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Cherninsulators, which are the lattice analogues of the quantum Hall states, can
potentially manifest high-temperature topological orders at zero magnetic field to
enable next-generation topological quantum devices' . Until now, integer Chern
insulators have been experimentally demonstrated in several systems at zero
magnetic field*®, whereas fractional Cherninsulators have been reported in only
graphene-based systems under a finite magnetic field*'°. The emergence of
semiconductor moiré materials", which support tunable topological flat bands'%,
provides an opportunity to realize fractional Chern insulators'® ¢, Here we report
thermodynamic evidence of both integer and fractional Cherninsulators at zero
magnetic field in small-angle twisted bilayer MoTe, by combining the local electronic
compressibility and magneto-optical measurements. At hole filling factor v=1and
2/3,the systemisincompressible and spontaneously breaks time-reversal symmetry.
We show that they are integer and fractional Cherninsulators, respectively, from the
dispersion of the state in the filling factor with an applied magnetic field. We further
demonstrate electric-field-tuned topological phase transitions involving the Chern
insulators. Our findings pave the way for the demonstration of quantized fractional Hall
conductance and anyonic excitation and braiding" in semiconductor moiré materials.

Fractional Chern insulators (FCIs), which can, in principle, host the
fractional quantum Hall effect and non-Abelian excitations at zero
magneticfield, are highly sought-after phases of matter in condensed
matter physics'®?. The experimental realization of FCIs may also revo-
lutionize other fields, such as topological quantum computation".
But FCls have always been difficult to realize experimentally because
they require not only atopological flat band but also particular quan-
tum band geometry® %2’ Band-structure engineering by forming
moiré superlattices has emerged as a powerful approach to realize
topological flat bands™*?°, A recent experiment has shown that FCIs
canbestabilized in magic-angle twisted bilayer graphene atabout5 T,
in which the magnetic field is mainly responsible for redistributing
the Berry curvature of the original topological bands™. With widely
tunable electronic properties, moiré materials based on transition
metal dichalcogenide (TMD) semiconductors have been predicted
to support topological flat bands with appropriate band geometry to
favour FCls at zero magnetic field> .

The small-angle twisted TMD homobilayers of the AA-stacking type
(Fig. 1a) are noteworthy. These homobilayers support a honeycomb
moiré lattice with two sublattices residing in two different layers'>',
The topmost moiré valence bands are composed of the spin-valley
locked states from the K or K’ valley of the monolayers. Theoretical
studies have shown that the complex interlayer hopping between
the sublattice sites can induce topological moiré valence bands with
non-zero spin-valley-resolved Chern numbers (C)*>*3, and for certain
twist angles, the topmost moiré band (with |C| =1) is nearly flat and

exhibits a flat Berry curvature distribution'>, A recent experiment
has observed ferromagnetism over a wide filling range®. These sug-
gest the possibility of stabilizing FCls at fractional fillings. Here we
reportthe observation of aninteger Cherninsulatoratv=1and FClat
v=2/3under zero magnetic field in small-angle twisted bilayer MoTe,
(tMoTe,). The filling factor v measures the hole doping density (n)
in units of the moiré unit cell density (n,), and v=1corresponds to
quarter-band filling. These states exhibit characteristics of a Chern
insulator. Specifically, they are incompressible, spontaneously break
time-reversal symmetry (TRS), linearly disperse in doping density
with an applied magnetic field and carry an orbital magnetization
that jumps across the charge gap. Furthermore, as the interlayer
potential difference increases, our experiment at 1.6 K indicates a
continuous topological phase transition from the integer Chern
insulator to a topologically trivial Mott insulator, whereas the FCI
becomes compressible.

