, devices. All the five
devices exhibit apparent resistance peaks at moiré band
filling factors v =1, 2, 3. The weak insulating state at
v = 4 is because the measuring temperature is above 20 K.

To gain more insight of these insulating states, we
perform density functional theory (DFT) calculations on
commensurate 56.85° twisted bilayer MoS,. Additional
DFT calculations on other twist angles can be found in the
Supplemental Material Fig. 11 [27]. The calculated band
structure with considering layer hybridization is shown in
Fig. 1(g) (see details in the Supplemental Material [27]).
Clearly, ultraflat moiré minibands emerge at the conduction
band bottom with a bandwidth less than 10 meV (Fig. 8
in [27]). The flat moiré minibands are contributed from the
original +K valley states of the two constituent MoS,
layers, as confirmed by their charge density distribution
(Fig. 10 in [27]). Because of negligible spin-orbit coupling
(only ~3 meV) [40], four spin-degenerate states from the
+K valleys of the two constituent layers are folded to moiré
mini-Brillion zone [Fig. 1(c)]. With atomic reconstruction
in moiré scale, eightfold degenerate flat minibands are
formed (including two spin, two valley, and two layer)
when the layer hybridization is artificially turned off
[Fig. 1(h)]. Owing to the perfect band alignment, interlayer
hybridization is resonantly enhanced in twisted bilayer
MoS,. After turning on the layer hybridization, the eight-
fold degenerate flat minibands split into two sets of fourfold
degenerate flat minibands as layer bonding and antiboding
orbitals [Fig. 1(g) and Supplemental Material Fig. 9 [27] ].
Consequently, the resistance peak at v =4 can be well
understood as the full filling of first flat moiré miniband
with a reduction in the density of states. By contrast, the
insulating states at » = 1, 2, 3 correspond to the partial
fillings of the first moiré flat miniband and defy the
description by single-particle band structure paradigm.
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FIG. 1.

(a) Schematic of #-BN encapsulated twisted bilayer MoS, device. (b) Illustration of moiré superlattice formed by ~57.5°

twisted bilayer MoS,. (c¢) Illustration of moiré mini-Brillion zone. (d) Optical image of device No. 1. (e) Color plot of four terminal
longitudinal resistance against carrier densities and temperatures of device No. 1, showing four prominent insulating states at v = 1, 2, 3,
and 4. (f) Resistance as a function of n for five twisted bilayer MoS, devices. The curves are offset for clarity. (g)—(h) The single-particle
energy dispersion of 56.85° twisted bilayer MoS, in first mini-Brillouin zone with (g) and without (h) consideration of layer
hybridization. The first electron moiré flat miniband is outlined by blue shadow.

This indicates that strong electron-electron interactions
exist within flat moiré minibands in twisted bilayer
MoS,, which lift the flavor degeneracy, give rise to full
spin-valley polarized flat bands, and drive correlation-
induced insulating states at v = 1, 2, 3.

Interestingly, the presence of correlated insulator states at
v =1, 2, 3 suggests that the moiré conduction bands of
twisted bilayer MoS, would emerge as a layer-hybridized
SU(4) correlated model simulator. This is in stark contrast
to previous TMD moiré superlattice results described by
the one-orbital SU(2) Hubbard model (that is, correlation-
induced insulating states at integer fillings appear only at
half filling of moiré flat band with one hole or electron per
superlattice site) [18,22,24] and offer extraordinary oppor-
tunities to underpin new phenomena, such as the orbitally

selective Mott phase [41], SU(4) chiral spin liquid, and
exciton supersolid phases [42].

Apart from the flat first moiré miniband, DFT calcu-
lations also show the second moiré miniband with narrow
bandwidth [Fig. 1(g)]. However, no correlated states
associated with the second moiré miniband are observed.
This is probably due to the additional electrostatic potential
and screening effects introduced by the filled charge
carriers that result in a small on-site electron-electron
Coulomb repulsion and the reduction of correlation effects.
It is noteworthy that similar effects have also been observed
in MoSe, /WS, moiré superlattices [25].

