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Electrons can form an ordered solid crystal phase ascribed to the interplay
between Coulomb repulsion and kinetic energy. Tuning these energy scales
can drive a phase transition from electron solid to liquid, i.e., melting of Wigner
crystal. Generalized Wigner crystals (GWCs) pinned to moiré superlattices
have been reported by optical and scanning-probe-based methods. Using
transport measurements to investigate GWCs is vital to a complete char-
acterization, however, still poses a significant challenge due to difficulties in
making reliable electrical contacts. Here, we report the electrical transport
detection of GWCs at fractional fillings v = 2/5, 1/2, 3/5, 2/3, 8/9, 10/9, and 4/3
in twisted bilayer MoSe,. We further observe that these GWCs undergo
continuous quantum melting transitions to liquid phases by tuning doping
density, magnetic and displacement fields, manifested by quantum critical
scaling behaviors. Our findings establish twisted bilayer MoSe, as a novel
system to study strongly correlated states of matter and their quantum phase
transitions.

The competition and transition between ordered and disordered
phases are central to condensed matter physics and beyond. Different
states of matter are often characterized by the presence or absence of
localized particles, where in the latter case, a liquid phase typically
composed of itinerant particles is found. This characterization
famously includes metal-insulator transitions (MITs)' and quantum
Hall states®. Wigner crystals and Mott insulators, respectively driven by
long-range Coulomb interaction®** and on-site repulsion®, are two
important examples for interaction-induced ordered phases. In

principle, when quantum fluctuations are strong enough to delocalize
the confined charges, the Wigner crystal will melt into a metallic phase,
referred to as a quantum melting transition®. Similarly, varying the
ratio of interaction energy to kinetic energy can drive a Mott
transition’. Evidences of Wigner crystals have been seen in two-
dimensional electron systems (2DES) at very low charge densities,
including liquid helium surfaces®, semiconductor heterostructures’*
and 2D materials"™>. However, the tunability of Wigner crystals and
Mott transitions in these systems remains limited. This necessitates the
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development of experimental platforms that allow for systematic
examinations of the phase transitions between these and other exotic
states over a broader range of physical parameters.

Sparked by recent advances in graphene moiré systems", moiré
structures utilizing semiconducting transition-metal dichalcogenides
(TMDs) have been established as highly tunable systems™" that are
capable of capturing the physics of both Wigner crystals'®* and Mott
insulators®*?%, The moiré-version of a quantum melting transition from
generalized Wigner crystals (GWCs) to liquid phases has been theo-
retically predicted when the bandwidth surpasses the Coulomb
repulsion®', Recently, GWCs have been observed in moiré TMDs
using optical detections®"”??, capacitance measurements®”, or
scanning-probe-based approaches”-**. These previous efforts focus on
the rigidly crystalline regime to understand the formation of
GWCs'****, yet their quantum transitions to metallic phases have not
been fully investigated. For instance, whether the quantum melting of
GWCs is of first order or continuous is still under debate®*"*. Elec-
trical transport measurements can provide important signatures for
Wigner crystals identified by the nonlinear current-voltage
characteristics'®”” and furnish us to examine the resistance scaling
behaviors in the phase transition process®™. Although transport
experiments have shown continuous Mott transitions in twisted p-type
2D semiconductor WSe,* and aligned heterobilayer WSe,/MoTe,",
the observation and quantum melting of GWCs have not yet been
observed.

In this work, we fabricate AA-stacked twisted bilayer MoSe,
(tMoSe,), an n-type TMD which allows us to access the moiré physics
on the rarely-studied electron-doped side. While the splitting of the
conduction band states due to spin-orbit coupling (SOC) in n-type
TMDs is reduced as compared to the valence band states, the effect of
SOC on the moiré physics is expected to be different**%. Using trans-
port measurements, we observe generalized Wigner crystal states at
multiple fractional electron fillings, together with a magnetic field
stabilized Mott state at v = 1. The quantum melting of these GWCs
states can be finely controlled by tuning the electric field, magnetic
field, or electron density, whereas the Mott state behaves markedly
differently when changing these parameters.

