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First-order phase transitions produce abrupt changes to the character of both ground and excited
electronic states. Here we conduct electronic compressibility measurements to map the spin phase
diagram and Landau level (LL) energies of monolayer WSe2 in a magnetic field. We resolve a
sequence of first-order phase transitions between completely spin-polarized LLs and states with LLs
of both spins. Unexpectedly, the LL gaps are roughly constant over a wide range of magnetic
fields below the transitions, which we show reflects spin-polarized ground states with opposite spin
excitations. These transitions also extend into compressible regimes, with a sawtooth boundary
between full and partial spin polarization. We link these observations to the important influence
of LL filling on the exchange energy beyond a smooth density-dependent contribution. Our results
show that WSe2 realizes a unique hierarchy of energy scales where such e↵ects induce re-entrant
magnetic phase transitions tuned by density and magnetic field.

I. INTRODUCTION

Electronic systems with degeneracies arising from in-
ternal quantum degrees of freedom are often susceptible
to forming ordered ground states driven by many-body
interactions. The quantum Hall regime, in which Landau
levels (LLs) e↵ectively quench kinetic energy, provides a
model platform to study such phases and the transitions
between them. In particular, the relative energies of LLs
with distinct spin and/or valley indices can often be mod-
ified by experimental tuning knobs which a↵ect both the
many-body ground and excited states in these systems
[1–16]. However, the nature of charge excitations near
transitions between competitive LLs depends sensitively
on details of the LL energetics and can be di�cult to
directly probe.

Monolayer semiconducting transition metal dichalco-
genides (TMDs) realize a distinctive LL structure due to
their hierarchy of energy scales. Strong spin-orbit cou-
pling near the valence band maxima at valleys K and K 0

causes the relevant low-energy bands to be spin-valley
locked, so that only a single Ising spin orientation is rel-
evant at each valley [17]. This degree of freedom forms a
generalized isospin, which we refer to as spin in the rest
of the text. A combination of the large e↵ective mass and
the additive contributions of orbital and Berry-curvature
e↵ects produces a single particle Zeeman splitting of the
valence band E0

Z that is large relative to the cyclotron en-
ergy Ecyc in monolayer WSe2 (E0

Z/Ecyc ⇡ 2) [18]. The
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large e↵ective mass also enhances the relative importance
of interactions, such that the dimensionless parameter rs
is of the order of 5 � 10 at achievable carrier densities
[19].

Prior work has shown that these interactions drive a
density-dependent exchange enhancement of the e↵ec-
tive Zeeman energy EZ [9, 18, 20]. This increases the
spin-splitting of the valence bands as the hole density de-
creases and leads to preferential occupation of fully spin-
polarized LLs at low densities (Fig. 1a) [19]. At higher
densities, both ‘majority’ and ‘minority’ spin Zeeman-
split LLs are occupied, causing alternating LL gap sizes
dominated by even or odd integers [9, 18, 20–22]. Re-
cent studies have noted the possibility of first-order phase
transitions at the crossover between these limits in mono-
layer WSe2 and related systems, but hysteresis has not
been observed and a detailed understanding of the LL en-
ergetics as the system transitions from fully to partially
spin-polarized has until now been lacking [9, 23, 24].

In this work, we use a scanning single-electron tran-
sistor (SET) to measure the inverse electronic compress-
ibility, dµ/dn, of valence band holes in monolayer WSe2
in a perpendicular magnetic field. At the crossover be-
tween fully spin-polarized LLs and the lowest-energy mi-
nority spin LL being filled, we resolve first-order phase
transitions, including hysteresis in the LL gaps and ad-
joining sharp tails of negative compressibility that extend
outward into nearby compressible electronic states. Sur-
prisingly, the LL gaps are roughly constant over a wide
range of magnetic fields below these phase transitions.
Through high-resolution measurements of the thermody-
namic LL gaps and the first-order phase transitions, to-
gether with suppporting theoretical calculations, we sys-
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FIG. 1. First-order Landau level (LL) phase transitions in monolayer WSe2. a, Schematic of the valence band LL
structure in monolayer WSe2. The two relevant bands are spin up at valley K and spin down at valley K0, which are split by
a density-dependent e↵ective Zeeman energy EZ . Ecyc is the cyclotron energy. b, Inverse electronic compressibility dµ/dn in
monolayer WSe2 as a function of hole density n and perpendicular magnetic field B. Black circles mark sharp drops in the
magnitude of dµ/dn along incompressible LL gaps. Broad vertical features are artifacts due to long a.c. charging time of the
sample (Supplementary Sec. 1). c, Spin susceptibility �e↵ as a function of n, determined from the densities of the LL transitions
(such as those highlighted in b) from three distinct samples. We also present data from Ref. [9] and theoretical predictions
based on quantum Monte Carlo calculations shaded in gray for comparison. d-e, Zoom-ins of dµ/dn in the white box in
panel b, with the density swept in opposite directions (large white arrows). f, Di↵erence between panels d-e, demonstrating
pronounced hysteresis from a first-order phase transition. g, Schematics of LL energies that respectively correspond to the
starred positions in d-e; note that due to the hole carriers, states are filled from the top downward. N denotes the LL orbital
index and EF is the Fermi level.

tematically characterize the nature of low-energy charge
excitations throughout the phase diagram. Collectively,
these indicate multiple reorderings of the LL structure
as we vary carrier density and magnetic field. Our re-
sults provide a straightforward way, in the correlation-
dominated regime, to understand the spin character and
energies of ground and excited electronic states.

II. FIRST-ORDER SPIN TRANSITIONS

In Fig. 1b, we present a Landau fan of dµ/dn as a func-
tion of carrier density n and perpendicular magnetic field
B. Across data from three distinct devices, we observe
qualitatively similar behavior, though we focus on data
from a single sample through most of the main text (see
Supplementary Sec. 2 for a detailed comparison). Most
of the incompressible features can be identified via their
slope in the n � B plane as integer quantum Hall gaps,

which occur at all integer filling factors ⌫. Additionally,
we note fractional quantum Hall states in the lowest LL
consistent with previous reports [9, 25] (Supplementary
Sec. 3).

Following constant integer ⌫, we observe abrupt drops
in the magnitude of the LL gaps (marked by black cir-
cles in Fig. 1b) that occur when the first minority spin
LL crosses the highest occupied majority spin LL, corre-
sponding to a transition from full to partial spin polar-
ization [9]. We determine the e↵ective spin susceptibility
�e↵ by identifying the number of polarized LLs at the
phase transitions [9, 10, 26]. Note this is actually a re-
sponse to a finite field, and can strictly be identified as
the “susceptibility” in the noninteracting limit. We find
that �e↵ extends up to 13, corresponding to a g-factor of
roughly 35 at the lowest density transition that we can
resolve (Fig. 1c). The observed increase of �e↵ with de-
creasing hole density is broadly consistent with previous
quantum Monte Carlo calculations of a 2D electron gas,
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FIG. 2. Magnetic field dependence of LL gaps. a-e, Experimentally measured LL gaps �⌫ as a function of B for fixed
integer values of the filling factor, ⌫. We observe three distinct behaviors: fully polarized LLs with �⌫ = Ecyc (labeled by ‘P’), a
transition region where �⌫ plateaus (labeled by ‘T’), and a ‘mixed’ regime where both spins are occupied and �⌫+�⌫+1 = Ecyc

(labeled by ‘M’). Vertical dotted lines indicate boundaries separating these behaviors. f-j, Corresponding theoretically predicted
LL gaps from Hartree-Fock calculations with RPA-screened interactions. We show �cyc (dotted lines), the gap to the next
unoccupied majority spin LL, and �sf (dashed lines), the gap to the N = 1 minority spin LL. The LL gap is the smaller of these
(thick colored lines). k, Measured gaps � as a function of B in the range �1.2 ⇥ 1012 cm�2 < n < �1.0 ⇥ 1012 cm�2. Color
indicates the filling factors of di↵erent gaps: polarized and ‘transition’ gaps (from ⌫ = �4 to ⌫ = �10) are plotted individually
(� ⌘ �⌫), while the pairwise sum of gaps are plotted for even ⌫  �11. The dashed black line is a linear fit (excluding the
‘transition’ gaps). l, Cartoon of the LL energies relevant to �⌫ , given in terms of Ehole = �E, so LLs are filled from the bottom
up. At BT, the lowest-energy LL above the gap switches from majority to minority spin, while at BC, the system undergoes a
first-order phase transition to the mixed regime.

shaded in gray [26, 27] (Supplementary Sec. 9).

