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An electronic microemulsion phase emerging 
from a quantum crystal-to-liquid transition
 

Jiho Sung    1,2,12, Jue Wang    1,2,12, Ilya Esterlis2,3,12, Pavel A. Volkov    2,4,12, 
Giovanni Scuri    1,2,5, You Zhou    6, Elise Brutschea    1, Takashi Taniguchi    7, 
Kenji Watanabe    7, Yubo Yang    8, Miguel A. Morales8, Shiwei Zhang    8, 
Andrew J. Millis    8,9, Mikhail D. Lukin    2, Philip Kim    2,10, Eugene Demler    11   
& Hongkun Park    1,2 

Strongly interacting electronic systems often exhibit a complicated phase 
diagram that results from the competition between different quantum 
ground states. One feature of these phase diagrams is the emergence of 
microemulsion phases, where regions of different phases self-organize 
across multiple length scales. The experimental characterization of these 
microemulsions can pose considerable challenges, as the long-range 
Coulomb interaction microscopically mingles with the competing states. 
Here we observe the signatures of the microemulsion between an electronic 
Wigner crystal and an electron liquid in a MoSe2 monolayer using cryogenic 
reflectance and magneto-optical spectroscopy. We find that the transition 
into this microemulsion state is marked by anomalies in exciton reflectance, 
spin susceptibility and umklapp scattering, establishing it as a distinct phase 
of electronic matter.

The interplay between Coulomb interactions and kinetic energy is 
at the heart of correlated electron physics and underlies the emer-
gence of many exotic phases of matter. Despite a plethora of complex 
phenomena, such systems share general principles. Of particular 
importance is the fact that long-range Coulomb forces forbid direct 
first-order phase transitions, which are instead replaced by inter-
mediate phases with intricate mesoscale or nanoscale structures1–7. 
Such ideas have been proposed to explain the phase diagrams of 
strongly correlated materials, including high transition tempera-
ture superconductors8, colossal magnetoresistance manganates9,10 
and the excitonic Wigner crystal-to-superfluid phase transition in 
semiconductors11,12. However, a direct confirmation of electronic 
mixed phases is lacking in solid-state systems because crystal-
line lattice transformations often coincide with electronic phase 

transitions9,10. Theoretical and experimental characterization of 
mixture phases remains challenging due to the multiscale nature of 
the electronic order.

Here we focus on the case of the density-driven crystal-to-liquid 
transition in a low-density two-dimensional electron gas (2DEG) hosted 
in an atomically thin semiconductor. The low electron densities in these 
systems ensure that electronic transitions do not trigger lattice  
instabilities, making it a model correlated electron system with  
negligible lattice effects. In the low-density regime, quantum Monte 
Carlo (QMC) studies predict that electrons spontaneously arrange  
into a crystalline solid—the Wigner crystal—when the ratio of the  
Coulomb interaction to the kinetic energy, rs(= m∗

ee
2/ (4πε0εℏ2√πn)), 

is around 30 (refs. 13,14). Here, m∗
e , e, ε0, ε, ℏ and n denote the effective 

mass of electrons, elementary charge, vacuum permittivity, dielectric 
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that can identify different electronic phases and transitions between 
them are more desirable to disentangle the electron correlation effect 
from a disorder-induced effect.

Electron Wigner crystal in a MoSe2 monolayer
The recent discovery of Wigner crystal phases in atomically thin  
transition metal dichalcogenides presents an avenue to investigate 
the fundamental questions regarding exotic phases of matter near  
the quantum crystal-to-liquid transition22,23. In these materials,  
optically generated excitons are sensitive to both charge and spin  
order of the surrounding electrons22–25, and thus they provide a  
local detection scheme that gives insights into the electronic phase 
diagram.

constant, reduced Planck constant and electron density, respectively. 
With increasing electron density, this Wigner crystal melts into a liquid 
owing to increasing quantum fluctuations. It is predicted that this 
quantum melting proceeds by means of a sequence of intermediate 
microemulsion phases1–3,7 (Fig. 1a).

Previous studies of the transition from the liquid phase at higher 
densities to the crystalline phase at lower densities primarily relied 
on transport measurements15–20. Recently, transport signatures of 
unconventional magnetic behaviour have been reported close to the 
metal–insulator transition20. However, such measurements do not 
allow the identification of intermediate microemulsion phases because 
the signatures of microemulsion phases in transport are extremely 
difficult to predict theoretically21. Moreover, thermodynamic probes 
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Fig. 1 | Two-dimensional electron phases and exciton spectroscopy.  
a, Schematic phase diagram of a 2D electron system including a Wigner crystal,  
a Fermi liquid and the intermediate phases composed of mesoscale or nanoscale 
regions containing the two competing phases resulting from Coulomb-
frustrated phase separation. b, Schematic of the device structure. A MoSe2 
monolayer is encapsulated by hBN and grounded. A bottom gate voltage, Vbg, is 
applied to the Pd–Au back gate to control the electron density in a MoSe2 
monolayer. c, Schematic showing the relative energy alignment of the electronic 
band extrema at the K and K′ valleys under a positive magnetic field. It also shows 
the spin–valley locking and the valley optical section rule. d, Schematic of the 
exciton dispersion showing the higher-energy resonance at exciton momentum  
k = 0, arising from umklapp scattering by the periodic potential of the electron 
Wigner crystal. The energy splitting ΔEu from the main exciton resonance is 
determined by reciprocal Wigner crystal lattice vector kWC. e,f, Left (σ−) (e) and 
right (σ+) (f) circularly polarized reflectance contrast spectra at 9 T and at a base 
lattice temperature of 16 mK as a function of electron density under light power 
of 0.7 nW. Black dashed lines show the density (2.35 × 1012 cm−2) above which 
electrons start to fill the second valley (K) of opposite spin. White dashed lines 