Results and discussion
Correlated states at integer and fractional fillings
Figure 1a shows our dual-gated device structure. Importantly, bismuth
is used as the metallization layer to achieve good ohmic contacts* (see
“Methods”). We use polarization-dependent second-harmonic gen-
eration (SHG) to determine a twist angle of 4.1° (see Extended Data
Fig. 1). Accordingly, n, the electron density of half-band filling, is cal-
culated to be -6.0x10"cm™. The moiré filling factor is defined as
v=n/ns, where n represents the gate-induced electron density. The
dual-gate device geometry allows independent control over the dis-
placement field, D, and electron density, n, via top and back gate vol-
tages (V4 and Vpg, respectively). Figure 1b shows the longitudinal
resistance R, as a function of n at V;g=65V and T=1.5K, in which
pronounced resistance peaks can be observed at v=1, 2/3 and 1/2,
corresponding to the commensurate fillings of one electron per moiré
unit cell, two electrons per three moiré cells, and one electron per two
moiré unit cells, respectively (See Extended Data Fig. 2 for similar data
observed in another device). In addition, relatively weaker resistance
peaks at v=2/5 and 3/5 are also found. Fig. 1c shows the color map of
Ry« versus Vrg and Vg, exhibiting features of high resistance traces
along constant multiple fractional or integer filling lines. Analogous
fractional filling states have not been reported so far in hole-doped
moiré TMDs using transport measurement in spite of the observations
through optical sensing technique” or microwave impedance
microscopy®.

To connect to these experimental findings, we perform density
functional theory (DFT) calculations. The electronic band structure in

Fig. 1d confirms the presence of a miniband on the electron side with a
bandwidth of ~70 meV for a twist angle close to the experimental one
under zero (left panel) and large (right panel) D (see Supplementary
Materials for details). We find that the lowest-lying conduction bands
are faithfully represented by two localized Wannier orbitals centered
at the Se/Mo (Mo/Se) stacking position of the moiré unit cell, which we
use to address the impact of long-ranged Coulomb interactions on the
electronic ordering tendencies of the system on the Hartree-Fock level
(see Supplementary Materials for details). It is found that the longer
ranged interactions are particularly important at fractional fillings and
can stabilize insulating phases with modulated charge patterns on the
moiré honeycomb lattice as proposed in the lower cartoons of Fig. 1c.
For v=1/2, the electrons form a stripe order, and for v=2/3, the elec-
trons occupy a honeycomb lattice, while for v=3/5, the electrons
occupy an elongated honeycomb lattice. Recently, such correlated
states occurring at fractional fillings of moiré superlattices are referred
to as generalized Wigner crystals'®'*??,

Experimentally, we extract the charge gaps of v=3/5 and 1/2 states
from thermal activations in Fig. le (see Extended Data Fig. 3). In the
absence of magnetic fields, the maximal charge gap reaches values of
22 K (at D=0.11V/nm), 4.6 K (at D=016V/nm) and 5.2 K (at
D =0.20 V/nm) for v=2/3, 3/5 and 1/2 states, respectively. We further
identify these fractional filling states as GWCs by measuring the dif-
ferential resistance, dV/dl, as a function of the applied DC current, Ipc
(see Extended Data Fig. 4). The differential resistances display strong
nonlinear features with pronounced peaks centered at zero /Ipc. At a
low bias, electrons are localized by the moiré superlattice. A bias above
a sufficiently high threshold can lead to a sharp decrease in differential
resistance, which is often referred to as the depinning®” or onset of
sliding of Wigner crystals*.

Magnetic and displacement field effects

Next, we investigate the response of the correlated states under the
influence of external magnetic and displacement fields. By increasing
D, the correlated states at fractional fillings turn metallic as the bands
become more dispersive, see Fig. 1d. The inset in Fig. le shows a
representative D-induced MIT at v = 3/5. Similar data for the v=2/3 and
1/2 states are provided in Extended Data Fig. 3. Next, we map out R,y
versus (v, T) under a large D (Vgg=80V) as shown in Fig. 1f. The
resistance of all correlated states at fractional and integer fillings
increases as a function of temperature as explicitly shown forv=1, 2/3,
and 1/2 in the upper penal of Fig. 1g. However, the insulating behavior
is recovered in the presence of a strong magnetic field (B=14 T) as
demonstrated in the lower panel of Fig. 1g. No response to in-plane
magnetic field can be observed due to Ising-type SOC***° (see Exten-
ded Data Fig. 5).

Figure 2a shows a series of color maps of Ry, for different mag-
netic fields in dependence of D and v at T=1.5 K. Both the fractional
filling and v=1 states become more resistive when increasing B. The
temperature dependence of R,, depicted in Fig. 2b for the states at
v=1/2 and 2/3 unambiguously shows that the application of a magnetic
field strengthens the insulating behavior. To quantify this, we extract
the magnetic field-dependent charge gaps in Fig. 2c, from which we
can also extract the effective g-factor of the generalized Wigner crystal
states. Interestingly, the g-factor decreases for increasing displace-
ment field (bottom panel inset), taking values of g=1.6 (0.3) at dis-
placement fields of D =0.16 (0.65) V/nm.

