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Strongly interacting electronic systems often exhibit acomplicated 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
Coulombinteraction microscopically mingles with the competing states.
Here we observe the signatures of the microemulsion between an electronic
Wigner crystal and an electron liquid in aMoSe, 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
importanceisthe 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 structures'”.
Such ideas have been proposed to explain the phase diagrams of
strongly correlated materials, including high transition tempera-
ture superconductors®, colossal magnetoresistance manganates®'©
and the excitonic Wigner crystal-to-superfluid phase transition in
semiconductors™". However, a direct confirmation of electronic
mixed phases is lacking in solid-state systems because crystal-
line lattice transformations often coincide with electronic phase

transitions®'°. 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
transitioninalow-density two-dimensional electron gas (2DEG) hosted
inan atomically thin semiconductor. Thelow electron densitiesin 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
Coulombinteractionto thekinetic energy, ry(= mje?/ (41eoeh?/Tin)),
isaround 30 (refs.13,14). Here, m{, e, £y, €, hand ndenote the effective
mass of electrons, elementary charge, vacuum permittivity, dielectric
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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,
aFermiliquid 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. AMoSe,
monolayer is encapsulated by hBN and grounded. Abottom gate voltage, V,, is
applied to the Pd-Au back gate to control the electron density in aMoSe,
monolayer. ¢, 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 AE, from the main exciton resonance is
determined by reciprocal Wigner crystal lattice vector k. e,f, Left (o”) (e) and
right (¢*) (f) circularly polarized reflectance contrast spectraat 9 T and at abase
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 x 102 cm ™) 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, M. g, Colour
map of the derivative of reflectance contrast spectra (3 T, 0”) 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,07), the dispersive Lorentzian fit and their subtraction at
n=0.35x10" cm™are shownin 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 A£,.. h, Colour
map of the derivative of reflectance contrast spectra (3 T,0”) with respect to
electron density, without subtracting the fitted exciton Lorentzian. Note the
clear anomaly near 0.82 x 10”2 cm™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 x 10" cm™. Reflectance contrast
spectra measurements in panels g-i were performed under light power of 70 pW
atabase lattice temperature of 16 mK. We used exciton or RP Zeeman energy
splitting to estimate the electron temperature under this condition
(Supplementary Section 8).

constant, reduced Planck constant and electron density, respectively.
Withincreasing electron density, this Wigner crystal meltsinto aliquid
owing to increasing quantum fluctuations. It is predicted that this
quantum melting proceeds by means of a sequence of intermediate
microemulsion phases' >’ (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 measurements™*°. Recently, transport signatures of
unconventional magnetic behaviour have been reported close to the
metal-insulator transition”’. However, such measurements do not
allow theidentification ofintermediate microemulsion phases because
the signatures of microemulsion phases in transport are extremely
difficult to predict theoretically*. Moreover, thermodynamic probes

that can identify different electronic phases and transitions between
themare more desirable to disentangle the electron correlation effect
fromadisorder-induced effect.

Electron Wigner crystalina MoSe, 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 transition®**. In these materials,
optically generated excitons are sensitive to both charge and spin
order of the surrounding electrons®* %, and thus they provide a
local detection scheme that gives insights into the electronic phase
diagram.
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In our experiment, we used dilution refrigerator-based scanning
confocal microscopy to probe the melting of an electron Wigner crystal
formedinaMoSe, monolayer encapsulated by hexagonal boron nitride
(hBN) (device D1inFig. 1b; see also Extended DataFig.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). InaMoSe, monolayer, the
lowest energy optical transitions occur in the K (K’) valleys. In these
transitions, right (¢*) and left (o) circularly polarized light selectively
couples toup (down) spin electrons owing to the optical selection rules
and spin-valley locking® (Fig. 1c). The exciton-electron interaction
dependsonwhetheraK (K’) valley excitoninteracts with aK’ (K) valley
electron (case1) or aK (K’) valley electron (case 2).In case 1, the inter-
actionis strong, leading to the emergence of higher-energy repulsive
polaron (RP) and lower-energy attractive polaron (AP) branchesin the
spectrum”. In case 2, the interaction, stemming from an exchange
interaction and Pauli blocking®?, is comparatively weaker. The dif-
ference betweenintravalley and intervalley exciton-electroninterac-
tion enables the detection of electron spin polarization by circularly
polarized light.