mark the energy (1.636 eV) for obtaining the magneto-optical signal, M̃ . g, Colour 
map of the derivative of reflectance contrast spectra (3 T, σ−) with respect to 
electron density. A Lorentz fitted exciton peak was subtracted to emphasize the 
higher-energy features from umklapp scattering. Line profile of the reflectance 
contrast spectra (3 T, σ−), the dispersive Lorentzian fit and their subtraction at 
n = 0.35 × 1012 cm−2 are shown in Supplementary Fig. 10. The green line represents 
the fitted exciton resonance energy and the black dashed line indicates the 
expected resonance energy from umklapp scattering of excitons. The difference 
between the two resonances correspond to the energy splitting ΔEu. h, Colour 
map of the derivative of reflectance contrast spectra (3 T, σ−) with respect to 
electron density, without subtracting the fitted exciton Lorentzian. Note the 
clear anomaly near 0.82 × 1012 cm−2 and the higher-energy umklapp feature.  
i, Derivative of fitted exciton or RP resonance energy with respect to electron 
density shows a discontinuity around 0.82 × 1012 cm−2. Reflectance contrast 
spectra measurements in panels g–i were performed under light power of 70 pW 
at a base lattice temperature of 16 mK. We used exciton or RP Zeeman energy 
splitting to estimate the electron temperature under this condition 
(Supplementary Section 8).

http://www.nature.com/naturephysics


Nature Physics | Volume 21 | March 2025 | 437–443 439

Article https://doi.org/10.1038/s41567-024-02759-8

In our experiment, we used dilution refrigerator-based scanning 
confocal microscopy to probe the melting of an electron Wigner crystal 
formed in a MoSe2 monolayer encapsulated by hexagonal boron nitride 
(hBN) (device D1 in Fig. 1b; see also Extended Data Fig. 1). We conducted 
measurements of circular polarization resolved spectroscopy as a 
function of electron density (tuned by a gate voltage), perpendicular 
magnetic field and temperature (Methods). In a MoSe2 monolayer, the 
lowest energy optical transitions occur in the K (K′) valleys. In these 
transitions, right (σ+) and left (σ−) circularly polarized light selectively 
couples to up (down) spin electrons owing to the optical selection rules 
and spin–valley locking25 (Fig. 1c). The exciton–electron interaction 
depends on whether a K (K′) valley exciton interacts with a K′ (K) valley 
electron (case 1) or a K (K′) valley electron (case 2). In case 1, the inter-
action is strong, leading to the emergence of higher-energy repulsive 
polaron (RP) and lower-energy attractive polaron (AP) branches in the 
spectrum26. In case 2, the interaction, stemming from an exchange 
interaction and Pauli blocking25,26, is comparatively weaker. The dif-
ference between intravalley and intervalley exciton–electron interac-
tion enables the detection of electron spin polarization by circularly 
polarized light.

Figure 1e,f shows representative reflectance contrast spectra 
RC (defined in Methods) at B = 9 T with σ+ and σ− light as a function of 
electron density. A perpendicular magnetic field lifts the degeneracy 
of the band minima, so the electrons doping the MoSe2 monolayer 
are spin and valley polarized at low electron doping (in this case, with 
spin down in the K′ valley, as shown in Fig. 1c). The σ+-reflectance con-
trast spectrum that probes the K valley (Fig. 1f) shows two polaron 
branches due to intervalley exciton–electron interaction, whereas the 
σ− spectrum probing the K′ valley does not (Fig. 1e). At higher doping 
densities (n > 2.35 × 1012 cm−2), the electron starts to fill both valleys, and 
two polaron branches are present in both spectra. The inequivalence 
between σ+ and σ− spectra reveals that the system is still partially spin 
polarized.

The density dependence of the exciton reflectance reveals two 
important features. The optical response is not a smooth function of 
the electron density. Instead, it is segmented by anomalies, the most 
prominent of which occurs near n* = 0.82 × 1012 cm−2 (upward arrows in 
Fig. 1h,i). Because the excitonic properties are sensitive to the charge 
and spin properties of the surrounding electrons, these anomalies  
are indications of a change in the electronic state. The detection of this 
previously unobserved feature is facilitated by a base lattice tempera-
ture of 16 mK inside our dilution refrigerator (the electron temperature 
is higher owing to light absorption, as discussed below) and a low 
excitation light power below 0.7 nW (Methods).

At electron densities below nWC = 0.35 × 1012 cm−2, we observed 
a higher-energy spectral feature (Fig. 1g) that blueshifts linearly 
with electron density (along the black dashed line in Fig. 1g)22. This 
higher-energy resonance originates from the umklapp scattering of 
excitons by the periodic potential created by the electron Wigner crys-
tal: the exciton state with momentum k = kWC (kWC denotes the recipro-
cal lattice vector of the electron Wigner crystal) is folded back to the 
zero-momentum light cone and acquires a finite oscillator strength22 
(Fig. 1d). Notably, at densities greater than nWC the feature changes 
slope and extends to much higher densities than previously observed, 
albeit with a pronounced broadening. At sufficiently high electron 
densities (Fig. 1g,h) the feature vanishes. Similar umklapp features are 
observed in other spots in D1 and in another MoSe2 monolayer device, 
D2 (Extended Data Fig. 2).