Multiple possible effects can strengthen the insulating behavior
with applying a magnetic field**. In our system, the behavior of GWCs
is qualitatively akin to those of the correlated states with the spin-
polarized nature in other moiré materials®**°, To explain such an
effect, we consider the effect of Zeeman splitting as illustrated in
Fig. 2d. Zeeman coupling causes an energetic splitting of the spin
species by an energy E7 = gugB. Therefore, the spin-polarized corre-
lated insulators will experience an increase of their gap when applying

Nature Communications | (2025)16:4058


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-59365-2

top gate

0=4.1" top layer

lD bottom layer

R

Y

J

o (KQ)

o

0.6

0.5

0.4

0.3

0.2

bottom gate

=

Fig. 1| Emergence of correlated states at integer and fractional fillings in
tMoSe,. a Schematic side view (left) and optical image of the device (lower right,
the scale bar is 10 um) and depiction of the twisted bilayer MoSe, moiré super-
lattice (upper right). The sign of the displacement field, D, is defined to be positive
when the field points from the back gate to the twisted sample. b Longitudinal
resistance Ry« plotted against carrier density, n, at Vgg=65V and T=15K. The
dashed lines mark the moiré filling factor (v) of each resistive peak. ¢ Color map of
Ry« as a function of V¢ and Vg under zero perpendicular magnetic field (B=0T) at
1.5 K. Proposed charge orders for v=1/2 (left), 3/5 (middle), and 2/3 (right) states are
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listed below. d DFT calculation of hybridized band structures of 4° tMoSe, with and
without D. e Evolution of charge gaps with D for v=1/2 (blue solid triangle) and 3/5
(red open circle) states. The inset shows typical temperature-dependent R, of the
v=3/5 state with varying D. f 2D map of Ry as a function of filling factor v and
temperature T at V=80V and B=0 T. g Temperature-dependent R, measured
for B=0 T (hollow symbols, upper) and 14 T (solid symbols, lower) at Vgc=90V,
respectively. v=1/2, red triangle (left axis); v=2/3, red square (left axis); v=1, blue
circle (right axis).

a magnetic field. When decreasing D, correlation effects are stronger
due to the reduced bandwidth, as shown in the DFT calculations
(Fig. 1d). Therefore, the fractional filling states have a stronger ten-
dency of spontaneous spin-polarization induced by correlations. Fig-
ure 2e shows the Landau fan diagram at Vg =90 V, which reveals a
two-fold degenerated Landau levels stemming from the conduction
band minimum at K-point®. We observe that the B-field induced
enhancement is found for all GWCs as well as v=1 state, which is
unable to be predicted by other enhancement mechanisms* ™.

Strikingly, additional correlated states emerge at larger magnetic fields
for fractional fillings of v=4/3, and more faintly, even 8/9 and 10/9. To
fully confirm the nature of their magnetic orders, other optical tech-
niques need to be used and will be reported in our future work.

Quantum melting transitions

We examine the temperature dependence of Ry, to determine the
metallic or insulating phases in the B — D space (see Extended Data
Figs. 6 and 7). As shown in Fig. 3a, the insulating phase occupies most
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Fig. 2 | Magnetic and displacement field tuning of generalized Wigner crystals.
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up). b Temperature dependence of R, under different B for v=1/2 (upper penal)
and 2/3 (lower penal) states. ¢ Charge gap evolution with B for v=2/3 (black), 3/5
(red) and 1/2 (blue) states. The inset shows the variation of g-factor with D. Error

bars reflect the uncertainty in determining the charge gaps. d The schematic of the
transition for generalized Wigner crystal states in a magnetic field. e v - B resistance
map of Ry, at 1.5K and Vg =90 V. The black dotted lines label the dominant
sequence in the Landau fan projecting to the band edge of tMoSe,. The white
dashed lines indicate the emergent correlated states.

of the region in the accessible B - D range for the v=2/3 state. Thev=1/
2 state behaves similarly. We show in the Supplemental Material that
the behavior of the two phases is consistent with our mean-field ana-
lysis (see Extended Data Fig. 8). Within the insulating regime, Fig. 3¢
displays dV/dlI as a function of Ipc for the v=1/2 state at various tem-
peratures. The sharp peak in dV/dl indicates a nonlinear transport at
low temperatures, from which the thermal melting can be seen
through the collapse of the peak. The insulating states at v=1/2, 2/3
and 3/5 can be melted thermally at T=5K as indicated by the
temperature-dependent dV/dl curves (see Extended Data Fig. 9).
Besides thermal melting, through tuning other parameters, the GWCs
can also melt to a metallic phase at base temperature in the large D and
small B region.