Figure le,f shows representative reflectance contrast spectra
R (defined in Methods) at B=9 T with " and o~ light as a function of
electron density. A perpendicular magnetic field lifts the degeneracy
of the band minima, so the electrons doping the MoSe, monolayer
arespin and valley polarized at low electron doping (in this case, with
spindownin the K’ valley, as shown in Fig. 1c). The o"-reflectance con-
trast spectrum that probes the K valley (Fig. 1f) shows two polaron
branches duetointervalley exciton-electroninteraction, whereas the
o spectrum probing the K’ valley does not (Fig. 1e). At higher doping
densities (n>2.35 x10" cm™), the electron starts to fill both valleys, and
two polaron branches are present in both spectra. The inequivalence
between ¢* and o™ spectrareveals 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 x 10" cm™ (upward arrows in
Fig.1h,i). Because the excitonic properties are sensitive to the charge
and spin properties of the surrounding electrons, these anomalies
areindications of achange in the electronic state. The detection of this
previously unobserved feature is facilitated by abase lattice tempera-
ture of 16 mKinside 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 ny,c = 0.35 x 102 cm™, we observed
a higher-energy spectral feature (Fig. 1g) that blueshifts linearly
with electron density (along the black dashed line in Fig. 1g)**. 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 = ky, (kyc 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 strength?
(Fig. 1d). Notably, at densities greater than n,, 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
observedinother spotsinDlandinanother MoSe, monolayer device,
D2 (Extended DataFig. 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
highandlow electron densities are those of a Fermiliquid and Wigner
crystal, respectively.

Fermiliquid 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 6~ 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 polarized® (Supple-
mentary Section1).

Figure 2a shows the critical densities determined by the onset of
the 0™ 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 Fermiliquid”. The critical densities
extracted from our experiments are in good agreement with predic-
tions from a fixed-node diffusion QMC model*** 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 electronsin
MoSe, (ref. 25), which demonstrates the strong Coulomb interactions
presentin our system (Supplementary Section 2).

To extract the spin susceptibility of the 2DEG at low magnetic
fields we obtained the magneto-optical signal M= (1" /5,
—17 190, ) [ [0 + 17 11%,,), which is the difference in normalized
reflected intensity between o* light divided by their sum. Here, /(/,.,,)
denotes the reflected intensity at a density of 1.0 x 10" cm™. We
computed M using reflectance spectra in a narrow energy range,
5meV red-detuned from the main exciton resonance at zero doping.
Optical selection rules imply that M is proportional to the imbalance
of electrons in the lowest conduction bands (Fig. 1c), which, owing
tospin-valleylocking, canbeinterpreted as the spin (or valley) polari-
zation of the electrons®*?® (Supplementary Section 3). The field
dependence of M(H), where H is the applied magnetic field, further
allowed us to extract the spin susceptibility y of electrons shown
in Fig. 2b, which is normalized to the spin susceptibility of the non-

2 ok
interacting 2DEG, xo = (%) % where g is the g factor for the

conduction band and y; denotes the Bohr magneton®. (See Supple-
mentary Section 4 for other methods to obtain the spin susceptibility,
that yield similar results). As anticipated, x/x, 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 studies'* (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, exhibitatemperature-independent spin susceptibility** for
T< E;, where Eisthe (renormalized) Fermienergy. As described below,
weindeed observed atemperature-independent susceptibility above
acertain density denoted by ny, (Fig.3d).