We resolve hysteresis in both the LL gaps and adjacent
negative compressibility features (discussed in detail be-
low) as shown in Fig. 1d-f, direct evidence of first-order
phase transitions. As the hole density is swept in opposite
directions, the sharp drop in gap size occurs at distinct
magnetic fields (we also observe signatures of hystere-
sis upon sweeping B, see Supplementary Sec. 2). The
behavior reflects spontaneous polarization switching of
the last occupied LL (Fig. 1g) [23, 24]. Specifically, the
large gap is stabilized when sweeping from a fully polar-
ized phase, where exchange interactions favor maintain-

ing maximum spin polarization and enhance the e↵ective
g-factor [28]. We only resolve hysteresis as the first (or-
bital indexN = 1) minority spin LL becomes competitive
with the valence majority spin level; at lower magnetic
fields at the same density where LLs with higher indices
cross, there are no sharp changes in the measured gaps
(Supplementary Sec. 4). This indicates that the ad-
ditional g-factor enhancement is suppressed when both
majority and minority spin LLs are occupied, destroying
the expected first-order transition or rendering it unde-
tectably weak.
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FIG. 3. Spin transitions within partially filled LLs and full phase diagram. a-c, High-resolution measurements of
dµ/dn near phase transitions at ⌫ = �9,�10,�11, highlighting the negative compressibility which extends into the adjacent
LL. Panel a is measured at temperature T = 1.6 K, while b-c are at T = 0.35 K. The small shift in ⌫ of the incompressible peak
that occurs across the phase transition in b-c likely reflects asymmetry in the broadening of the crossing LLs (Supplementary
Sec. 10). d, Schematic showing regions of distinct partially occupied LLs as a function of B when |⌫|  N for a given integer
N . The pink shaded region corresponds to a fully-polarized phase, with filling (|⌫"|, |⌫#|) = (N � ✏, 0), where ⌫"(#) is the filling
factor of holes in the spin-" (#) sector and 0 < ✏ < 1. The light gray region is a mixed state with (|⌫"|, |⌫#|) = (N � 1, 1 � ✏),
i.e. a minority spin LL is partially filled. e-f, Schematic of the LL orderings in each compressible phase, with red spin majority
and blue spin minority LLs labelled by their respective orbital indices. g, Schematic depiction of the full spin phase diagram
as a function of n and B. Lines indicate the LL gap behavior, while shading indicates the spin character of the filled states.

III. ANOMALOUS LL GAP SCALING

Our measurements encode information not only about
changes in the occupied LLs, but also about excited
states immediately above the Fermi level. To study the
LL energetics in the vicinity of the spin phase transitions,
we integrate dµ/dn to obtain the thermodynamic gaps
�⌫ at integer filling factors ⌫ (Fig. 2). For each integer
quantum Hall gap, we observe three distinct behaviors as
a function of magnetic field. We relate these behaviors
to distinct ground states and their lowest-energy charge
excitations, as detailed below.

At fixed filling factor and low fields, highlighted by a
red ‘P’ in Fig. 2a-e, the LLs are fully spin polarized. We
observe a linear field dependence of these gaps, indicat-
ing that they are set by the cyclotron energy Ecyc =

~eB
m⇤

to the next spin majority LL. We extract an e↵ective
mass m⇤ ⇡ 0.31me from the linear slope, where ~ is the
reduced Planck’s constant and e and me are the elec-
tron charge and mass (m⇤ depends weakly on sample,
see Supplementary Sec. 2). At fixed filling factor and
su�ciently high field, highlighted by a gray ‘M’ in Fig.

2, the LLs are in a ‘mixed’ regime where both spins are
occupied. Individual gaps grow and shrink as the density-
dependent e↵ective Zeeman energy changes the relative
spacing between LLs of di↵erent spin, but the pairwise
sum of gaps �⌫ + �⌫+1 at a given density matches the
cyclotron energy with a similar e↵ective mass to that of
the polarized LLs (Fig. 2k, Supplementary Sec. 5). This
is in agreement with prior measurements of LL gap sizes
in monolayer WSe2 at higher hole densities, though we
measure a slightly lower e↵ective mass [18] (Supplemen-
tary Sec. 2). Both the polarized and mixed regimes can
be well-described by the previously considered model in
which LLs are a↵ected by a smooth density-dependent
Zeeman enhancement but are otherwise unchanged en-
ergetically [9]. Our experiments, however, demonstrate
a more complicated behavior at the transition between
these regions.

Between the polarized and mixed regimes, we observe
that each LL gap plateaus as the field is increased pre-
ceding its first-order phase transition. Remarkably, the
range of magnetic fields over which the gaps are flat, high-
lighted by a purple ‘T’ in Fig. 2, can extend over several
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Tesla (e.g. between 6.5 and 11 T for ⌫ = �8). At a given
density, two gaps (the final two LL gaps that are not in
the mixed regime) are approximately field independent
and diverge from the cyclotron energy scale. This is best
illustrated by plotting the LL gaps within a fixed den-
sity range (Fig. 2k). It is surprising that for any given
hole density, multiple LL gaps are set by a scale compa-
rable to, but smaller than the cyclotron energy. Similar
plateaus persist across all three samples which were fabri-
cated independently and exfoliated from bulk WSe2 crys-
tals from di↵erent sources, as well as a fourth device of
Bernal bilayer WSe2 (Supplementary Secs. 2, 5, and 6).
This consistency indicates intrinsic and generic behavior
unrelated to disorder or details of dielectric screening.

The gap we measure is equivalent to the particle-hole
excitation energy [29]. Mapping the field dependence of
these gaps thus allows us to determine the spin charac-
ter of charge (hole) excitations. To address how di↵erent
excitations evolve in a field, we consider the e↵ects of
Coulomb interactions on the spin-split LLs in WSe2, be-
yond the general e↵ect of a density-dependent spin sus-
ceptibility. Using Hartree-Fock calculations with RPA-
screened interactions which take into account the large
LL mixing in this material, we study the charge gaps from
the highest-energy filled spin-majority LL [identified by
its orbital index N and spin as (|⌫| � 1, ")] to both the
subsequent spin-majority (|⌫|, ") and lowest energy spin-
minority (1, #) LLs (Supplementary Sec. 7-8). The re-
sulting gaps are plotted in Fig. 2f-j, with a schematic
illustration of how the LL energies evolve with magnetic
field in Fig. 2l.

The gap to the next unoccupied spin-majority LL is
mostly set by the cyclotron energy, as exchange interac-
tions a↵ect both majority-spin LLs similarly. The gap to
the lowest spin-minority LL (the ‘spin-flip gap’) is deter-
mined by both single-particle and exchange interactions;
the latter strongly renormalize this gap because they have
di↵erent e↵ects on the particle and hole excitations. The
relative balance of these two contributions at a given fill-
ing factor will vary as the magnetic field (and therefore
carrier density) is tuned. At low magnetic fields, ex-
change interactions are comparatively stronger and disfa-
vor minority spin occupation, increasing the spin-flip gap.
At higher magnetic fields, the kinetic energy dominates
the behavior, leading to a linear decrease with B from the
large orbital mismatch between the relevant LLs. The re-
sult is a non-monotonic dependence of the spin-flip gap
with B so that it becomes competitive (and is eventually
favored) compared with the cyclotron gap (Supplemen-
tary Sec. 8).

Our numerical calculations (Fig. 2f-j) indicate that for
the LLs we probe in our experiment, the curvature of the
spin-flip gap is quite low at the crossover field BT . This
qualitatively matches the plateaus we observe over an
intermediate field range in our measurements. We there-
fore interpret the transition region as a spin-polarized
ground state that favors occupation of an opposite spin
LL upon doping. At higher magnetic fields (B > BC),

the system undergoes a first-order transition to a mixed
regime where the (1, #) LL jumps to lower energy than the
(|⌫|� 1, ") state. The precise ordering of LLs (for exam-
ple, whether the (1, #) LL also jumps below the (|⌫|�2, ")
state) is sensitive to details of the approximation in our
theoretical calculations (Supplementary Sec. 8) and is
ambiguous in experiment, so we restrict our quantitative
comparison to B < BC in Fig. 2.