Correlated insulators with broken TRS

To search for the Chern insulators, we perform local electronic com-
pressibility measurements on dual-gated devices of tMoTe,, in which
the hole doping density (n) and the out-of-plane electric field (£) or
the interlayer potential difference can be independently controlled.
Toaccess the embedded sample, we apply arecently developed optical
readout method for the chemical potential®. Figure laillustrates the
schematic of the device. A high-quality WSe, monolayer is inserted
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Fig.1|FerromagneticincompressiblestatesintMoTe,.a, Schematicofa
dual-gated device of tMoTe, with amonolayer WSe, sensor for local electronic
compressibility measurements. The sampleis grounded. V,,, V,and V,, are
thebiases applied to the top graphite/hBN gate, the sensor and the bottom
graphite/hBN gate, respectively. Inset, tMoTe, forms a honeycomb moiré
superlattice. Mo atomsinthe top layer are aligned with Teatomsin the bottom
layer atthe red sublattice sites and Teatoms in the top layer are aligned with Mo
atomsinthebottom layer at the blue sublattice sites. b, Chemical potential
(top) and electronicincompressibility (bottom) as a function of v, hole doping

between the sample and the top gate electrode as a sensor, and is
capacitively coupled to the sample. The doping density in the sample
isdetermined fromthe bias voltages and the geometrical capacitances
ofthe device, which are calibrated locally from the optically detected
quantum oscillations in the sensor (Methods and Extended Data
Fig.1). For the device shown in Fig. 1, we calibrate the moiré density,
ny=(3.2+0.2) x102 cm™ (corresponding to twist angle 3.4 + 0.1°),
using the density difference between the pronounced insulating states
atv=1and2.Thelattice reconstructions are not substantial in thisrange
of twistangle, and relatively uniform moiré lattices can be obtained. The
spatial resolution of the measurements is diffraction limited to about
1um. Unless otherwise specified, the measurements are performed at
1.6 K. Details are provided in the Methods.

Figure 1b (top) shows the doping dependence of the chemical poten-
tial u of tMoTe, with interlayer potential difference close to zero. The
chemical potential is set to zero at its maximum value. Its numerical
derivative with respect to doping density (Fig. 1b, bottom), du/dv,
which is proportional to the electronic incompressibility (that is, the
inverse compressibility) isalsoincluded. As hole density increases, we
observe a generally decreasing u or negative du/dv because of the
strong electron-electroninteractionin the flat band. Taking this into
account, there are three observable chemical potential steps (which
appear as peaks because of the negative compressibility background)
or incompressibility peaks at v=2,1and 2/3. The insulating states at
fractional band fillings (v=1and 2/3) are correlated in nature. From
the chemical potential step size, we determine the charge gap to be
about 6 mV and 0.6 mV for the v=1 and 2/3 states, respectively
(Methods and Extended Data Fig. 2).

Furthermore, the twoinsulating states spontaneously break the TRS.
Thisisexamined locally by the reflective magnetic circular dichroism
(MCD) near the MoTe, exciton resonance on the same sample location
(Methods). Here the MCD measures the sample out-of-plane magnetiza-
tion®. Fig. 1c shows MCD as a function of perpendicular magnetic field
(B) for v=1(left) and v=2/3 (right), respectively. Both states exhibit
spontaneous MCD and a magnetic hysteresis with a coercive field of
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density in units of moiré density ny = 3.2 x 10" cm™. The chemical potential is
set tozero at the maximum. Three prominentincompressible statesatv=2/3,
land2aremarked.c, Magnetic-field dependence of thesampleMCD atv=1
(left) and v=2/3 (right). Spontaneous MCD and magnetic hysteresis are
observed. The MCD fluctuations at v=1probably reflects the presence of
magneticdomains. Theinterlayer potential differenceis closetozeronearv=1
(b) andv=2/3 (c) (with V;=0.14 Vand V,, scanned). hBN, hexagonal boron
nitride. a.u., arbitrary units.

about 20 mT. This result is consistent with an earlier report for a 3.9°
tMoTe, (ref. 31).