The magnetic response of the low-density (n < n,,c) 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 interaction®*,
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 Z%gygntanh(%), where kg is

the Boltzmann constant, and an associated Curie susceptibility
2
x=(%) kLT (refs. 2,7). In sharp contrast to the liquid phase, the
B

susceptibility is expected toincrease 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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error of the linear fit to the low-field slope of the computed M. We conducted
QMC simulations with the same values of the g factor and effective mass asina
and used the dielectric constant as a free parameter. A good fit was obtained by
using the dielectric constant € = 4, which deviates by about 10% from the value
used ina. Inset: M as a function of magnetic field for an electron density of 1.3,1.8
and 2.0 x 10”2 cm2. ¢, Scaled magnetization curves (M/n as a function of ugH/k, T)
inthe Wigner crystal regime. The shapes and colours of the markers represent
different electron densities and temperatures. The black curve s a fit by Brillouin
function withg=4.3.d, Reduced spin susceptibility (x/x,) at n = 0.28 x 102 cm2as
afunction of electron temperature, showing Curie susceptibility.

laser at asingle energy (1.636 eV, white dashed lines in Fig. 1e,f) below
the exciton resonance to obtain M as a function of electron density
and magnetic field (Methods): this approach reduced the light
power reaching the sample. By fitting the measured M(n, H)at different
temperatures using the Brillouin function, we determined the con-
duction band g factor and the electron temperature (7T..). 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 M normalized by the electron density
(M/n) as a function of magnetic field normalized by the electron
temperature (ugH/kgT,...) in the Wigner crystal regime (n < ny,c =
0.35x10"2 cm™). 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 M(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 < n,,) is well
described by a Wigner crystal with an independent spin localized at
each latticesite.

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
MoSe, 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 excitonspectral profile from thereflectance
contrast, took the derivative with respect to the electron density and
plotteditagainst the energy detuning from main exciton peak (Fig. 3a).
Wethendetermined 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 ny, < 0.35 x 10”2 cm™, the umklapp linewidth was close to
the main exciton linewidth, whereas the energy splitting increased
. . . h%n
linearly with the electron density AE, = N
electrons are crystallized into a triangular lattice Wigner crystal®.
However, whenn >n,,, AE,became only weakly dependent on density,
which suggests that the periodicity of the underlying electron lattice
isapproximately independent of n. As the electron density approached
n., the density at which the exciton intensity anomaly is observed in
Fig.1h,i(seealso Extended DataFig.4), the width of the umklapp feature
increased rapidly (Fig. 3¢ (middle)). This broadening arises from the

confirming that all
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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 linesindicate the
density ny,c(T) at which the spin susceptibility deviates from Curie (left), the
density n.(T) at which the slope changes (right) and the density n;, 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 agrey 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 ny,¢(T) and
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found in the vicinity of n,,(T) and n.(T) (see also Extended Data Fig. 5). The error
barsindand eare the combined fitting uncertainty of the slope of M(H) near zero
density and one standard error of the zero-field slope of M(H).

finite spatial extent of crystalline correlations: the length scale can be
estimated as/.,./ayc~ AE,/OF, wherel ., isthe correlation length repre-
senting the radius of the domain, a, is the lattice constant of the
Wigner crystal and 6F is the net contribution to the umklapp width
from a finite correlation length. We obtained [, = 3ay in the low-
density regime (n<n,,), indicating the presence of well-defined crys-
talline regions as in the previous report* (Supplementary Section 7).
Between ny and n., [, decreases gradually and drops below ay,c
at around n., indicating the continuous weakening of the crystalline
correlations or adecrease 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 M(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 (x/x,) as afunction of electron den-
sity. We observed two abrupt changes in the slope of the spin suscep-
tibilities near n,,c and n.: below n,,C, the spin susceptibility follows a
Curielaw, y « 2, asexpected forindependent 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, n,,(T) and
n.(T).Between ny,(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 datain Figs. 2 and 3 suggest two phase boundaries at ny(7)
and n.(T) that separate three phases: a Wigner crystal phase for n<ny,,
aliquid phase for n>n.and theintermediate phase occupying the range

nyc <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 ny,. 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 alinear interpolation betweenits values at n,,c 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,
withthe areal fractions of the two phases evolving with density accord-
ing to the lever rule' . 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
itis a distinct thermodynamic phase rather than a broad crossover
between the crystal and liquid.