IV. RE-ENTRANT MAGNETISM AND FULL
SPIN PHASE DIAGRAM

The close competition between distinct phases also af-
fects the behavior of the system at partial LL filling.
Our measurements near each LL phase transition reveal
a sharp negative compressibility feature emanating out-
ward towards lower hole density as the field decreases
(Fig. 3a-c). We interpret this behavior, indicative of a
first-order isospin phase transition [30–33], as an exten-
sion of the LL reordering into compressible states of a
partially filled LL (Fig. 3d).
As holes are initially depleted from integer filling (pink

region, Fig. 3d), holes are removed from the highest en-
ergy majority spin LL (Fig. 3e). This depletion will
decrease the exchange interactions and the partially-filed
LL will be pushed towards the unoccupied minority spin
LL. As additional holes are removed and the sample en-
ters the gray region in Fig. 3d, there is an abrupt re-
ordering of spins and the minority spin LL is instead
occupied (Fig. 3f). Similar phenomenology was also
suggested by recent transport measurements in a re-
lated system [24]. These transitions at partial LL filling,
along with the observation of multiple LL gap plateaus
at fixed n (varying B), imply re-entrant spin polariza-
tion as the system sequentially fills, depletes, and again
fills holes into the N = 1 minority spin LL. This leads to
a ‘sawtooth’ boundary between fully and partially spin-
polarized phases in the n-B plane, which we show in the
full spin phase diagram in Fig. 3g.
Finally, we discuss how these phase transitions depend

on temperature, which provides further insight into the
relative free energies of distinct states. In Fig. 4a-b, we
show dµ/dn as a function of ⌫ and temperature T at a
constant magnetic field B = 4.85 T (near the ⌫ = �10
transition shown in Fig. 3b). The negative compressibil-
ity feature shifts to lower hole density as the system cools
between T = 1.5 K and T = 0.35 K, indicating that the
mixed phase is favored at higher temperatures and thus
carries higher relative entropy.
The incompressible LL gap significantly strengthens at

lower temperatures, as expected. In contrast, the nega-
tive compressibility weakens at the lowest temperatures
of our measurement, displaying a nonmonotonic magni-
tude as a function of temperature. This contrasts with
measurements of isospin transitions in distinct systems,
where such features sharpen at lower temperatures [31–
35]. In Fig. 4c-d, we compare dµ/dn around the ⌫ = �8
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FIG. 4. Temperature dependence of the spin phase
transition a, dµ/dn as a function of T and ⌫ at B = 4.85 T.
As the temperature decreases, the LL gap becomes stronger
and the negative compressibility moves further away from
integer filling and weakens at the lowest temperatures. b,
Linecuts of dµ/dn from panel a at select temperatures. c-d,
dµ/dn around the ⌫ = �8 transition at T = 1.6 K (c) and
T = 0.35 K (d).

transition at T = 1.6 K and T = 0.35 K, demonstrating
that negative compressibility is barely visible at the low-
est temperatures of our measurement. To explain this
behavior, we use a Sommerfeld expansion to obtain a
phenomenological model for the free energy around the
phase transition. We find that at su�ciently low T , the
relative slopes of the free energy as a function of density
will be closer together due to an asymmetry in the den-
sity of states of the two phases, suppressing the negative
dµ/dn at the phase transition (Supplementary Sec. 10).

V. OUTLOOK

In conclusion, our experiments reveal singular changes
in the interaction-induced renormalization of LL energies
at the crossover between spin-polarized and mixed states.
The intertwined electronic and magnetic structure in this
system enables gate control over macroscopic changes in
magnetization at the Fermi level. Our results are relevant
to a wider class of systems where many-body e↵ects are
even more prominent. While the sizeable single-particle
Zeeman energies characteristic of monolayer WSe2 makes
the system susceptible to spin-polarization even with-
out interactions, related systems have displayed exchange
driven polarization in the absence of a large Zeeman
energy [36, 37]. Interaction-induced polarization (and
related phase transitions) is also relevant within moiré
heterostructures, in which flat moiré bands quench the
kinetic energy akin to LLs and complete spin polariza-
tion can be favored at both zero and finite magnetic field
[33, 34, 38–40]. Our comprehensive understanding of the
relative kinetic and interaction e↵ects at transitions be-
tween full and partial spin polarization provides a frame-
work for both experimental and theoretical study of en-
ergetics within these still more strongly interacting plat-
forms.
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I. METHODS

A. Sample fabrication

All WSe2 devices were fabricated using standard dry transfer techniques, following a process identical to that of
[1]. In brief, WSe2 samples are fully encapsulated in hexagonal boron nitride (hBN) and gated via a graphite back
gate. Contact to the WSe2 is made via prepatterned Pt leads, which are locally gated by Cr/Au “contact gates”. All
monolayers in this study were part of devices which also included twisted bilayers of WSe2. Locations of measurements
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were chosen to be > 500 nm away from any “stacking boundary” between monolayer and twisted bilayer portion of
the samples.

B. SET Measurements

The SET sensor was fabricated by evaporating aluminum onto a pulled quartz rod, with an estimated diameter
at the apex of 50 � 100 nm. The SET “tip” is brought to about 50 nm above the sample surface. Scanning SET
measurements were performed in a Unisoku USM 1300 scanning probe microscope with a customized microscope
head. a.c. excitations (2-5 mV peak-to-peak amplitude) were applied to both sample and back gate at distinct
frequencies between 200 and 400 Hz. We then measure inverse compressibility dµ/dn / IBG/I2D where IBG and I2D

are measurements of the SET current demodulated at respective frequencies of the back gate and sample excitations
[2]. A d.c. o↵set voltage V2D is applied to the sample to maintain the working point of the SET at its maximum
sensitivity point within a Coulomb blockade oscillation fringe chosen to be near the “flat-band” condition where the
tip does not gate the sample, which minimizes tip-induced doping. The contact gates are held at a large, negative
voltage throughout the measurement to maintain good electrical contact across variable hole doping. Measurements
are taken at T = 0.35 K unless otherwise noted. All dµ/dn data vs. B and n (as in Fig. 1b in the main text) are
measured with B swept from high to low as the slow axis and n swept from high hole density towards the band edge
as the fast axis, unless otherwise noted.

C. Gap measurement

The gap sizes shown in Fig. 2 in the main text are measurements of the step in the chemical potential µ(n).
Practically, this is extracted by numerically integrating the measured dµ/dn signal across the gap. To accurately
measure the gap on top of slowly-varying negative compressibility coming from long-range interactions at low density,
we subtract a small background before integrating, analogous to Refs. [3, 4]. This background is taken from averaging
the value of dµ/dn on either side of the gap, avoiding sharp negative compressibility features as in Fig. 3 in the main
text. This background subtraction also accounts for a.c. charging artifacts in the measurement of dµ/dn (e.g. the
vertical features in Fig. 1b in the main text), which can be independently identified because they are not present in
direct measurements of µ(n) at d.c. timescales [5] and they depend on the voltage applied to the contact gates. In
our measurements, the charging artifacts only have a constant additive e↵ect to the background, which we confirm
based on the consistency of the LL gaps as they cross through the artifacts.

II. SUPPORTING DATA FROM ADDITIONAL SAMPLES

As mentioned in the main text, we measure three distinct monolayer WSe2 samples, which we label Sample A, B,
and C. All data in the main text is from a single location in Sample A, except for Fig. 4c-d, which is from Sample B.
The starting WSe2 material is from di↵erent sources and the samples have di↵erent distances to their respective back
gates (set by thickness of the bottom hBN flake), which may a↵ect dielectric screening. These are summarized in
Table S1. As commented in the main text, we extract an e↵ective mass m⇤ from the linear field dependence of the LL
gaps in each sample using the relation �cyc =

~eB
m⇤ where ~ is the reduced Planck constant and e is the charge of the

electron. The e↵ective mass shows small variations across the three samples we studied, ranging from m
⇤ = 0.31me

to 0.42me. This is slightly lower than prior measurements of LL gap sizes found but falls within the range of ARPES
measurements and first-principles calculations of the WSe2 valence band mass at B = 0. [6–11].