Possible room-temperature correlated states.—By com-
paring the band structures with [Fig. 1(g)] and without
[Fig. 1(h)] considering the layer hybridization, electronic
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FIG. 2. (a) Four-terminal longitudinal resistance against v at
different temperatures. Inset: the origin data of longitudinal
resistances and fitted background resistances as a function of
v at temperatures of 160, 240, and 285 K. (b) Plot of R versus
1000/T for v =1 correlated insulating state. The extracted
thermal excitation gap through the thermal-activation function
(red line) is ~126 meV. (c¢) The derived correlated gaps and
critical temperature T, at v = 1, 2, 3, and 4. (d) Comparison of
the correlated gaps and 7' of twisted bilayer MoS, with those in
various kinds of moiré superlattices previously reported.

bandwidth W is significantly reduced for the former. This
indicates the resonantly enhanced interlayer hybridization
induced by the perfect band alignment in twisted bilayer
MoS,, which can strongly amplify the moiré superlattice
effects, and may offer the possibility of high-temperature
correlated physics [43]. To confirm this, we thus perform
temperature dependent transport measurements. Figure 2(a)
presents the evolution of insulating states at v = 1, 2, 3, 4
as a function of temperature. For clarity, the smooth
background has been subtracted (Supplemental Material
Fig. 12 [27]). Strikingly, for v =1 correlated electronic
state in twisted bilayer MoS, of AB stacking, the resistance
peak can persist up to a high temperature of 285 K. Note
that even for origin resistance data without subtracting the
background, shoulderlike resistance peak can also be
observed at 285 K [inset of Fig. 2(a)]. This evidences
the possible room-temperature correlated electronic states
and a record-high critical temperature 7. over 285 K, much
higher than those reported in magic-angle bilayer graphene
(e.g., ~10 K) [10] and also better than the state-of-the-
art results of TMD homo- or heterostructure moiré
superlattices (e.g., ~150 K) [24]. Similar values of T
are also confirmed by the R-T curves (Fig. 13 in [27]).
The ultrahigh T, implies that the electron-electron corre-
lations are ultrastrong in the MoS, homobilayer moiré
superlattice. From the temperature-dependent transport
behavior, we can extract the activated gap sizes A of the
correlated insulating states with a thermal-activation model

R « ¢=/(%T) (k. Boltzmann constant; 7', temperature).

Figure 2(b) gives the Arrhenius fits to resistance for v = 1
correlated insulating state. Also see Supplemental Material
Fig. 14 [27] for the Arrhenius fits to resistance at v = 2, 3,
and 4. The derived correlated gaps at v = 1, 2, 3 are 126,
73, and 30 meV, respectively [Fig. 2(c)]. It is noteworthy
that both the critical temperature over 285 K and the
correlated gap of ~126 meV at v = 1 are the highest values
ever achieved among all the moiré superlattice systems
[Fig. 2(d)] [5,10,16,20,22,24,25,38,44—48], confirming the
giant electron correlations in MoS, homobilayer moiré
superlattice with strong layer hybridization.

Stacking effects.—In contrast to twisted bilayer gra-
phene, the sublattice symmetry breaking in TMDs endows
the distinct moiré superlattices for twist angles near 0° and
60°. Consequently, TMD moiré superlattices of AB and AA
stacking orders are expected to exhibit divergent electronic
structures and electron-electron Coulomb interactions. To
confirm this stacking order-governed moiré effect, we also
perform the transport measurements on twisted bilayer
MoS, with twist angles around 2.5° (four devices are
tested). Interestingly, twisted bilayer MoS, of AA stacking
do not show any correlation phenomena (Figs. 15-16
in [27]), in contrast to the case of AB stacked MoS, moiré
superlattices. The absence of correlated insulating states in
AA stacked MoS, moiré superlattices reveals the strong
stacking effects on moiré physics and is consistent with the
lack of flat conduction bands evidenced by our calculation
(Supplemental Material Fig. 8 [27]) and previous multi-
scale theory [49].