Phase diagram and Pomeranchuk effect

Thefulltemperature and density dependence of the datais summarized
inthe (n, T) phase diagram displayedin Fig. 4 (see Supplementary Sec-
tion 8 for estimating electron temperature associated with n,,c and n.
fromthe reflectance measurement). The liquid region (n > n.(T)) may
befurther dividedinto two distinct regions: Fig. 3d shows that although
the spin susceptibility was essentially independent of temperature at
the highest electron densities, itacquired astrong temperature depend-
ence (Fig. 3d inset) below a characteristic density near 1.5 x 10 cm™.
We define the characteristic density ng (T) as that at which the spin
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Fig. 4 |Phase diagram as a function of electron density and temperature.
Phase boundaries are obtained by the following characteristic densities: nyc(7),
n.(T) and ny from the spin susceptibility measurements (circles), ny(T) from
anomalies in umklapp scattering (diamond), and n.(T) from anomalies in
reflectance spectra (square). The error bars associated with ny(7) and n.(7) from
the spin susceptibility measurements represent the density ranges that show
deviations from the lever rule. The density n, is defined as that at which the spin
susceptibility deviates from the highest temperature (3.28 K) spin susceptibility,
and theerror barsindicate the nearest data points from the deviation. See

also Supplementary Fig. 18 for the phase diagram that includes the density-
dependent Fermi temperature of the non-interacting 2DEG.

susceptibility deviates from the highest temperature (3.28 K) value.
For densities n.(T) < n < ng (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 ny, 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 1K, 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
entropy"’**7¢, The overall magnitude of the effect was consistent with
expectations based on QMC calculations” (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 DataFig. 6).

Discussion and outlook

Our experiments demonstrate that the quantum melting of the Wigner
crystal in a MoSe, monolayer proceeds by means of an intermediate
microemulsion phase characterized by ananoscale or mesoscale mix-
ture of electron crystal and liquid. Animportant questionis the extent
towhich quenched disorder, whichisinevitably presentin our sample,
playsaroleinthe phenomenology we have reported. Strong disorder
would imply substantial local variations within the sample. Our optical
probe effectively averages over aspot with adiameter of around1 pm;
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 order”). In this context, a particularly
striking observationisthe large extent of the coexistence region, which
is orders of magnitude larger than what clean limit theory predicts®
(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 < ny (T), the spin
susceptibility (Fig. 3d) has amuch stronger temperature and density
dependence than QMC? predictions. Weak disorder is also expected
toresultinanincreasein susceptibility (logarithmicin1/7)inaFermi
liquid at low temperatures®. 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 localmoments associated with residual
crystallites. Amore tantalizing possibility is anon-Fermiliquid regime
drivenby crystalline fluctuations near the onset of the inhomogeneous
intermediate phase*’.

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 states***. The proper-
ties of such phases have been rarely studied and may harbour new
functionalities, in particular, due to the prominent role of exoticinter-
phaseinterfaces. The variety of correlated electronic phases observed
recently in two-dimensional materials****~** provides a natural platform
for further exploration of microemulsion phases by exploiting their
facile tunability by means of, for example, multilayer heterostruc-
tures” or sample-gate distance*”*. Furthermore, local probes such as
scanning tunnelling microscopy** or ascanning electron transistor*°
will enable the characterization and control of microemulsion phases
atthe nanoscale.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
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References

1. Spivak, B. Phase separation in the two-dimensional electron liquid
in MOSFET's. Phys. Rev. B 67, 125205 (2003).

2. Spivak, B. & Kivelson, S. A. Phases intermediate between a
two-dimensional electron liquid and Wigner crystal. Phys. Rev. B
70, 155114 (2004).

3. Jamei, R, Kivelson, S. & Spivak, B. Universal aspects of Coulomb-
frustrated phase separation. Phys. Rev. Lett. 94, 056805 (2005).

4. Lorenzana, J., Castellani, C. & Castro, C. D. Phase separation
frustrated by the long-range Coulomb interaction. I. Theory.

Phys. Rev. B 64, 235127 (2001).

5. Lorenzana, J., Castellani, C. & Di Castro, C. Phase separation
frustrated by the long-range Coulomb interaction. Il. Phys. Rev. B
64, 235128 (2001).