The main e↵ect of disorder on the measured gaps is to quantitatively reduce the gap sizes due to LL broadening.
This can be seen in the fact that the polarized LLs gap sizes close linearly at some finite (not zero) intercept with B,
which can provide an estimate of the energy broadening within each sample (for example, if plotted in the manner
of Fig. 2k in the main text). The three distinct samples that we measure have distinct levels of disorder, which
manifests both through the reduction of the LL gap sizes and the width in density of the incompressible LL peaks.
Importantly, despite the quantitative di↵erences between the three samples, the qualitative behaviors of the LL gaps
are quite similar (Fig. 2 in the main text and Fig. S1-S2), including the onset of LL gap plateaus and first-order
phase transitions at similar magnetic fields (within ⇠ 5%). For this reason, we have no indication that disorder a↵ects
the gaps of di↵erent phases in any distinct way, and we believe that the main e↵ect of disorder is just to reduce the
overall gap size by a roughly constant amount.

Additionally, sample-specific di↵erences in dielectric breakdown upon gating and contact transparency produce
di↵erent measurable density windows. For example, in Sample B, we are unable to measure at hole densities below
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|n| = 1 ⇥ 1012 cm�2, as the sample was unable to charge (on a.c. timescales) at those densities. Nonetheless, all
of the qualitative features discussed in the main text are reproduced in multiple samples. Below, we detail further
supporting data from additional devices.

Sample Source Bottom hBN thickness (nm) Measured e↵ective mass via Landau level slope (in units of me)

Sample A HQ Graphene 44 0.31 ± 0.02

Sample B HQ Graphene 5.5 0.40 ± 0.01

Sample C Columbia 11 0.42 ± 0.01

TABLE S1. Summary of di↵erent samples.

In Fig. S1, we show Landau fans for Samples B and C, which can be compared with the data in Fig. 1a. The
densities of the phase transitions plotted in Fig. 1f are identified from these figures. The phase transitions in Sample
B are consistently at (slightly) lower density than the other two samples, which is consistent with enhanced screening
in the device (due to thinner hBN dielectric). For this reason, we observe the ⌫ = �8 transition in this device at
B = 10.8 T (Fig. 4c-d) but not in Samples A and C up to the highest magnetic field (B = 11 T) available in our
measurement system.

FIG. S1. Landau fans from distinct devices. a-b, Landau fans of inverse electronic compressibility dµ/dn as a function of
hole density n and magnetic field B from Sample B (a) and Sample C (b). Data in a is restricted to |n| > 1⇥ 1012 cm�2 due
to insu�cient charging at the location probed by the SET tip for this device.

In Fig. S2, we present a selection of LL gaps from Samples B and C, which qualitatively match the data presented
in Fig. 2a-e. While the di↵erent levels of disorder in each sample changes the quantitative gap magnitudes at a
given magnetic field, all devices exhibit plateaus in the LL gaps at ⌫ = �7,�8, and �9. The gaps in Sample B are
inaccessible at lower magnetic fields (precluding clear observation of the polarized regime for ⌫ = �8 and �9) because
that sample can be measured only at higher densities.

In Fig. S3 we present a secondary example of hysteresis at the transition into the mixed regime in Sample B.
At T = 0.35 K, we observe a hysteresis of B ⇡ 40 mT at the ⌫ = �8 transition depending on which direction the
density is swept. We also observe signatures of hysteresis in the magnetic field around these phase transitions (Fig.
S4), though we focus on density tuned hysteresis in the main text as our scanning probe set-up is more amenable to
sweeping density as the fast axis. The hysteresis in this dataset manifests as the gap being larger in one sweep direction
(sweeping up in magnetic field) than the other sweep direction (down in magnetic field), which can be observed via
the peak in the inverse compressibility data as a function of B in Fig. S4c. We note the approximate agreement
between the magnitude of the incompressible peak with datasets on either side of the transition. Additionally, we do
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FIG. S2. Landau level (LL) gaps from distinct devices. a-h, LL gaps �⌫ as a function of B for a selection of filling
factors ⌫ from Sample B (a-d) and Sample C (e-h). Gray shading in (a-d) indicates low densities in Sample B where the LL
gaps are inaccessible due to poor sample charging. Vertical dotted lines are guides to eye denoting distinct behavior in the
fully-polarized, transition, and mixed regimes.

not observe a di↵erence in traces swept in both directions on either sides of the transition.

III. FRACTIONAL QUANTUM HALL STATES

In Fig. S5, we present higher resolution data from Sample A at low densities and high fields, highlighting the
fractional quantum Hall states in the lowest LL. We observe an incompressible state at ⌫ = � 2

3 that persists down to
B = 7 T, and a developing FQH state at ⌫ = � 3

5 appearing around B = 10 T. The strongly particle-hole antisymmetric
FQH in the lowest LL is likely due to the e↵ect of strong LL mixing at these fields [12].

IV. PERSISTENT LL GAPS AT CROSSINGS IN THE MIXED REGIME

In Fig. S6 we present further data on the gap sizes in the mixed LL regime, where there are a plethora of LL
crossings due to the density dependence of the Zeeman energy [6, 12]. As mentioned in the main text, there are no
sharp changes in the behavior of these gaps (i.e. no obvious first-order transitions), and individual LL gaps smoothly
decrease and increase. At su�ciently low temperatures, there are persistent gaps [13] that remain open at these
crossings (i.e., the thermodynamic gap does not go all the way to zero), as shown for a particular range of parameters
in Fig. S6a-b. We present the minimum gaps for each measured LL “anti-crossing” in Sample B in Fig. S6c. Here,
the index l specifies the spin imbalance of occupied LLs at the given density of the crossing. For example, l = 8
crossings denote the crossings of LLs (N", N#) = (8, 1) (closure of ⌫ = �9 gap), (9, 2), (10, 3), and so on. Practically,
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FIG. S3. Gate-tuned hysteresis in Sample B. a-b, dµ/dn as a function of n and B around the ⌫ = �8 LL transition in
Sample B. In a (b), the density is swept from left to right (right to left). Depending on the sweep direction, there is a di↵erence
of B ⇡ 40 mT in the magnetic field at which the LL gap drops sharply. c, Linecuts of dµ/dn as a function of n at a constant
magnetic field B = 10.79 T from panels a-b. The only notable di↵erence is the magnitude of dµ/dn at ⌫ = �8 (n ⇡ 2.1⇥ 1012

cm�2).

this is equivalent to grouping the crossings that occur at a given hole density. In prior measurements of quantum
Hall ferromagnetism in AlAs, the gaps at the crossing points were noticed to scale as 1/l [14, 15]. In Fig. S6d, we
present the data from panel a scaled as 1/l. The data are consistent with such a scaling. However, a conclusive
scaling is di�cult to determine because l is quite high at experimentally accessible transitions (in comparison to
AlAs). Therefore, this scaling will be less obvious, even if there is little apparent dependence on hole density [13]. In
an ideal case, a quantum Hall ferromagnetic gap should be set by the exchange energy, which goes as

p
B [16], rather

than a linear dependence on B. However, other e↵ects such as LL mixing or disorder can cause the quantum Hall
ferromagnetic gap sizes to show a linear dependence on B [14, 17, 18].

We consistently observe a persistent gap at the first-order transitions, i.e. we do not observe a gap closure. We
demonstrate this with high-resolution data in Fig. S7. We cannot rule out that local inhomogeneity on a length scale
smaller than our tip slightly broadens the transitions that we observe. However, at the first-order transitions where
the gaps enter the mixed-regime, the (finite) size of the gap at the transitions is completely in line with the crossings
at lower magnetic fields at the same density. We highlight this by marking these points with stars in Fig. S6. The
gaps at the first-order transitions seem to be characteristic of the behavior in the mixed LL regime, rather than unique
to details of the first-order phase transitions themselves. The lack of a gap closure at first-order LL transitions is
consistent with theoretical expectations. At a mean-field level, one would expect a continuous but finite gap at a first
order phase transition, with possible discontinuities if higher order e↵ects of interactions are taken into account.
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FIG. S4. Signatures of field-tuned hysteresis in Sample A. a-e, dµ/dn as a function of B (fast-axis) at five representative
hole densities set by the back gate voltage VBG around the ⌫ = �9 phase transition. At the LL phase transition, we observe
signatures of hysteresis while sweeping the magnetic field as the fast axis (c), while hysteresis is absent at nearby hole densities
(a,b,d,e). This data is taken at temperature T = 1.6 K. The horizontal dashed lines indicate the LL gap height on either side
of the transition (in b and d).