In the following, we focus on the quantum melting transition
triggered by decreasing the magnetic field as indicated by the dashed
arrow between Fig. 3a and b. We show the extracted charge gaps at
v=1/2 and 2/3 for different applied magnetic fields in Fig. 3b. As B is
decreased, the charge gap closes and a metallic state emerges.
Accordingly, the dV/dI peak vanishes as shown in Fig. 3d. When D is
decreased or the electron density deviates from v=1/2, the nonlinear
transport behavior also nearly disappears (see Extended Data Fig. 10).
The correlated states at v=2/3 and v = 3/5 show similar characteristics
(see Extended Data Fig. 11). Therefore, our data indicates that the
GWCs transit into a liquid phase due to quantum melting via
decreasing B, increasing D or moving away from densities at fractional
fillings.

We further analyze the temperature-dependent behavior of R,y
in the magnetic field-driven quantum phase transitions shown in

Fig. 3e and f. We collapse the R,, curves by scaling with the critical
resistance R.(T) of the critical magnetic field (B.=0 T), by the form
Rux(T) = R(TAT/To(6B))*?, with To(6B) - 6B and 6B=B - B.. The
fitting parameter Ty, turns out to be comparable to the magnitude of
the charge gap. All the data points for R, (T)/R.(T) against T/T, col-
lapse well onto one curve, with a critical exponent of zv=1.34 +0.02
and 1.31 +0.03 for v=1/2 and 2/3 states, respectively. The scaling
behavior at v=3/5 state is comparable (see Extended Data Fig. 12). It
is noted that a similar power law with an exponent -~ 1.6 was reported
for the scaling of a carrier-density-driven MIT in silicon-based 2DES>.

Phase transition of v=1 state

We next investigate the phase transition of v =1 state. Figure 4a shows
the temperature dependent R,,(T) of v=1 state at different B. When
B<13 T, the curves indicate metallic behavior (dR,./dT > 0) below a
temperature T ., While above T, the behavior turns insulating-like
(dRy/dT < 0), resulting in a resistivity maximum R,,,, at T ... Such a
pronounced R, has been observed in 2DES®, heavy fermion
systems™, and charge-transfer organic salts*, in which the essential
mechanism of transport relies on thermal destruction of coherent
quasi-particles due to strong inelastic electron-electron scattering. At
B=0T, the Fermi-liquid behavior is restricted to a very limited range,
T<T ax<Tp, where T, is the coherence temperature and T is the
Fermi temperature. As the temperature increases, the electron mean
free path becomes comparable to or smaller than the moiré wave-
length, leading to incoherent transport. When the electron spin is
taken into account, the coherent quasiparticles can also be destroyed
by adding a large enough Zeeman energy E7 to open a small band gap
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Fig. 3 | Melting transitions of generalized Wigner crystal states. a Phase diagram
in B - D space for v=2/3 state at T=1.5K. GWC stands for generalized Wigner
crystal. b Evolution of charge gap with B for v=1/2 (D=0.65 V/nm) and v=2/3
(D=0.57 V/nm) states. The yellow shaded region represents the metallic phase.
Error bars reflect the uncertainty in determining the charge gaps. ¢ dV/dl as a
function of Ipc for v=1/2 state with different temperatures under B=8 T and
D=0.20 V/nm.d dV/dl as a function of Ipc for v =1/2 state with varied Bunder T=1.5

K and D =0.20 V/nm. e Temperature dependence of R,(T) under varied B for v=1/
2 state (left) and the corresponding scaling plot of the normalized resistivity Ry (7)/
R, versus T/Ty (right). The inset shows the corresponding Ty vs |B - B|. f Scaling
analysis for v=2/3 state. The determination of the scaling parameter Ty, critical
magnetic field B, and critical resistance R. are discussed in the main text. The D-
value in (c-f) is specially selected at each fractional filling to ensure the observation
of melting transitions.

in the miniband with a bandwidth of W, (gugB + Wy > W', W' represents
the bandwidth of metallic phase at the critical point of MITs). This is in
line with our experimental observations that T, decreases but R,
increases with magnetic field. Thus, we argue that T, is the coher-
ence temperature beyond which incoherent transport sets in. Fig-
ure 4d displays a proposed phase diagram for v=1 state. On the
metallic side of the diagram, resistive maxima at the Brinkman-Rice
temperature Tgr=Tma Signal the destruction of resilient quasi-
particles and the crossover to an incoherent transport regime*.