6. Ortix, C., Lorenzana, J. & Di Castro, C. Frustrated phase separation
in two-dimensional charged systems. Phys. Rev. B 73, 245117
(2006).

7. Spivak, B. & Kivelson, S. A. Transport in two dimensional
electronic micro-emulsions. Ann. Phys. 321, 2071-2115 (2006).

Nature Physics | Volume 21| March 2025 | 437-443

442


http://www.nature.com/naturephysics
https://doi.org/10.1038/s41567-024-02759-8

Article

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

10.

.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

Emery, V. J. &Kivelson, S. A. Frustrated electronic phase
separation and high-temperature superconductors. Physica C
209, 597-621(1993).

Fath, M. et al. Spatially inhomogeneous metal-insulator transition
in doped manganites. Science 285, 1540-1542 (1999).

Dagotto, E., Hotta, T. & Moreo, A. Colossal magnetoresistant
materials: the key role of phase separation. Phys. Rep. 344, 1-153
(2001).

Fogler, M. M., Butoy, L. V. & Novoselov, K. S. High-temperature
superfluidity with indirect excitons in van der Waals hetero-
structures. Nat. Commun. 5, 4555 (2014).

Skinner, B. Chemical potential and compressibility of quantum
Hall bilayer excitons. Phys. Rev. B 93, 085436 (2016).

Wigner, E. On the interaction of electrons in metals. Phys. Rev. 46,
1002-1011 (1934).

Drummond, N. D. & Needs, R. J. Phase diagram of the low-density
two-dimensional homogeneous electron gas. Phys. Rev. Lett. 102,
126402 (2009).

Kravchenko, S. V., Kravchenko, G. V., Furneaux, J. E., Pudalov, V. M. &
D’lorio, M. Possible metal-insulator transition at B=0 in two
dimensions. Phys. Rev. B 50, 8039-8042 (1994).

Yoon, J., Li, C. C., Shahar, D., Tsui, D. C. & Shayegan, M.

Wigner crystallization and metal-insulator transition of
two-dimensional holes in GaAs at B=0. Phys. Rev. Lett. 82,
1744-1747 (1999).

Kravchenko, S. V. & Sarachik, M. P. Metal-insulator transition in
two-dimensional electron systems. Rep. Prog. Phys. 67, 1-44
(2004).

Shashkin, A. A. & Kravchenko, S. V. Recent developments in the
field of the metal-insulator transition in two dimensions. Appl. Sci.
9, 1169 (2019).

Hossain, M. S. et al. Anisotropic two-dimensional disordered
Wigner solid. Phys. Rev. Lett. 129, 036601 (2022).

Falson, J. et al. Competing correlated states around the zero-field
Wigner crystallization transition of electrons in two dimensions.
Nat. Mater. 21, 311-316 (2022).

Ahn, S. & Das Sarma, S. Density-tuned effective metal-insulator
transitions in two-dimensional semiconductor layers: Anderson
localization or Wigner crystallization. Physical Review B 107,
195435 (2023).

Smolenski, T. et al. Signatures of Wigner crystal of electronsin a
monolayer semiconductor. Nature 595, 53-57 (2021).

Zhou, Y. et al. Bilayer Wigner crystals in a transition metal
dichalcogenide heterostructure. Nature 595, 48-52 (2021).

Tang, Y. et al. Simulation of Hubbard model physics in WSe,/WS,
moiré superlattices. Nature 579, 353-358 (2020).

Back, P. et al. Giant paramagnetism-induced valley polarization of

electrons in charge-tunable monolayer MoSe,. Phys. Rev. Lett. 118,

237404 (2017).

Efimkin, D. K., Laird, E. K., Levinsen, J., Parish, M. M. &
MacDonald, A. H. Electron-exciton interactions in the exciton-
polaron problem. Phys. Rev. B103, 075417 (2021).

Attaccalite, C., Moroni, S., Gori-Giorgi, P. & Bachelet, G. B.
Correlation energy and spin polarization in the 2D electron gas.
Phys. Rev. Lett. 88, 256601 (2002).