Nonlinear Hall responses.—The ultrastrong electron
correlations and possible room-temperature correlated
states, in principle, would enable high-temperature quan-
tum phenomena in twisted bilayer MoS,, such as second-
order nonlinear Hall effect intricately connected with the
quantum geometrical property of Bloch wave functions
(i.e., Berry curvature dipole) [50,51]. Figure 3(a) shows a
schematic diagram for the nonlinear Hall measurements.
Figure 3(b) presents the nonlinear Hall voltage V>* as a
function of moiré filling factors for a 57° twisted bilayer
MoS, device (device No. 2). Here we show the nonlinear
Hall responses at a relatively high temperature of 60 K so
that » = 1 correlated insulating state can be well distin-
guished. Notably, strong nonlinear Hall responses can be
observed near v =1 and 2 correlated insulating states.
When lowering the temperature (e.g., 30 K), strong non-
linear Hall responses near » =3 can also be found
(Supplemental Material Fig. 26 [27]). Figure 3(c) shows
the V2 against the applied current I for filling factor near
v =2 correlated insulating state at 29 K. V?® scales
linearly with the square of [/ and switches sign when
terminal of V and I are simultaneously flipped, confirming
the nature of second-order non-linear Hall responses. The
linear dependence of V2” on (I”)? can also be found near
v =1 and 3 (Supplemental Material Fig. 27 [27]).
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FIG. 3. (a)Schematic diagram of nonlinear Hall measurements.
When applying an alternating current /” with frequency o,
nonlinear Hall voltage V?® at frequency 2w, as well as linear
longitudinal voltage V®, is detected. (b) V?* as a function of
moiré filling factors for the 57° twisted bilayer MoS, device at
60 K. (¢) sz’ versus I‘/"/ for filling factor near v = 2 at T = 29 K.
The insets show the electrode geometry for the forward current
(red) and backward current (black) directions. The current is
injected from the S to D electrodes and the voltage is measured
between the A and B electrodes. (d) Temperature dependence of i
near filling factor of » = 1. Inset: V> versus moiré filling factors
at 285 K.

Figure 3(d) shows the evolution of nonlinear Hall gen-
eration efficiency defined as 7 = V2?/(V®)? as a function of
temperatures near v = 1. At low temperature, the nonlinear
Hall generation efficiency # in twisted bilayer MoS, can
reach up to 360 V!, 2 orders of magnitude larger than those
in bilayer and few-layer WTe, [52,53]. Note that giant
nonlinear Hall responses have also be recently observed in
twisted bilayer WSe, at half filling [54]. With increasing
temperature, n gradually decreases. The coincidence of the
nonlinear Hall voltage maximum with the correlated insu-
lating states, together with its temperature evolution, reveals
that electron correlations play a crucial role in determining
Berry curvature dipole and quantum geometry of flat
conduction band wave function. Surprisingly, considerable
nonlinear Hall responses with 7 = ~1 V~! can even persist
up to room temperature for » = 1 moiré band filling [inset
of Fig. 3(d)]. This further confirms the possible room-
temperature correlated insulating state and ultrastrong elec-
tron correlations in twisted bilayer MoS, of AB stacking.
The sizable room-temperature nonlinear Hall responses
might be useful to realize technological advances in wireless
radiofrequency rectification and frequency doubling.

Conclusions.—We demonstrate the transport evidence of
possible room-temperature correlated electronic states and
layer-hybridized SU(4) electron model in twisted MoS,
homo-bilayer moiré superlattices with twist angles ~57.5°.

Correlated insulating states are clearly observed at moiré
band filling factors v = 1, 2, 3, providing the evidence of a
layer-hybridized SU(4) correlated model. Moreover,
electron-electron correlations in twisted bilayer MoS, are
ultrastrong. The correlated insulating state at v = 1 host a
record-large correlated gap of about 126 meV and may
persist up to a record-high temperature over 285 K.
Additionally, large nonlinear Hall responses up to room
temperature are also uncovered in twisted bilayer MoS,,
demonstrating the quantum geometrical property of
electron wave functions. Our results imply that the
TMD homobilayer moiré superlattices with resonantly
enhanced interlayer hybridization favor as a possible room-
temperature correlated quantum system, possessing a
promising prospect for a rich phase diagram of high-
temperature correlated physics and showing great potential
for future technological applications.
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