Taken together, the spectral anomalies and the extended umklapp 
feature demonstrate an unexpected evolution of the electronic  
state between a simple Wigner crystal and liquid phases. Before inves-
tigating the behaviour in this intermediate density range, we first 
established that the magnetic properties of the system at sufficiently 
high and low electron densities are those of a Fermi liquid and Wigner 
crystal, respectively.

Fermi liquid and Wigner crystal
The magnetic response of a Fermi liquid can be characterized by the 
critical density for full spin polarization at non-zero magnetic fields 
and the spin susceptibility near zero field. As discussed in the pre-
ceding section, the filling of electrons into the K valley results in the 
intervalley polaronic dressing of K′-valley excitons, and vice versa. We 
can therefore use the onset of the σ− AP resonance in the reflectance 
spectra (Fig. 1e,f) to determine the critical density at which the fully 
spin-polarized liquid starts to become partially polarized25 (Supple-
mentary Section 1).

Figure 2a shows the critical densities determined by the onset of 
the σ− AP resonance at various magnetic fields. For a given magnetic 
field, we find that the system is fully spin polarized below a critical 
electron density, as expected for a Fermi liquid27. The critical densities 
extracted from our experiments are in good agreement with predic-
tions from a fixed-node diffusion QMC model14,27 for a clean 2DEG 
(Fig. 2a). We note that the critical density we observe is an order of 
magnitude higher than that predicted for non-interacting electrons in 
MoSe2 (ref. 25), which demonstrates the strong Coulomb interactions 
present in our system (Supplementary Section 2).

To extract the spin susceptibility of the 2DEG at low magnetic  
fields we obtained the magneto-optical signal M̃ = (Iσ+/Iσ+max  
−Iσ−/Iσ−max) /(Iσ

+/Iσ+max + Iσ
−/Iσ−max), which is the difference in normalized  

reflected intensity between σ± light divided by their sum. Here, I(Imax) 
denotes the reflected intensity at a density of 1.0 × 1013 cm−2. We  
computed M̃  using reflectance spectra in a narrow energy range,  
5 meV red-detuned from the main exciton resonance at zero doping. 
Optical selection rules imply that M̃  is proportional to the imbalance 
of electrons in the lowest conduction bands (Fig. 1c), which, owing  
to spin–valley locking, can be interpreted as the spin (or valley) polari-
zation of the electrons24,28 (Supplementary Section 3). The field 
dependence of M̃(H ), where H is the applied magnetic field, further 
allowed us to extract the spin susceptibility χ of electrons shown  
in Fig. 2b, which is normalized to the spin susceptibility of the non- 

interacting 2DEG, χ0 = ( gμB
2 )

2 m∗

πℏ2
, where g is the g factor for the  

conduction band and μB denotes the Bohr magneton29. (See Supple-
mentary Section 4 for other methods to obtain the spin susceptibility, 
that yield similar results). As anticipated, χ/χ0 grows with decreasing 
electron density because the Coulomb interaction favours spin 
polarization.

Similar to the critical field for full polarization, this experimen-
tally extracted spin susceptibility agrees well with predictions from 
QMC studies14,27 (dashed line in Fig. 2b), further confirming that the 
high-density electron system is well described as a clean, strongly 
interacting two-dimensional Fermi liquid. A Fermi liquid should, fur-
thermore, exhibit a temperature-independent spin susceptibility30 for 
T ≪ EF, where EF is the (renormalized) Fermi energy. As described below, 
we indeed observed a temperature-independent susceptibility above 
a certain density denoted by nFL (Fig. 3d).

The magnetic response of the low-density (n < nWC) Wigner crystal 
is drastically different from that of a Fermi liquid. In the Wigner  
crystal phase, the electrons are localized in real space so that the spins 
are correlated only by the (extremely weak) exchange interaction31,32. 
For temperatures above the exchange interaction scale but below  
the melting temperature of the Wigner crystal, the magnetic behaviour 
should thus be that of independent spins, with magnetization  
following the Brillouin function M = 1

2
gμBn tanh( gμBH

2kBTelec
), where kB is  

the Boltzmann constant, and an associated Curie susceptibility 

χ = ( gμB
2 )

2 n

kBT
 (refs. 2,7). In sharp contrast to the liquid phase, the  

susceptibility is expected to increase with electron density and depend 
strongly on temperature.

To probe the magnetism of the low-density regime, where 
light-induced heating becomes important, we used a continuous-wave 
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laser at a single energy (1.636 eV, white dashed lines in Fig. 1e,f) below 
the exciton resonance to obtain M̃  as a function of electron density  
and magnetic field (Methods): this approach reduced the light  
power reaching the sample. By fitting the measured M̃(n,H) at different 
temperatures using the Brillouin function, we determined the con
duction band g factor and the electron temperature (Telec). With a  
60 fW diffraction-limited laser spot, we reached an electronic tempera-
ture of 80 mK with the device at a base lattice temperature of  
16 mK (Extended Data Fig. 3). When the temperature exceeded 150 mK, 
the extracted electron temperatures agreed with the lattice tempera-
tures (Supplementary Section 5).