Knorzer, J. et al. Wigner crystals in two-dimensional transition-
metal dichalcogenides: spin physics and readout. Phys. Rev. B
101, 125101 (2020).

Yarlagadda, S. & Giuliani, G. F. Spin susceptibility in a
two-dimensional electron gas. Phys. Rev. B 40, 5432-5440
(1989).

Lifshitz, E. M. & Pitaevskii, L. P. Statistical Physics: Theory of the
Condensed State (Elsevier Science, 2013).

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Chakravarty, S., Kivelson, S., Nayak, C. & Voelker, K. Wigner glass,
spin liquids and the metal-insulator transition. Philos. Mag. B 79,
859-868 (1999).

Kim, K.-S., Murthy, C., Pandey, A. & Kivelson, S. A. Interstitial-
induced ferromagnetism in a two-dimensional Wigner crystal.
Phys. Rev. Lett. 129, 227202 (2022).

Pomeranchuk, I. On the theory of liquid 3-He. Zh. Eksp. Teor. Fiz.
20, 919-926 (1950).

Saito, Y. et al. Isospin Pomeranchuk effect in twisted bilayer
graphene. Nature 592, 220-224 (2021).

Rozen, A. et al. Entropic evidence for a Pomeranchuk effect in
magic-angle graphene. Nature 592, 214-219 (2021).

Clark, B. K., Casula, M. & Ceperley, D. M. Hexatic and mesoscopic
phases in a 2D quantum Coulomb system. Phys. Rev. Lett. 103,
055701(2009).

Chui, S. T. & Tanatar, B. Impurity effect on the two-dimensional-
electron fluid-solid transition in zero field. Phys. Rev. Lett. 74,
458-461(1995).

Joy, S. & Skinner, B. Upper bound on the window of density
occupied by microemulsion phases in two-dimensional electron
systems. Phys. Rev. B108, L241110 (2023).

Pudalov, V. M., Kuntsevich, A. Y., Gershenson, M. E., Burmistrov, I. S. &
Reznikov, M. Probing spin suscepitibility of a correlated
two-dimensional electron system by transport and magnetization
measurements. Phys. Rev. B 98, 155109 (2018).

Oganesyan, V., Kivelson, S. A. & Fradkin, E. Quantum theory of a
nematic Fermi fluid. Phys. Rev. B 64, 195109 (2001).

Chowdhury, D., Orenstein, J., Sachdey, S. & Senthil, T. Phase
transition beneath the superconducting dome in BaFe,(As,_P,),.
Phys. Rev. B92, 081113 (2015).

Kagan, M. Y., Kugel, K. I. & Rakhmanov, A. L. Electronic phase
separation: recent progress in the old problem. Phys. Rep. 916,
1-105 (2021).

McGarrigle, E. C., Delaney, K. T., Balents, L. & Fredrickson, G. H.
Emergence of a spin microemulsion in spin-orbit coupled
Bose-Einstein condensates. Phys. Rev. Lett. 131, 173403 (2023).
Regan, E. C. et al. Mott and generalized Wigner crystal states in
WSe,/WS, moiré superlattices. Nature 579, 359-363 (2020).

Li, H. et al. Imaging two-dimensional generalized Wigner crystals.
Nature 597, 650-654 (2021).

Xu, Y. et al. Correlated insulating states at fractional fillings of
moiré superlattices. Nature 587, 214-218 (2020).

Skinner, B. & Shklovskii, B. I. Anomalously large capacitance of a
plane capacitor with a two-dimensional electron gas. Phys. Rev. B
82, 155111 (2010).

Li, T. et al. Charge-order-enhanced capacitance in semiconductor
moiré superlattices. Nat. Nanotechnol. 16, 1068-1072 (2021).
Xiang, Z. et al. Quantum melting of a disordered Wigner solid.
Preprint at https://arxiv.org/abs/2402.05456 (2024).

Zondiner, U. et al. Cascade of phase transitions and Dirac revivals
in magic-angle graphene. Nature 582, 203-208 (2020).