FIG. S5. Fractional quantum Hall states at high magnetic fields. a, Landau fan of dµ/dn as a function of n and B
in Sample A, showing a clear fractional quantum Hall state with slope �2/3. b, Data from panel a plotted as a function of
filling factor ⌫ and B. c, dµ/dn as a function of ⌫ averaged between B = 9.5 T and B = 11 T. Dotted lines highlight an
incompressible state at ⌫ = �2/3 and a weaker peak at ⌫ = �3/5.

V. ADDITIONAL DISCUSSION OF LL GAPS

In Fig. S8 we plot the experimentally measured LL gaps from Sample A in a representation similar to Fig. 2k in
the main text at a number of distinct density ‘windows’. Here, data in each panel corresponds to a particular range
of hole density, chosen to be between the densities of LL crossings in the mixed regime. For each polarized LL gap
(including the “transition” regime where spin-flip excitations are preferred), we plot its value against magnetic field
measured within this range of hole density, where the color indicates the filling factor. For gaps in the mixed regime
within this density range, we plot �⌫ +�⌫�1, starting from the lowest filling factor in the mixed regime. For example
if ⌫ = �10 is the first mixed LL gap, we plot ��10 +��11, ��12 +��13, and so on. Plotted in this manner, it is
clear that the polarized and mixed gaps (when the latter are summed appropriately) have roughly the same e↵ective
mass, matching the picture described in Refs. [6, 12]. Additionally, within each density window, there are exactly two
LL gaps that plateau and lie below the expected cyclotron gap.

In previous measurements of LL gaps in monolayer WSe2 [6], similar gap scaling at the onset of the mixed regime
was observed for a single pair of LL gaps at higher magnetic fields than we are able to probe, which was interpreted
as a signature of interaction e↵ects via LL repulsion [19]. This behavior is consistent with our experimental findings
over a large range of filling factors and calculations, which show that the phenomenon is fully generic. Our experi-
ments demonstrate that the plateau behavior is representative of filled LLs that are completely spin-polarized, with
subsequent charged excitations populating the lowest energy (N = 1) spin-minority LL.
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FIG. S6. Persistent gaps at LL crossings in the mixed regime. a, dµ/dn as a function of n and B in the mixed regime.
A crossover (marked by the purple triangle) occurs near n = �1.2⇥ 1012 cm�2, where the even integer LL gaps exhibit a local
minimum while odd integer gaps have a local maximum. Colored lines at bottom right denote LL gaps plotted in b. b, LL gaps
�⌫ extracted from a for a selection of even integer LL gaps. All show local minima, which we denote as �ac, the ‘anti-crossing’
gap size. c, The anti-crossing gaps �ac plotted as a function of B, where l describes the mismatch between the filling factors of
each spin at the crossing point, as in [14]. d, Identical data to c with the �ac rescaled by 1/l. Stars in c-d indicate anticrossing
gaps immediately above the first-order transitions (as observed in Fig. 1 in the main text or Fig. S7), which do not di↵er from
the behavior elsewhere in the mixed regime.

FIG. S7. High-resolution gap data around a phase transition. a, dµ/dn as a function of n and B near the ⌫ = �9
phase transition. b, LL gap ��9 from a as a function of magnetic field. We observe plateau behavior in the ‘T’ regime, followed
by a sharp drop to a finite value just above B = 7.2 T, at which point the sample is in the mixed regime (labeled by ‘M’).

VI. LLS IN A NATURALLY-STACKED (BERNAL) BILAYER

In Fig. S9, we present similar data measured in a separate device (Sample D) on a naturally-stacked (2H, or
Bernal-stacked) bilayer WSe2 flake. Given the geometry of our sample, which does not have a top gate, hole doping
the bilayer intrinsically leads to a nonzero e↵ective displacement field. Because of the lack of interlayer coupling in
bilayer WSe2, this measurement is likely to result in full layer polarization, filling LLs in the bottom of the two layers
while the second layer remains in the semiconducting band gap [20, 21]. This bilayer sample therefore acts e↵ectively
like a monolayer. Indeed, we observe qualitatively similar gap dependence on magnetic field, including sharp drops at
the onset of the “mixed” regime and negative compressibility, as well as plateaus in the gap sizes (Fig. S9c-d). In line
with previous reports, the positions of the transitions quantitatively change, as fewer polarized LLs are preferentially
populated at a given density compared to the monolayer case [20]. This could stem from a di↵erence in the dielectric
environment felt by the holes in the lower layer. Quantitatively, we observe a similar e↵ective mass for the polarized
LLs m⇤ = 0.38± 0.01me, within the range of monolayer samples that we measured.
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FIG. S8. LL gaps as a function of B binned within di↵erent ranges of n. a, Measured gaps � as a function of B in
Sample A in the range of �1.5⇥ 1012 cm�2 < n < �1.25⇥ 1012 cm�2. Polarized and spin-flip gaps (from ⌫ = �5 to ⌫ = �9)
correspond to � ⌘ �⌫ , while mixed gaps ⌫  �10, are plotted as � ⌘ �⌫ +�⌫+1 for odd ⌫. The color of each point indicates
the LL gap that is being plotted. b, Similar to a, but for the range of �1.2 ⇥ 1012 cm�2 < n < �1.0 ⇥ 1012 cm�2. Polarized
and spin-flip gaps (from ⌫ = �4 to ⌫ = �10) correspond to � ⌘ �⌫ , while mixed gaps ⌫  �11, are plotted as � ⌘ �⌫ +�⌫+1

for even ⌫. c, Similar to a, but for the range of �0.92 ⇥ 1012 cm�2 < n < �0.75 ⇥ 1012 cm�2. Polarized and spin-flip gaps
(from ⌫ = �4 to ⌫ = �11) correspond to � ⌘ �⌫ , while mixed gaps ⌫  �12, are plotted as � ⌘ �⌫ + �⌫+1 for odd ⌫.d,
Polarized gaps in the range of �0.65 ⇥ 1012 cm�2 < n < �0.45 ⇥ 1012 cm�2. e, Polarized gaps in the range of �0.45 ⇥ 1012

cm�2 < n < �0.25⇥ 1012 cm�2. The measured e↵ective mass does not show a strong dependence on carrier density across the
range that we measure.
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FIG. S9. LLs in a Bernal bilayer flake of WSe2. a, Landau fan of dµ/dn as a function of n and B in a Bernal bilayer flake
of WSe2. Similar phase transitions occur but at di↵erent densities / magnetic fields. b-d, LL gap sizes for the ⌫ = �6, ⌫ = �7,
and ⌫ = �8 gaps. Both ⌫ = �7 and ⌫ = �8 gaps show plateaus as a function of B preceding magnetic phase transitions,
similar to the behavior in monolayers.
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VII. BAND STRUCTURE DETAILS

We want to relate the band parameters to the parameters that appear in the interacting description of our system.
First principle calculations [11, 22] have shown that WSe2 is will described by a ~k · ~p Hamiltonian of the form:

h(~q) =
�

2
�z + �⌧s

1� �z

2
+ v~q · ~�⌧ +

~q
2

4me
(↵+ ��z) (1)

where ~q is the momentum of the electron measured with respect to the band minima (K for ⌧ = +1 and �K for
⌧ = �1), ~�⌧ = (⌧�x,�y) is a vector of Pauli matrices acting in the conduction/valence basis, me is the electron mass
in vacuum, v is a velocity, � is a mass gap without spin-orbit coupling (SOC), and � is a SOC gap. Here ⌧ = ±1 is
a valley label and s = ±1 is a spin label (s = +1 for spin up and s = �1 for spin down). Note that the parameters ↵
and � control the particle-hole asymmetry.