Figure 2c shows a plot of M̃  normalized by the electron density 
(M̃/n) as a function of magnetic field normalized by the electron  
temperature (μBH/kBTelec) in the Wigner crystal regime (n < nWC =  
0.35 × 1012 cm−2). As clearly seen in the figure, the data at different 
electron densities and electron temperatures collapse onto a single 
curve. When we extracted the spin susceptibility at various tempera-
tures from linear fits to M̃(H ) at small fields, we found an inverse rela-
tionship between the spin susceptibility and electron temperature 
(Fig. 2d). The successful application of the scaling analysis across dif-
ferent electron densities and temperatures demonstrates that the 
behaviour of the electrons in the low-density regime (n < nWC) is well 
described by a Wigner crystal with an independent spin localized at 
each lattice site.

Crystal–liquid coexistence in microemulsion 
phase
Following the demonstration of a conventional Fermi liquid at high 
density and a Wigner crystal at low density, we proceed to characterize 
charge and spin properties of the intermediate density range in our 
MoSe2 system. We begin with a detailed analysis of the exciton umklapp 
scattering (Fig. 1d,g,h). To further enhance the relevant features, we 
subtracted the fitted main exciton spectral profile from the reflectance 
contrast, took the derivative with respect to the electron density and 
plotted it against the energy detuning from main exciton peak (Fig. 3a). 
We then determined the energy splitting between the umklapp feature 
and the main exciton peak as well as the umklapp linewidth, as shown 
in Fig. 3b,c (See also Supplementary Section 6).

When nWC < 0.35 × 1012 cm−2, the umklapp linewidth was close to 
the main exciton linewidth, whereas the energy splitting increased  

linearly with the electron density ΔEu =
h2n

√3mX
, confirming that all  

electrons are crystallized into a triangular lattice Wigner crystal22.  
However, when n > nWC, ΔEu became only weakly dependent on density, 
which suggests that the periodicity of the underlying electron lattice 
is approximately independent of n. As the electron density approached 
n*, the density at which the exciton intensity anomaly is observed in 
Fig. 1h,i (see also Extended Data Fig. 4), the width of the umklapp feature 
increased rapidly (Fig. 3c (middle)). This broadening arises from the 
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bars indicating one standard error. b, Reduced spin susceptibility as a function of 
electron density obtained from QMC (dashed curve) and computed M̃  from the 
reflectance contrast spectra (blue dots). The error bars represent one standard 

error of the linear fit to the low-field slope of the computed M̃ . We conducted 
QMC simulations with the same values of the g factor and effective mass as in a 
and used the dielectric constant as a free parameter. A good fit was obtained by 
using the dielectric constant ε = 4, which deviates by about 10% from the value 
used in a. Inset: M̃  as a function of magnetic field for an electron density of 1.3, 1.8 
and 2.0 × 1012 cm−2. c, Scaled magnetization curves (M̃/n as a function of μBH/kBT) 
in the Wigner crystal regime. The shapes and colours of the markers represent 
different electron densities and temperatures. The black curve is a fit by Brillouin 
function with g = 4.3. d, Reduced spin susceptibility (χ/χ0) at n = 0.28 × 1012 cm−2 as 
a function of electron temperature, showing Curie susceptibility.
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finite spatial extent of crystalline correlations: the length scale can be 
estimated as lcorr/aWC ~ ΔEu/δE, where lcorr is the correlation length repre
senting the radius of the domain, aWC is the lattice constant of the 
Wigner crystal and δE is the net contribution to the umklapp width 
from a finite correlation length. We obtained lcorr ≈ 3aWC in the low- 
density regime (n < nWC), indicating the presence of well-defined crys-
talline regions as in the previous report22 (Supplementary Section 7). 
Between nWC and n*, lcorr decreases gradually and drops below aWC  
at around n*, indicating the continuous weakening of the crystalline 
correlations or a decrease in the size of the Wigner crystal domains.

In addition to the spectral anomalies and the umklapp feature, 
which provide insight into the evolution of the charge degree of free-
dom, we also extracted spin susceptibility from linear fits to M̃(H ) 
curves measured using the single energy (1.636 eV) excitation, as 
described in the preceding section. In Fig. 3d, we show the evolution 
of the reduced spin susceptibility (χ/χ0) as a function of electron den-
sity. We observed two abrupt changes in the slope of the spin suscep-
tibilities near nWC and n*: below nWC, the spin susceptibility follows a 
Curie law, χ ∝ n

T
, as expected for independent spins localized to Wigner 

crystal lattice sites. Above n*, the susceptibility decreased monotoni-
cally with density for all temperatures, which is consistent with a 
Fermi-liquid-like response (Fig. 3e). From this susceptibility data, we 
inferred the temperature evolution of the critical densities, nWC(T) and 
n*(T). Between nWC(T) and n*(T), the spin susceptibility showed an essen-
tially linear dependence on density, with a slope different from the 
Curie susceptibility (Extended Data Fig. 5).

The data in Figs. 2 and 3 suggest two phase boundaries at nWC(T) 
and n*(T) that separate three phases: a Wigner crystal phase for n < nWC, 
a liquid phase for n > n* and the intermediate phase occupying the range 

nWC < n < n*. The behaviour in the intermediate phase was consistent 
with a state in which only a fraction of the electrons participates in 
the formation of the crystal, with a lattice constant associated to the 
density nWC. The persistence of exciton umklapp scattering implies 
that the size of the crystalline regions remains appreciable. The spin 
susceptibility in the intermediate phase is smaller than that expected 
for a Wigner crystal but, at low temperatures, is markedly enhanced 
relative to the high-density liquid. To first order, the susceptibility is 
well described by a linear interpolation between its values at nWC and n* 
(Fig. 3d,e). Taken together with the umklapp evolution, these observa-
tions indicate that the intermediate phase is a microemulsion phase 
with a nanoscale or mesoscale mixture of liquid and crystal regions, 
with the areal fractions of the two phases evolving with density accord-
ing to the lever rule1–3,7. It is important to note that the intermediate 
phase is flanked by pronounced anomalies in a number of spectral 
observables (Fig. 1h,i and Extended Data Fig. 4), which suggests that 
it is a distinct thermodynamic phase rather than a broad crossover 
between the crystal and liquid.