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with
the author(s) or other rightsholder(s); author self-archiving of the
accepted manuscript version of this article is solely governed by the
terms of such publishing agreement and applicable law.

© The Author(s), under exclusive licence to Springer Nature Limited
2025

Nature Physics | Volume 21| March 2025 | 437-443

443


http://www.nature.com/naturephysics
https://arxiv.org/abs/2402.05456

Article

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

Methods

Device fabrication and operation

Monolayer MoSe, and hBN flakes were exfoliated from bulk crystals
onto 285 nm SiO,/Sisubstrates. MoSe, monolayers were identified by
anoptical microscope. Thicknesses of hBN flakesin 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 al nm Cr layer and
a9 nm Pd-Au alloy layer fabricated using electron-beam lithography
and thermal evaporation. Electrical contacts to the MoSe, 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),
aMoSe, monolayer, hBN (50 nm) and a few-layer graphite (bottom
gate) were picked up sequentially. The complete stack was placed on
aSi0,/Si substrate with prepatterned bottom metal, which consisted
of alnm Crlayer and a 9 nm Pt layer for the electrical contact to the
MoSe, monolayer.

To dope the monolayer MoSe, at dilution refrigerator tempera-
tures, we grounded the contacts to MoSe,, applied a voltage V,,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 V, was determined as the volt-
age at which the reflectance contrast spectraor magneto-optical signal
started to deviate from the neutral regime. The electron density was
calculated fromthe parallel-plate capacitor model n=g,&,(Vy, — Vo/dyy,
where g, is the vacuum permittivity, ,=3.9 isthe dielectric constant of
the hBN and dy, 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 canreach 16 mK. The sample was mounted in the centre
of asuperconducting 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 beamstoimpose the same +1/4 retardance to
bothbeams without mechanical movement. A polarimeter (Thorlabs
PAX1000IR1) was used to confirm the circular polarization outside the
dilutionrefrigerator. To ensure a polarization-independent light path
inside the dilution refrigerator, we examined the reflection isotropy
of abare Si0,/Si substrate mounted inside with a360° 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
x10, 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 witha1,200 g mm™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 RY. (F) = G —1,where I(E) is the
reflected light intensity and /..(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 /. (E)

at 1.0 x 10® cm2 and calculated R¢ (£) = '(E)E) —1. At this density

KE)

max

(1.0 x 10" cm™), the exciton or RP resonance becomes negligible but
someintensity from the AP still remains. Although fitting the exciton or
RPresonance with aLorentzian remains appropriate, fitting the AP reso-
nance necessitates aremoval of theresidual background AP. Toaddress
this, we developed a procedure to subtract this background systema-
tically. We note that Re (F) = €L _1 = [®/®___ RE# 4
Imax(E) Imax (/1o (E) R E)HL

Because the reflectance contrast from the AP resonance at 1.0 x
10” cm? is small (R (E) <1), Rc(E) can be approximated as,
Rc(E)~ (1+RL(E)) (- R . (E))-1= R* (E) = (1+REE))RE o (E).
Consequently, we obtained R* __ (F) = R*(E) - —— (R%(E) =R (E)).

Cmax
To extract the exciton, RP and AP resonance parameters, we first
fitted the exciton or RP resonance with a Lorentzian function

X/RP _ A2 2
R (n,E) = TR +y2/4[ cosa— (E— Eo)sma]+C where A%, E,and y

are the amplitude, energy and linewidth of the resonance. In the
neutral regime (n = 0), thereis only the exciton resonance, whereas at
N, = 1.0 X 10" cm™ the exciton or RP resonance is bleached. There-
fore, R (n = 0,E) ~ R (n = 0,F)and we could extract the density inde-
pendent background contribution from the spectraat 1.0 x 10® cm™

R: .. (E)~RX(n=0,E)-Rc(n=0,E). This background contribution
was also fltted to a Lorentzian function. We then eliminated the
fitted exciton and background Lorentzian function from each spec-
trumandfitted therest, R¥ (n,E) = Rc (n,E) — R¥ (n,E) + RY, . (E), with
another Lorentzian function to extract the AP amplitude, energy and
linewidth. Following the procedure of ref. 25, the onset density of
the 0™ AP was then determined fromalinear fitting to the o™ AP ampli-
tude as a function of density.