Next, we perform a scaling analysis using OR(T) = 6R ., f (T / T 1rax)»
where SR(T)=R(T) — Ro and 6R . = Rmax — Ro- We assume that the
resistance follows the formula R(T) = Rg + 6R(T). Here, Ry is the residual
resistivity, and SR(T) is the temperature-dependent resistance domi-
nated by inelastic electron-electron scattering. As shown in Fig. 4b, the
data points over a wide B range collapse onto a single curve. Both T .,
and 6R,,,, show a power-law dependence on the reduced magnetic
field [(B — B.)/B.] with an exponent of 0.60 and 0.76 (B.=13.5 T) as
shown in Fig. 4c. Similar values are found for 2DES when scaling with
charge density*®. Besides tuning the magnetic field, a MIT with perfect
scaling behavior is also found when altering the density near v=1 (see
Extended Data Fig. 13). The R,(T) curves for v=1 state change from
quadratic to linear behavior as D decreases despite the absence of a
MIT (see Extended Data Fig. 14), implying that the system is
approaching the critical point of a quantum phase transition.

The physics of the v=1 state can also be interpreted in terms of a
Pomeranchuk effect describing a transition from a low-entropy

electronic liquid to a high-entropy correlated state’’*®, Figure 4e shows
the dual-gate maps of R, at different temperatures. In marked con-
trast to the gradual disappearance of fractional filling insulators, the
resistance of the v=1 state initially increases up to ~30K and subse-
quently attenuates (see Extended Data Fig. 15).

In conclusion, our observations suggest that a continuous quan-
tum phase transition can be achieved in generalized Wigner crystal
states as well as the Mott state in tMoSe, by carefully tuning a multi-
parameter space consisting of magnetic field, carrier density, and
displacement field. Our system, which hosts both Wigner and Mott
states in one single material, can serve as an ideal platform to con-
tinuously tune local and long-range Coulomb interactions. The rich
phenomenology combined with multiple degrees of experimental
control in tMoSe, would contribute to unraveling novel states of
matter and provide further insights into the quantum phase transitions
between ordered and disordered correlated states.

Methods

Sample fabrication

The tMoSe, devices were fabricated using the pick-up transfer®. Both
monolayer MoSe; and h-BN flakes were mechanically exfoliated onto
SiO,/Si substrates. Then the monolayer MoSe; flake was cut into two
pieces with an AFM tip. All stacks were assembled utilizing a poly-
propylene carbonate (PPC)/polydimethylsiloxane (PDMS) stamp on a
glass slide?**. For the subsequent metallization process, the PPC/hBN/
tMoSe, stack was flipped and placed on another SiO,/Si substrate with
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versus Vg and Vyg at multiple temperatures under zero magnetic field. The white
dashed lines indicate the v=1 state.

tMoSe, as the top layer. A thin layer of h-BN flake (5-8 nm) was pat-
terned into a Hall bar geometry by CHF5/0, etching, picked up with a
new PPC/PDMS holder, dropped onto the surface of tMoSe,, and
annealed in ultrahigh vacuum. Bi/Au (6/10 nm) metal layer was
deposited on tMoSe, across the pre-patterned h-BN using electron-
beam lithography and electron-beam evaporation to form the metal/
semiconductor contacts*. Another h-BN flake (20-30 nm) was picked
up and released on the as-deposited Bi/Au electrode. Finally, electron-
beam lithography and evaporation were performed again to deposit a
Cr/Pd/Au (5/15/100 nm) metal layer to connect the Bi/Au electrodes
and simultaneously define the top gate of the Hall bar channel. The
technical details of device fabrication herein will be reported
elsewhere.

Twist angle determination

Optical SHG and atomic force microscopy were used to roughly
measure the twist angle 6 between the top and bottom MoSe,. The
value of 6 is further confirmed with the half filling density
ng=8(1— cos 0)/v/3a? of the moiré superlattices®, where a=0.3288
nm is the in-plane lattice constant of H phase MoSe,. In detail,
ns - 6.0 x10” cm™ can be extracted from the fan diagram, matching
well with the twist angle extracted from SHG.

Transport measurements

Electrical transport measurements were carried out in a dilution
refrigerator with a base temperature of 1.5 K and a maximum magnetic
field of 14 T. All the data in this work were obtained using the standard
low-frequency lock-in technique at an excitation frequency of 17.777

Hz with an a.c. current of 20 nA. The four-terminal resistance was
acquired by recording the source-drain current and the four-probe
voltage concurrently with two lock-in amplifiers.

Data availability
The data that support the findings of this study are available from the
corresponding authors upon request.
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