Phase diagram and Pomeranchuk effect
The full temperature and density dependence of the data is summarized 
in the (n, T) phase diagram displayed in Fig. 4 (see Supplementary Sec-
tion 8 for estimating electron temperature associated with nWC and n* 
from the reflectance measurement). The liquid region (n > n*(T)) may 
be further divided into two distinct regions: Fig. 3d shows that although 
the spin susceptibility was essentially independent of temperature at 
the highest electron densities, it acquired a strong temperature depend-
ence (Fig. 3d inset) below a characteristic density near 1.5 × 1012 cm−2. 
We define the characteristic density nFL(T) as that at which the spin 
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Fig. 3 | Quantum melting of a Wigner crystal. a, Colour map of the derivative of 
reflectance contrast spectra (3 T, σ−), plotted against electron density and the 
energy detuning from the main exciton resonance. A Lorentzian-fitted exciton 
peak was subtracted to emphasize the higher-energy feature from umklapp 
scattering. b, Cross-sections through the 2D map indicated by coloured arrows in 
a at a fixed electron density, denoted by numbers in units of 1012 cm−2. Each 
spectrum is fitted with a Gaussian function, represented by coloured solid lines. 
Black dashed lines in a and b mark the energy above that which we used for fitting 
to avoid contributions from the residual exciton peak after subtraction. c, Energy 
difference between exciton and umklapp features as a function of electron 
density (top). The grey dashed line is a linear fit assuming that all the electrons are 
crystallized into a triangular lattice which provides the umklapp scattering 
momentum for excitons. From the slope ΔEu/n = h2/√3mX, we extracted the 
exciton mass, mX = (1.15 ± 0.05)m0. The full-width at half-maximum (FWHM) of 
umklapp scattering as a function of electron density (middle). The estimated 
crystalline correlation length as a function of electron density (bottom). The 
black arrows on the top x axis and black dashed lines indicate the characteristic 
densities, nWC and n*. The error bars of the top and middle panels are one standard 

error in the spectra fitting. The error bars of the bottom panel are the combined 
uncertainty of energy and linewidth of exciton and umklapp features from the 
fitting (Supplementary Section 7). d, Reduced spin susceptibility as a function of 
electron density at different temperatures. Grey dashed lines are Curie 
susceptibilities in the Wigner crystal regime. Black dashed lines indicate the 
density nWC(T) at which the spin susceptibility deviates from Curie (left), the 
density n*(T) at which the slope changes (right) and the density nFL above which 
the spin susceptibility does not exhibit temperature dependence. Inset: reduced 
spin susceptibility as a function of electron temperature at selected densities in 
the higher density regime. e, The product of reduced spin susceptibility and 
temperature as a function of electron density. The Curie susceptibility is depicted 
by a grey dashed line. At low densities, the data points at different temperatures 
align with the Curie susceptibility. The coloured dashed lines correspond to the 
linear interpolation of the susceptibility data between the density near nWC(T) and 
n*(T), obeying the lever rule. Deviations from the linear interpolation can be 
found in the vicinity of nWC(T) and n*(T) (see also Extended Data Fig. 5). The error 
bars in d and e are the combined fitting uncertainty of the slope of M̃(H) near zero 
density and one standard error of the zero-field slope of M̃(H).
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susceptibility deviates from the highest temperature (3.28 K) value. 
For densities n*(T) < n < nFL(T), the spin susceptibility still increased 
with decreasing electron density but was, in general, larger than that 
expected for a conventional Fermi liquid. We note that near nFL the 
exciton features evolved smoothly and there were no pronounced 
anomalies in the spin susceptibility, which suggests a crossover as 
opposed to a phase transition.

At temperatures below 1 K, both boundaries of the intermediate 
phase exhibited a rightward slant in the n–T phase diagram, which 
is indicative of the Pomeranchuk effect associated with enhanced 
stability of the crystalline phase upon heating due to its large spin 
entropy1,7,33–36. The overall magnitude of the effect was consistent with 
expectations based on QMC calculations27 (Supplementary Section 9). 
The widening of the microemulsion phase upon increasing tempera-
ture also agreed qualitatively with theoretical predictions, although 
the width of the microemulsion phase is strongly underestimated. We 
found that n* extended to higher densities at higher magnetic fields, 
which can be understood from the large Zeeman energy gain of the 
Wigner crystal from its enhanced spin susceptibility relative to the 
liquid (Extended Data Fig. 6).