Cmax

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
o* polarization), its contribution to the signal is small and can
be subsequently subtracted. We also note that /%, ~ I%,, (reflect-

ion spectrum at a density of 1.0 x 10 cm™) within -1Tto 1T
and M = (I [ = 17 00 ) (17" Moy + 17 /M) & (177 = 1)/(1°" + 7). We
couldthus use the reflected intensity instead of the normalized one to

obtain M. To convert the measured magneto-optical signal M = %

tomagnetization M, weintroduced a density-dependent scaling factor,
A(n), that is field independent: M = A (n) M. At high fields when the
systemis fully polarized, the magnetizationis given by Mg = 1g;13n SO

ZMS Therefore atan

the scaling factor can be extracted using A (n) =
arbltrary field, the magnetization and susceptlbrllty are M = r —gan

and y= — i - S8HB1. The spinsusceptibility of the non- mteractngDEG

is xo = (gus) _.Thus thereduced spinsusceptibility can be expressed

dM 1 Znh n

-.We used the conductionband g factor value 0f4.3
dH M gugm

as x/xo =

(determined by ﬁttlng the measured M(n, H) using the Brillouin func-
tion at n<n,,c) and the effective mass of electrons, m} = 0.7m,.

Spin polarization from QMC data

To determine the theoretical evolution of the electronic spin polariza-
tionin 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 {. 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,{,H)=E(n,{,H=0) - %ng(H, and we obtained the spin
polarization by minimizing the energy: thatis, d£(n,{,H)/d{=0, which
determined {(H). The function £(n,{,H=0) was previously parametrized
by fitting to QMC simulations”. An example of this procedure is shown
inSupplementary Section10.

Data availability
Source data are provided with this paper. All other data are available
fromthe corresponding authors upon reasonable request.
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Extended Data Fig. 1| Optical image of device 1and device 2. a-b, Optical microscope image of (a) device D1and (b) device D2. The MoSe, 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 umklapp scattering of excitons. Umklapp features in D1 (another spot from
device, D1, and in another device, D2. Color map of the derivative of reflectance that shown in main Fig. 1) and in another device, D2, are shownin (a) and (b),
contrast spectrawith respect to electron density at abase lattice temperature respectively. Color map of the derivative of reflectance contrast spectrawith
of 16 mK. A Lorentzian fitted exciton/RP peak was subtracted to emphasize the respect to electron density, without subtracting the fitted exciton/RP Lorentzian
Umklapp features. The green line represents the fitted exciton/RP resonance inanother spotinD1(c) and in another device D2 (d).

energy, and the black dashed line indicates the expected resonance energy from
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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 M at the electron density
0f 0.30x10"? cm? under varying light powers: (a) 60 fW, (b) 320 fW, (c) 3.3 pW,

and (d) 32 pW. From afit 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,=0.9x10?cm?, anoticeable discontinuity in the derivative of the
exciton/RP resonance energy with respect to electron density, dEy/dnis
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, = 0.9x10”2cm?. Reflectance contrast spectra measurements were
performed under alight 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
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characteristic densities, nyc 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
nwcand n, aligns well with the colored dashed lines, representing intermediate
density ranges that follow the lever rule. However, notable deviations from this

0
n (1012 cm-z)

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
inFig. 4 of the main text. The determination of the transition near n, and the

density ranges are described in Fig. S19.

linear behavior are observed in the vicinity of nyc and n,, signifying interface
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Extended Data Fig. 6 | Magnetic field dependence of n.. a, Derivative of fitted dEyx/dnat9 T.b, Color maps showing left circularly polarized differential
exciton/RP resonance energy with respect to electron density for left circularly reflectance contrast are plotted as a function of electron density at various
polarized reflectance contrast at various magnetic fields. The black dotted line magnetic fields. The white dotted line marks the electron density at which the
marks the electron density (n,) that corresponds to the center of the jumpin discontinuity (n,) occursat9T.
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