We diagonalize the Hamiltonian in Eq. 1 in the presence of a magnetic field B perpendicular to the sample. More
precisely, we use a Peierls substitution ~q ! ~q � e ~A where ~A is the gauge potential (~r ⇥ ~A = Bẑ, and we add the
following terms linear in B: gs

2 µBsB (Zeeman energy of electrons in vacuum), and gvmvµB⌧(1 � �z)/2 (magnetic
moment due to the orbital character of the conduction and valence band near the ±K points). We take the values
gs ⇡ 2, gv ⇡ 1 and mv ⇡ 2 used in Ref. [6].

Diagonalizing the Hamiltonian, we obtain 4 di↵erent sets of LLs labeled by their (Dirac) Landau level index
ND = 0,±1,±2, . . . , spin s and valley ⌧ . The LLs coming from the upper valence band at B = 0 have s = ⌧ .
Due to the di↵erent Berry phase for each valley, these LLs have indices ND = 0,�1,�2,�3, . . . for s = +1("); and
ND = �1,�2,�3, . . . for s = �1(#).

Following the main text, we label the hole Landau levels by positive integers N ⌘ �ND. Due to the large gap
between the valence and conduction band (� � �), the Landau wave-functions for the LL with index N are well
approximated by [0,�N�(1�s)/2]

> where �N are the standard wave-functions of (N + 1) lowest LL of electrons with
a quadratic dispersion. This result can be derived by inspecting the exact eigenfunction for the Landau levels.

We extract the bare cyclotron and bare Zeeman energies used in Sec. VIII as

E
0
cyc

B
= lim

B!0

"0++(B)� "1,++(B)

B

= (~e)


2v2

�� �
+

� � ↵

2me

�

E
0
Z

B
= lim

B!0

"0++(B)� "1,��(B)

B

=
~e
me


gs

2
+ gvmv +

↵� �

2

�
+

E
0
cyc

B
.

(2)

where "Ns⌧ is the energy of the LL with index N , spin label s, and valley label ⌧ .
The above expression for E0

cyc is equal to ~eB/m where m is the “band mass” obtained by matching the quadratic
term in ~q of the eigenvalues of the Hamiltonian in Eq. 1. Therefore, we can use the e↵ective mass measured using
ARPES to determine E

0
cyc and we do not require the use of first-principle parameters. However, due to the lack of

measurements of the Zeeman energy in a weakly interacting regime, we are forced to use first-principle parameters
for this purpose. Di↵erent band structure parameters give di↵erent values of E0

Z/E
0
cyc. To be explicit, where needed

we will use the parameters from Ref. [22], for which we find

�0 ⌘ E
0
Z/E

0
cyc = 2.05, (3)

where we have defined the useful parameter �0 as the ratio of the band Zeeman energy over the band cyclotron
energy. The parameters from Ref. [22] neglect the particle-hole asymmetry (↵ = � = 0). Using the values of ↵ � �

from Ref. [11] and the ARPES value for the e↵ective mass, we find E
0
Z/E

0
cyc = 1.94. We can extract a g-factor via

g
2 = meE

0
Z

~eB and we use the value E
0
Z/E

0
cyc = 2.05 our theoretical calculations (except in Fig. S13 and Fig. 1c in the

main text where we show a range of values for �0 around 2).
To summarize, we have found that in the regime of interest, the valence band LLs of WSe2 are the same as those

of a conventional two-dimensional hole gas. In particular, the orbital wave-functions for the LLs with spin up and
index N are the same as in a conventional hole gas. On the other hand, LLs of spin-down holes with index N have
the same orbital wave-function as a conventional hole gas with index N � 1 but only the LLs with N � 1 are present.
Without loss of generality, hereafter we apply a particle-hole transformation to make analogy to the more familiar
case of carriers that are electrons.
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VIII. THEORETICAL CALCULATION OF EXCITATION GAPS AT INTEGER FILLINGS

A. Setup

As argued in Sec. VII, the single-particle physics of WSe2 is well-described, after a particle-hole transformation, by
a model of electrons with a conventional quadratic dispersion. We now proceed to introduce interactions.

In the absence of a magnetic field, the system is described by

H =
X

j

~p
2
j

2m
+

X

j<j0

u(~rj � ~rj0), (4)

where ~ri and ~pi are the position and momentum of the i-th electron. u(~rj � ~rj0) is the inter-particle potential, which
is discussed below.

In the presence of a magnetic field perpendicular to the sample, two modifications are needed. First, we send
~pj ! ~pj + ~Aj(~xj), were ~Aj is the vector potential that satisfies ~rj ⇥ ~Ak = �jkBẑ. Second, we need to add a Zeeman
energy (� g

2µBB�) for each electron, where µB = e~
2me

is the Bohr magneton. Here g is the“band g-factor” extracted
from the band structure as specified in Eq. 2. This g already takes into account the orbital and spin Zeeman couplings
present in the band Hamiltonian at finite B field. Note that the value of g is di↵erent for a magnetic field with an
in-plane component. Previous experiments suggest that in-plane g-factor is small [23].

Putting things together, the Hamiltonian in the presence of magnetic fields is

H =
X

j

(~pj � e ~Aj)2

2m
� g

2
µBB�j +

X

j<j0

u(~rj � ~rj0). (5)

We take the potential to be u(~r) =
R
d~q ei~q·~rũ(~q) with

ũ(~q) =
e
2

4⇡✏|~q|
1� e

�⇠|~q|

1 + r0|~q|
(6)

where the parameters ⇠, ✏, r0 depend on the sample. ⇠ and ✏ are obtained solving the electrostatic problem of a test
charge placed in the WSe2 layer of the dielectric environment in Fig. S10.

FIG. S10. Dielectric enviroment used in the theoretical calculation. Monolayer WSe2 is encapsulated by hexagonal
boron nitride (hBN) and is separated by a distance d from a metallic back gate.

We find that ✏ =
p
✏hBN,k✏hBN,? and ⇠ = 2

q
✏hBN,k
✏hBN,?

d, where d is the distance from the sample to the back gate,

✏hBN,k is the in-plane dielectric constant of hBN, and ✏hBN,? is the out-of-plane dielectric constant of hBN. We use the
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values of ✏hBN,k = 6.93 and ✏hBN,? = 3.76 from Ref. [24]. The distance d is set by the separation from the back gate,
i.e. the “Bottom hBN thickness” reported in Tab. S1. In particular, we use ✏ = 5.1 and, for Sample A, ⇠ = 120 nm.

The Keldysh length r0 is a parameter that captures the fact that the wave-function has a finite extend in the out-
of-plane direction, as well as the dielectric constant mismatch between the sample and the environment [25]. Previous
studies have estimate this to be of the order of 1 nm [26, 27]. However, we find that a value of 0.5 nm gives better
agreement with the gaps measured in experiment.

B. Estimation of gaps

The experimentally measured gaps are equivalent to the di↵erence between the energy of creating a particle and a
hole. Therefore, we need to evaluate the the energies of creating particles and holes on top of a reference state. The
reference states we consider have fully filled LLs and are labeled by the number of filled LLs for each spin (⌫", ⌫#),
where the total filling factor is given by ⌫ = ⌫"+⌫#. We evaluate these energies within the Hartree-Fock approximation
but with the potential screened within the random phase approximation (RPA). Using this screened potential takes
into account some e↵ects of LL mixing as it captures virtual transitions between filled and empty LLs.

The screened interaction potential within the RPA is given by

ũe↵(~q) =
ũ(~q)

1� ũ(~q)[⇧⌫"(! = 0, ~q) +⇧⌫#(! = 0, ~q)]
, (7)

where ⇧⌫(!, ~q) is the Lindhard function of the lowest ⌫ LLs of a spin-polarized conventional electron gas (see e.g.
Chapter 10 of Ref. [28] for expressions for ⇧⌫).

Within Hartree-Fock, the energy of a particle in the M
th-lowest spin � LL is

"M,� = E
0
cyc

✓
M +

1

2

◆
� �

E
0
Z

2
+ "

(d) + "
(x)
M,� � µ. (8)

where µ is the chemical potential, "(x)M,� is the exchange (Fock) contribution and "
(d) is the direct (Hartree) contribution

that is independent of M and �. We evaluated "
(x)
M,� using the expressions in Ref. [29] with the bare potential replaced

by the screened one:

"
(x)
M,� = �

⌫��1X

N 0=0

Z
d
2
~r

2⇡`2
ue↵(~r)LM�1(r

2
`
2
/2)LN 0(r2`2/2)e�r2`2/2 (9)

where Ln(x) are the Laguerre polynomials of order n and ue↵(~r) is the inverse Fourier transform of ũe↵(~q) in Eq. 7

and ` =
q�� ~

eB

�� is the magnetic length.