Discussion and outlook
Our experiments demonstrate that the quantum melting of the Wigner 
crystal in a MoSe2 monolayer proceeds by means of an intermediate 
microemulsion phase characterized by a nanoscale or mesoscale mix-
ture of electron crystal and liquid. An important question is the extent 
to which quenched disorder, which is inevitably present in our sample, 
plays a role in the phenomenology we have reported. Strong disorder 
would imply substantial local variations within the sample. Our optical 
probe effectively averages over a spot with a diameter of around 1 µm; 
however, we observed sharp signatures of density-driven transitions, 
implying a negligible variation of critical densities across the meas-
ured area. Thus, the distinct character of electronic phases (liquid, 
crystal and microemulsion) that we observed was not compromised 

by disorder, as evidenced by the fact that the widths of the transitions 
were smaller than the width of the phase itself. On the Wigner crystal 
side, disorder may limit the crystalline correlations as evidenced by the 
finite umklapp width larger than the main exciton linewidth. Although 
not markedly altering the phases themselves, disorder may affect the 
competition between phases (for example, weak disorder is known 
to locally stabilize crystalline order37). In this context, a particularly 
striking observation is the large extent of the coexistence region, which 
is orders of magnitude larger than what clean limit theory predicts38 
(Supplementary Section 9). This discrepancy calls for more detailed 
studies of microscopic disorder effects.

Our results also reveal unconventional behaviour of the 2DEG 
in the liquid phase. In the density range n*(T) < n < nFL(T), the spin 
susceptibility (Fig. 3d) has a much stronger temperature and density 
dependence than QMC27 predictions. Weak disorder is also expected 
to result in an increase in susceptibility (logarithmic in 1/T) in a Fermi 
liquid at low temperatures39. However, the pronounced increase 
that we observed in our data appears substantially stronger. In the 
same density range, the reflectance spectra also show some residual 
umklapp scattering with a linewidth that is considerably larger than 
in the proximate Wigner crystal and intermediate phases (Fig. 3a–c). 
Such behaviour may be due to local moments associated with residual 
crystallites. A more tantalizing possibility is a non-Fermi liquid regime 
driven by crystalline fluctuations near the onset of the inhomogeneous 
intermediate phase40.

Our study serves as a starting point for investigating multiscale 
ordered phases of electronic matter, such as microemulsions of mag-
netic, superconducting and charge-ordered states41–43. The proper-
ties of such phases have been rarely studied and may harbour new 
functionalities, in particular, due to the prominent role of exotic inter-
phase interfaces. The variety of correlated electronic phases observed 
recently in two-dimensional materials24,44–46 provides a natural platform 
for further exploration of microemulsion phases by exploiting their 
facile tunability by means of, for example, multilayer heterostruc-
tures23 or sample-gate distance47,48. Furthermore, local probes such as 
scanning tunnelling microscopy45,49 or a scanning electron transistor50 
will enable the characterization and control of microemulsion phases 
at the nanoscale.
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Methods
Device fabrication and operation
Monolayer MoSe2 and hBN flakes were exfoliated from bulk crystals 
onto 285 nm SiO2/Si substrates. MoSe2 monolayers were identified by 
an optical microscope. Thicknesses of hBN flakes in D1 were measured 
by atomic force microscopy to be 20 nm and 14 nm for the bottom and 
top layers, respectively. The flakes were stacked by the dry transfer 
method using a polydimethylsiloxane stamp and a thin layer of poly-
carbonate. The stacked heterostructure was then transferred onto 
the prepatterned bottom gate, which consisted of a 1 nm Cr layer and 
a 9 nm Pd–Au alloy layer fabricated using electron-beam lithography 
and thermal evaporation. Electrical contacts to the MoSe2 layer and 
the bottom gate consisting of a 5 nm Cr layer and a 90 nm Au layer 
were deposited by means of thermal evaporation. For D2, hBN (53 nm), 
a MoSe2 monolayer, hBN (50 nm) and a few-layer graphite (bottom 
gate) were picked up sequentially. The complete stack was placed on 
a SiO2/Si substrate with prepatterned bottom metal, which consisted 
of a 1 nm Cr layer and a 9 nm Pt layer for the electrical contact to the 
MoSe2 monolayer.

To dope the monolayer MoSe2 at dilution refrigerator tempera-
tures, we grounded the contacts to MoSe2, applied a voltage Vbg to the 
back gate and at the same time illuminated the whole sample with a 
broadband light to activate the contacts. After doping was finished, the 
activation light was removed and the sample was thermalized for 0.5 s. 
The optical measurements were performed after the thermalization 
was finished. The doping onset voltage V0 was determined as the volt-
age at which the reflectance contrast spectra or magneto-optical signal 
started to deviate from the neutral regime. The electron density was 
calculated from the parallel-plate capacitor model n = ε0εr(Vbg − V0/dbg, 
where ε0 is the vacuum permittivity, εr ≈ 3.9 is the dielectric constant of 
the hBN and dbg is the thickness of the bottom hBN dielectric.

Optical measurements
Reflectance spectroscopy and magneto-optical measurements were 
performed with a home-built scanning confocal microscope based 
on a dilution refrigerator (Bluefors) with which the sample lattice 
temperature can reach 16 mK. The sample was mounted in the centre 
of a superconducting magnet (AMI) capable of applying ±9 T perpen-
dicular magnetic field. A piezo-electric stage (attocube) was used 
to precisely position the sample. The microscope consisted of an 
apochromatic cryogenic objective (attocube LT-APO/LWD, numerical 
aperture 0.65), two fused silica plano-convex lenses (OptoSigma) at 
around 4 K and 50 K, two achromatic doublet lenses (Thorlabs) and 
a galvo scanner (Thorlabs). A compensated full-wave liquid crystal 
retarder (Thorlabs LCC1413-B) was placed in the shared light path of 
incoming and outcoming beams to impose the same ±λ/4 retardance to 
both beams without mechanical movement. A polarimeter (Thorlabs 
PAX1000IR1) was used to confirm the circular polarization outside the 
dilution refrigerator. To ensure a polarization-independent light path 
inside the dilution refrigerator, we examined the reflection isotropy 
of a bare SiO2/Si substrate mounted inside with a 360° rotation of the 
linearly polarized light.

For reflectance spectroscopy, a tungsten–halogen lamp (Thorlabs 
SLS201L) filtered to approximately 720–800 nm range was coupled 
to a single mode fibre, collimated with an objective (Olympus PLN 
×10, numerical aperture 0.25) and directed to the sample, creating a 
diffraction-limited spot. The light power on the sample was variable 
but always kept below 0.7 nW. The reflected light was collected by a 
spectrometer with a 1,200 g mm−1 grating and a charge-coupled device 
camera (Princeton Instruments BLAZE). For magneto-optical meas-
urements, we switched to a continuous-wave ultra-narrow linewidth 
Ti:sapphire laser (M Squared SOLSTIS) and limited light power on 
the sample to 60 fW (unless otherwise noted). The reflected laser 
was collected directly by a charge-coupled device camera (Princeton 
Instruments BLAZE).

Reflectance contrast spectroscopy
Reflectance contrast is defined as R∗C (E ) =

I(E )
I∞(E )

− 1 , where I(E) is the 
reflected light intensity and I∞(E) is the reflected light intensity at an 
electron density that is high enough to bleach all excitonic reso
nances. In practice, we measured the reflected light intensity Imax(E)  
at 1.0 × 1013 cm−2 and calculated RC (E ) =

I(E )
Imax(E )

− 1 . At this density 

(1.0 × 1013 cm−2), the exciton or RP resonance becomes negligible but 
some intensity from the AP still remains. Although fitting the exciton or  
RP resonance with a Lorentzian remains appropriate, fitting the AP reso
nance necessitates a removal of the residual background AP. To address 
this, we developed a procedure to subtract this background systema
tically. We note that RC (E ) =

I(E )
Imax(E )

− 1  = I(E)/I∞(E)
Imax(E )/I∞(E )

− 1 = R∗C(E )+1
R∗Cmax(E )+1

− 1 . 

Because the reflectance contrast from the AP resonance at 1.0 ×  
1013 cm−2 is small (R∗Cmax (E ) ≪ 1) , RC(E) can be approximated as, 
RC (E ) ≈ (1 + R∗C (E )) (1−  R∗Cmax (E )) − 1 = R∗C (E ) − (1 + R∗C (E ))R

∗
Cmax (E ) .   

Consequently, we obtained R∗Cmax (E ) =
1

R∗C(E )+1
(R∗C (E ) − RC (E )).

To extract the exciton, RP and AP resonance parameters, we first 
fitted the exciton or RP resonance with a Lorentzian function  
RX/RP
C (n, E ) = A2

(E−E0)
2+γ2/4

[ γ
2
cosα − (E − E0) sinα] + C , where A2, E0 and γ  

are the amplitude, energy and linewidth of the resonance. In the  
neutral regime (n = 0), there is only the exciton resonance, whereas at 
nmax = 1.0 × 1013 cm−2 the exciton or RP resonance is bleached. There
fore, R∗C (n = 0, E ) ≈ RX

C (n = 0, E ) and we could extract the density inde-
pendent background contribution from the spectra at 1.0 × 1013 cm−2: 
R∗Cmax(E ) ≈ RX

C (n = 0, E ) − RC(n = 0, E ) . This background contribution 
was also fitted to a Lorentzian function. We then eliminated the  
fitted exciton and background Lorentzian function from each spec
trum and fitted the rest, RAP

C (n, E ) = RC (n, E ) − RRP
C (n, E ) + R∗Cmax (E ), with  

another Lorentzian function to extract the AP amplitude, energy and 
linewidth. Following the procedure of ref. 25, the onset density of  
the σ− AP was then determined from a linear fitting to the σ− AP ampli-
tude as a function of density.

Magneto-optical measurements
Magneto-optical measurements using a single energy excitation  
were conducted at a fixed energy (1.636 eV) within a small magnetic 
field range of −1 T to 1 T. Because the bare exciton Zeeman splitting  
is small within this range of magnetic fields (≤0.1 meV for each  
σ± polarization), its contribution to the signal is small and can  
be subsequently subtracted. We also note that Iσ+max ≈ Iσ

−
max  (reflect

ion spectrum at a density of 1.0 × 1013 cm−2) within −1 T to 1 T  
and M̃ = (Iσ+ /Iσ+max − Iσ

− /Iσ−max) (Iσ
+ /Iσ+max + Iσ

− /Iσ−max) ≈ (Iσ+ − Iσ
− )/(Iσ+ + Iσ

− ). We  
could thus use the reflected intensity instead of the normalized one to  
obtain M̃. To convert the measured magneto-optical signal M̃ = Iσ

+−Iσ−

Iσ++Iσ−
  

to magnetization M, we introduced a density-dependent scaling factor, 
A(n), that is field independent: M̃ = A (n)M . At high fields when the 
system is fully polarized, the magnetization is given by MS =

1
2
gμBn, so  

the scaling factor can be extracted using A (n) = 2M̃S

gμBn
. Therefore, at an  

arbitrary field, the magnetization and susceptibility are M = M̃

M̃S

1
2
gμBn  

and χ = dM̃
dH

1
M̃S

1
2
gμBn. The spin susceptibility of the non-interacting 2DEG  

is χ0 = ( gμB
2
)
2 m∗

πℏ2
. Thus, the reduced spin susceptibility can be expressed  

as χ/χ0 =
dM̃
dH

1
M̃S

2πℏ2n

gμBm∗
. We used the conduction band g  factor value of 4.3  

(determined by fitting the measured M̃(n,H ) using the Brillouin func-
tion at n < nWC) and the effective mass of electrons, m∗

e = 0.7m0.