Figure S11 shows the energy to create (remove) a particle (hole) in the LLs close to the Fermi level for the states
(⌫", ⌫#) = (8, 0) and (⌫", ⌫#) = (7, 1). The vertical black line marks the magnetic field at which we observe the first-
order transition in our experiments. These energies were calculated using Eq. 8 with a Keldysh length of r0 = 0.5 nm.
We plotted the energy of the LLs relative to "

(d) � µ. Note that the energy of the LLs for the (⌫", ⌫#) = (8, 0) shown
in Fig. S11a tell us that at small B, the lowest excitations correspond to particles and holes with spin up, but at a
field BT ⇡ 5.5 T, the order of states switches such that for larger B the spin-down particle excitation has lower energy
than the spin-up particle excitation. This is consistent with the observation in the main text of a transition between
the “P” and the “T” regimes.

According to our experiments and the discussion below in Sec. IX, we expect a first-order transition from a ground
state (⌫", ⌫#) = (8, 0) to (7, 1) above the critical field BC ⇡ 11 T. Thus the gaps for B & BC should be calculated using
the (⌫", ⌫#) = (7, 1) state. Fig. S11b shows that for this ground state in the mixed regime, the lowest energy hole is
predicted to be spin up and the lowest energy particle is predicted to be spin down. Additionally, the precise ordering
of relevant states in the mixed regime depends on the overall filling factor ⌫. We had expected the energy of the LLs
to be such that the lowest energy hole has spin down while the lowest energy particle has spin up (see Fig. 2l in the
main text). We believe the reason for the discrepancy is that our approximation does not capture correlation e↵ects,
which may be more important once we have we have a finite density of filled states with both spin up and down, as is
the case throughout the mixed LL regime. We expect considering such e↵ects will push the spin-up (spin-down) LLs
down (up) in energy. Because of this nuance, we do not plot the theoretically predicted gaps beyond BC in Fig. 2f-j
in the main text, and we leave the detailed behavior in this regime to a future calculation.

We now focus on the gaps in the low field regime where (⌫", ⌫#) = (⌫, 0). In this case, the hole must have spin up
but the particle can have spin up or down. Thus, we can define a gap for each spin orientation of the particle: 1)
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FIG. S11. Energies of various LLs calculated within the HF approximation using RPA-screened interactions.
a-b, Calculated energy to add a particle to (remove a hole from) a given empty (filled) LL as a function of B for two di↵erent
ground states at filling ⌫ = �8: the fully polarized state (a) and the state with one spin-minority LL fully populated (b). Spin
majority (minority) LLs are colored in red (blue), while empty (filled) LLs are dashed (solid). Numbers indicate the orbital
index N . The black vertical lines correspond to the first-order transition at BC. The gaps were plotted using the parameters
from Sec. VIII for for Sample A (m = 0.35me, ✏ = 5.10, �0 = 2.05 r0 = 0.5 nm and ⇠ = 120 nm).

a cyclotron gap �cyc = "⌫," � "⌫�1,"; and 2) a spin-flip gap �sf = "0,# � "⌫�1,". The gap to create a particle-hole
excitaiton is the smaller of the two: �ph = min(�cyc,�sf). Figure 2 in the main text and Fig. S12 show �cyc and �sf

in dotted and dashed lines, respectively, and the corresponding �ph (measured in Fig. 2a-e or predicted in Fig. S12)
with solid lines.

We note that the cyclotron and spin-flip gaps can be written as a sum of two contributions: �j = �(0)
j + �(x)

j ,

where j = cyc or sf. The “bare gap” �(0)
j , is defined to be the di↵erence of the non-interacting energy between a

particle and hole. An “exchange gap” �(x)
j is defined to be the di↵erence of the exchange energy between the particle

and hole. As B increases, interaction e↵ects are less important so �(0)
j dominates. In contrast, at small B, interaction

e↵ects become more important so �(x)
j dominates.

We now proceed to determine the B-dependence of the cyclotron and spin-flip gaps by looking at each of their

contributions. The bare cyclotron gap is simply the bare cyclotron energy �(0)
cyc = E

0
cyc which is linear in B and

positive. The exchange gap �(x)
cyc is also positive and an increasing function of B because the hole can exchange more

e↵ectively than the particle with the filled LLs because their form-factor is closer to that of the filled LLs. However,

�(x)
cyc is small when ⌫ is large because the form-factor does not change much in this regime.

For the spin flip gap, the bare contribution is �(0)
sf = (1 � ⌫)E0

cyc + E
0
Z which is negative for large enough ⌫. The

exchange contribution �(x)
sf is positive and large as no cancellation happens because the spin-down particle doesn’t

have filled states to exchange with. Additionally, �(x)
sf is an increasing function of B. To see this, note that increasing

B implies increasing n too because we are at fixed filling ⌫. Then, it is natural that �(x)
sf increases because now the

spin-up hole has more electrons to exchange with.

At low B field, exchange dominates and �sf ⇡ �(x)
sf , which implies that the gap is an increasing function of B

for small B. However, as B increases, the bare gap starts to dominate, thus making �sf a decreasing function of B.
Therefore, �sf should have a maximum as a function of B. The apparent flatness of the experimentally measured

gaps can be explained by a small curvature of �(0)
sf around this maximum (which is not guaranteed a priori), and that

this flat region occurs in a region where �(0)
sf < �(0)

cyc.

IX. ESTIMATION OF BC USING QUANTUM MONTE CARLO

In this section, we aim to give, for each ⌫, an estimate of the critical magnetic field, BC(⌫), at which the behavior
of the gap changes from the “transition” regime to the “mixed” regime. We consider a pure Coulomb interaction
u(~r) = e2

4⇡✏|~r| so that the electron gas is now described by the band mass m, the dielectric constant ✏, the bare g factor
and its density n. Following the two-dimensional electron gas literature, we measure energies in units of the e↵ective

Hartree Ha⇤ = m

⇣
e2

4⇡✏~

⌘2
, and denote by ⌫� � 0 the number of electrons with spin � per unit flux.
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FIG. S12. Calculated ⌫ = �8 gap for di↵erent Keldysh parameters. Calculated LL gap at ⌫ = �8 corresponding to
di↵erent choices of the Keldysh parameter r0. We also show the calculated �cyc (dotted lines) and �sf (dashed lines) for each
gap; the experimentally relevant gap (thick colored lines) is the minimum of these two energies. The main e↵ect of increasing
the Keldysh parameter is to decrease the critical magnetic field BT above which the spin-flip excitation is preferred. These
gaps were calculated using the parameters in Sec. VIII for Sample A (m = 0.35me, ✏ = 5.10, �0 = 2.05 and ⇠ = 120 nm).

To estimate BC, we assume that the transition occurs when the fully-polarized ground state (⌫" = |⌫|,⌫# = 0)
becomes degenerate with the partially polarized ground state (⌫" = |⌫| � 1, ⌫# = 1). Let Ẽ(⌫", ⌫#, B) be the energy
per electron of the state with ⌫" spin-" electrons and ⌫# spin-# electrons per unit flux in the presence of a out-of-plane
magnetic field B. Then BC for the ⌫ state satisfies

Ẽ(|⌫|, 0, BC) = Ẽ(|⌫|� 1, 1, BC). (10)

For future convenience, let E(rs, ⇣) be the energy per electron of the conventional electron gas at zero magnetic

field as a function of the Wigner-Seitz radius rs =
1p

⇡(n"+n#)a⇤
and polarization ⇣ = n"�n#

n"+n#
, where a⇤ = ~2

m
4⇡✏
e2 is the

e↵ective Bohr radius, and n� is density per area of electrons with spin � =", #.
Within the Hartree-Fock approximation and the Random Phase approximation, Ẽ(⌫", ⌫#, B) is well approximated

by E(rs, ⇣)� �0

r2s

⇣
⌫"+⌫#

where �0 = gm
2me

and the parameters rs, ⇣ are evaluated using n� = ⌫�
eB
h [28].