Spin polarization from QMC data
To determine the theoretical evolution of the electronic spin polariza-
tion in an applied magnetic field H (Fig. 2a), we utilized existing QMC 
parametrizations of the ground state energy of the 2DEG as a function 
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of density (n) and polarization ζ. Ignoring orbital effects, which are 
small for the densities and magnetic field strengths under consi
deration, we wrote the energy per particle of the 2DEG in a magnetic  
field as E (n, ζ,H ) = E (n, ζ,H = 0) − 1

2
gμBζH, and we obtained the spin  

polarization by minimizing the energy: that is, dE(n,ζ,H)/dζ = 0, which 
determined ζ(H). The function E(n,ζ,H = 0) was previously parametrized 
by fitting to QMC simulations27. An example of this procedure is shown 
in Supplementary Section 10.

Data availability
Source data are provided with this paper. All other data are available 
from the corresponding authors upon reasonable request.
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5 µm Bottom gate

 Monolayer MoSe2

10 µm
Bottom gate

 Monolayer MoSe2

a b

Extended Data Fig. 1 | Optical image of device 1 and device 2. a-b, Optical microscope image of (a) device D1 and (b) device D2. The MoSe2 monolayer regions are 
indicated by white dashed lines, and the solid red lines show the outline of the bottom gate electrode: (a) Pd/Au metal and (b) a few-layer graphite.
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Extended Data Fig. 2 | Umklapp features in another spot in the original 
device, D1, and in another device, D2. Color map of the derivative of reflectance 
contrast spectra with respect to electron density at a base lattice temperature 
of 16 mK. A Lorentzian fitted exciton/RP peak was subtracted to emphasize the 
Umklapp features. The green line represents the fitted exciton/RP resonance 
energy, and the black dashed line indicates the expected resonance energy from 

umklapp scattering of excitons. Umklapp features in D1 (another spot from 
that shown in main Fig. 1) and in another device, D2, are shown in (a) and (b), 
respectively. Color map of the derivative of reflectance contrast spectra with 
respect to electron density, without subtracting the fitted exciton/RP Lorentzian 
in another spot in D1 (c) and in another device D2 (d).
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Extended Data Fig. 3 | Electron temperature estimation at low density under 
different incident light powers. a-d, We plot the signal M̃  at the electron density 
of 0.30×1012 cm-2 under varying light powers: (a) 60 fW, (b) 320 fW, (c) 3.3 pW,  

and (d) 32 pW. From a fit using the Brillouin function, we estimate the electron 
temperature. The estimated electron temperatures are: (a) 80 mK, (b) 130 mK,  
(c) 180 mK, and (d) 350 mK.
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Extended Data Fig. 4 | Anomalies in the main excitonic properties. a, Near the 
density of n∗ = 0.9×1012 cm-2, a noticeable discontinuity in the derivative of the 
exciton/RP resonance energy with respect to electron density, dEX/dn is 
observed, signifying a change in the slope of the exciton/RP resonance energy.  
b, A pronounced slope change of the oscillator strength is observed near the 
density of n∗ = 0.9×1012 cm-2. Reflectance contrast spectra measurements were 
performed under a light power of 0.7 nW at a base lattice temperature of 16 mK. 
The black arrows on the top x-axis and black dashed lines indicate the 

characteristic densities, nWC and n∗. Linear decrease of the oscillator strength 
upon doping is represented by the grey dashed line. The measured excitonic 
properties are a convolution of the intrinsic properties of its electronic 
environment and the details of how the exciton couples to the electrons. In 
particular, the exciton is sensitive to the electronic compressibility. Non-analytic 
behavior of the compressibility at the microemulsion-liquid transition should 
therefore be expected to lead to rapid changes in the excitonic properties.
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Extended Data Fig. 5 | Reduced spin susceptibility as a function of electron 
density at different temperatures. a-f, The Curie susceptibilities in the Wigner 
crystal regime are indicated by grey dashed lines. The spin susceptibility between 
nWC and n∗ aligns well with the colored dashed lines, representing intermediate 
density ranges that follow the lever rule. However, notable deviations from this 
linear behavior are observed in the vicinity of nWC and n∗, signifying interface 

effects between the crystal and liquid regions. The boundaries of these density 
ranges are delineated by black vertical dashed lines, with these regions further 
emphasized by black arrows. The density ranges are quantified by the error bars 
in Fig. 4 of the main text. The determination of the transition near n∗ and the 
density ranges are described in Fig. S19.
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Extended Data Fig. 6 | Magnetic field dependence of n*. a, Derivative of fitted 
exciton/RP resonance energy with respect to electron density for left circularly 
polarized reflectance contrast at various magnetic fields. The black dotted line 
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dEX/dn at 9 T. b, Color maps showing left circularly polarized differential 
reflectance contrast are plotted as a function of electron density at various 
magnetic fields. The white dotted line marks the electron density at which the 
discontinuity (n∗) occurs at 9 T.
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