Both of the above approximations overestimate interaction e↵ects in E(rs, ⇣) such that they predict a transition
from the paramagnetic state (⇣ = 0) to the polarized state (⇣ = 1) at a smaller rs than more accurate methods.
By using the Quantum Monte Carlo (QMC) method to calculate the energies per electron, we can predict a more
reasonable critical rs for the above transition [30, 31]. Let EQMC(rs, ⇣) be the energy per electron calculated using the
parametrization of Refs. [30, 31].

From the above two observations, we approximate the energy per electron as

Ẽ(⌫", ⌫#, B) ⇡ EQMC(rs, ⇣)�
�0

r2s

⇣

⌫" + ⌫#
, (11)

where again rs and ⇣ are calculated using n� = ⌫�
eB
h and �0 = gm

2me
.

We determine an e↵ective magnetic susceptibility �e↵ as a function of rs following the experimental definition of
g
⇤ in Ref. [12]. �e↵ is equal to (|⌫| � 1) at B = BC(⌫) or equivalently at rs =

1p
⇡|n|a⇤

with n = ⌫
eBC
h . In Fig. S13

we show �e↵ in the range relevant for the experiment as a function of rs and n using the parameters ✏ = 5.10 and
m = 0.35me. We used the values of �e↵ between �0 = 2.2 and �0 = 1.8 to plot the gray region in Fig. 1c in the main
text.

X. PHENOMENOLOGICAL BEHAVIOR OF LANDAU LEVELS NEAR TRANSITIONS

Here, we expand on the discussion in the main text and detail additional phenomenological aspects of the LLs in this
system, accounting for finite disorder and temperature. Using a model that incorporates appropriate LL broadening,
we can understand both the slight density shift in the incompressible LL peak at the first order phase transitions
(Fig. 3 in the main text) as well as the decreased negative compressibility at low temperatures.

At the first-order phase transitions in the LL gap size, where the gap size sharply drops and hysteresis is observed,
there is also a slight shift in the filling factor at which the incompressible peak is observed. This is most clearly seen in
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FIG. S13. Spin susceptibility estimated via quantum Monte Carlo calculations. a-b, Calculated e↵ective spin
susceptibility �e↵ for a two-dimensional electron gas with appropriate parameters for WSe2 as a function of rs (a) and carrier
density (b) for various values of the single-particle Zeeman coupling �0.

Fig. 3b-c in the main text, where the incompressible peak jumps slightly left, to higher hole doping, above the critical
field BC. One possible cause of a shift would be a change in the quantum capacitance of the WSe2 monolayer, which
would lead to a change in conversion between the DC voltage applied to the back gate and the density induced in the
monolayer [3, 12]. However, we rule out this explanation because we explicitly measure dµ/dn, which is proportional
to the inverse of the quantum capacitance. The (average) change in quantum capacitance at partial LL filling above
and below the phase transition would need to correspond to a dµ/dn of roughly 10�10 meV cm2 to account for
the shift of the incompressible peak if the peak were to occur at fixed LL filling. Because we observe no such shift
(the noise floor of dµ/dn is an order of magnitude lower and there is no obvious change in background across the
transition), we do not believe that this is a possible explanation for the data.

An alternative scenario is that the incompressible peak at the transition is not perfectly centered at integer filling
factor. This can arise if disorder broadens the LL density of states in a manner that varies as a function of the LL
index, as we detail below.

At a given LL transition, there are two relevant LLs, the N = |⌫| LL of majority spin and the lowest (N = 1)
minority spin LL. In general, these LLs are not necessarily equally broadened by disorder. The amount of broadening
as a function of LL index can depend on details of the type of disorder in the sample [19, 32], as well as interactions.
Here we assume that the majority spin LL N = |⌫| is more spread than the minority spin N = 1 LL, because that is
more consistent with the experimental data. In particular, we take a functional form for the density of states of each
LL to be given by

D±(E) =
1p

2⇡�±
exp

�
�(E � E±)

2
/2�2

±
�

(12)

where +(�) refers to the majority (minority) spin LL. The Gaussian form of broadening is unimportant here; any form
of disorder broadening will have a qualitatively similar e↵ect. At a magnetic field below the transition, E+ > E�,
and holes fill the majority spin LL first, while above the transition, E� > E+. Experimentally, the gap that we
probe is nominally |E+ �E�|, except that finite disorder (�± > 0) will reduce the gap size from this maximal value.
Importantly, when the LL width is comparable to the nominal gap size, there will be some overlap in the density of
states associated with each respective LL. In this case, there are two important energies: the energy at which minimal
density of states occurs, which will coincide with the peak in dµ/dn, and the energy at which n = ⌫eB/h, at which
the integer quantum Hall gap nominally occurs. These two energies are no longer identical in the presence of finite
disorder and asymmetric broadening. As illustrated in Fig. S14, for E+ > E� (E+ < E�), the peak of dµ/dn will
occur at lower (higher) hole density relative to integer ⌫. This e↵ect is magnified when the spacing between the LLs
is small and there is greater overlap between adjacent LLs, as is the case immediately above the transition. In the
experiment, as the field gets larger and the gap increases, the density shifts slowly back toward the appropriate integer
⌫, because the LL overlap will decrease as the gap gets larger.

We next expand on the temperature dependence of the free energy of the two phases given the e↵ects of disorder
broadening of the LLs. For a fixed density n and magnetic field B, the chemical potential µ at finite temperature T

can be approximated (via the Sommerfeld expansion) as

µ(T, n) ⇡ µ(T = 0, n)� ⇠
⇡
2

6
(kBT )

2
, ⇠ ⌘ @ logD(✏)

@✏

����
✏=µ(T=0,n)

(13)
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FIG. S14. Cartoon of disorder-broadened LLs near a phase transition. a, Schematic of the density of states D(E) of
disorder broadened LLs at magnetic fields B < BC below the first-order phase transitions. Holes first fill the (⌫� 1)th majority
spin LL; the peak in dµ/dn occurs at slightly lower hole density than the density n = ⌫eB/h. b, Similar but at magnetic fields
B > BC, for which the minority spin LL is filled first. In this case, the peak in dµ/dn occurs at higher hole density than the
density n = ⌫eB/h, and the e↵ect is magnified because the LL spacing (gap) is smaller.

FIG. S15. Cartoon of free energy of mixed and polarized phases at various temperatures. a-b, Schematic of the
free energy �F = Fmixed � Fpolarized of the mixed phase (the blue curve) relative to the polarized phase (the red straight line
plotted as a reference) as a function of ⌫ at high temperature (a) and low temperature (b). In the mixed phase, LLs of both
spins are filled, while in the polarized phase only LLs of a single spin are filled. At low temperatures, the slope @�F

@⌫ = �µ is
less steep (see Eq. 14) and the phase crossing point moves further away from the LL gap. Because the slope gets smaller at
lower temperatures, the concavity of a line corresponding to a mixture of the two phases near the transition (purple) is smaller,
leading to a weaker negative compressibility signal.

where D(✏) is the density of states at energy ✏ and kB is Boltzmann’s constant. From the schematic of Fig. S14, we
can estimate ⇠ at filling n & ⌫eB/h (lower hole density than the LL gap), and we can observe that ⇠ in the mixed
regime (⇠mixed) is much larger than in the polarized state, so that �⇠ = ⇠mixed � ⇠polarized > 0. Thus, the di↵erence
in the chemical potentials between the two phases is approximated by

�µ(T, n) ⇡ �µ(T = 0, n)��⇠
⇡
2

6
(kBT )

2 (14)

In Fig. S15 we show the di↵erence in free energy �F between the mixed and polarized phases implied by this picture.
The derivative @�F

@n = �µ is expressed in Eq. 14. Because of the sign of �⇠, �µ will become more negative at higher
temperatures, and equivalently the slope of �F will become steeper. This leads to both the crossing point (phase
transition) occurring closer to the LL gap at higher temperatures and an overall greater concavity (corresponding to
more negative @µ

@n ) at higher temperatures. At the highest temperatures, thermal broadening likely leads to a more
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weakly first order transition, so dµ/dn eventually weakens.
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