Integer Cherninsulators and FCls

To verify whether these states are Chern insulators, we measure the
incompressibility as a function of doping density and perpendicular
magneticfieldup to 8 T (see Extended Data Fig. 3 for afiner magnetic-
field scan near zero field). Figure 2a shows that both incompressible
states disperse linearly towards larger filling factors with applied mag-
netic field. The slope, dv/dB, of the v=2/3 state is 2/3 of the slope of
the v =1state. By contrast, Fig.2b shows the same measurement under
alarge interlayer potential difference (E=-14 mV nm™atv=1), for
which spontaneous MCD is not observed (Fig. 3b). The v =2/3 state
becomes compressible. The v =1 state remains incompressible but
doesnot disperse with amagnetic field. The small deviationabove 6 T
is presumably from the sample inhomogeneity and sample-beam drift
under highmagnetic fields (at the sub-micron level from optical micro-
scope images). As we discuss below, the incompressible stateat v=1
under alarge interlayer potential difference is compatible with a top-
ologically trivial Mott insulator when the charges are transferred to a
single MoTe, layer and the problem becomes one of half-band filling
inatriangular lattice™.
The linear dispersion shown in Fig. 2a is a characteristic of a Chern
insulator which is characterized by the Diophantine equation,
t77 + s, with quantum numbers (¢, s). FCIs and Chern insulators
are characterlzed by fractional and integer (¢, s), respectively. Here h
denotes the Planck’s constant and e the elementary charge; adding a
flux quantum to the sample corresponds to adding atotal of telectrons,
and adding amoiré unit cell corresponds to adding a total of selectrons.
InFig.2c, theempty symbols are the centre of mass of theincompress-
ibility peak for the v=1and 2/3 states at each magnetic field (Fig. 2a
and Methods). The filled symbols are the centre-of-mass filling factors
using the local moiré density calibrated at each magnetic field from
the doping density of the trivial Mott insulator state (Methods).
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Fig.2|Integer Cherninsulators and FCls. a, Electronicincompressibility asa
function of hole filling factor (v) and perpendicular magnetic field (B) near zero
interlayer potential difference. Two linearly dispersing incompressible states
areobservedatv=1and2/3.b,Sameasaunderalargeinterlayer potential
difference. One non-dispersiveincompressible stateis observed at v=1. Empty
circlesinaandb are the centre of mass of theincompressibility peaks. A small
sample-beam driftis present above approximately 6 T.c, Determination of the
quantum numbers (¢, s) for the v=1and 2/3 states. Empty circles,sameasina;
filled circles, corrected incompressibility peak filling factor using the
calibrated moiré density at each magnetic field as described in the Methods;
solidlines, linear fits to the filled circles. The error bars denote the typical
combined random and systematic uncertainties from measurements.

d, Fillingdependence of -(6u/6B) = (u(B=0T) —u(B=3T))/3 Tnear zero
interlayer potential difference. The peaks show the presence of in-gap orbital
magnetization for the Cherninsulators. The peak areas (shaded) provide an
estimate for the total orbital magnetization.

The calibration corrects the small sample-beam drift effect and is
needed for only fields above 6 T. We find £ =1.0 £ 0.1 for the v=1state
and ¢t=0.63 + 0.08 for the v=2/3 state. The results are fully consistent
for different analyses, including fitting the low-field data without any
correction, and have been repeated on several sample locations and
intwo different devices (Methods). We conclude thatin the experimen-
tal uncertainty, the v=1state is an integer Chern insulator with (¢, s) =
(1,1) and the v=2/3 stateisan FClwith (¢, s) = g

The Cherninsulators also possess an orbital magnetization (mag-
neticmoment per unitarea), M, because of the presence of topological
edge states®. We can estimate M from the measured chemical potential
using the Maxwell’s relation, ( ) ="1 (a ) .Theleft-hand side of the
equation is evaluated from u(B = 0 T) and y(B 3T) (Extended Data
Fig.4), in which the upper field is chosen to have an adequate change
in the chemical potential and the incompressible peak disperses no
more than one peak width. We observe a magnetization peak for both
Cherninsulators in Fig. 2d and estimate the orbital magnetization
change across the Chern insulator gap per moiré unit cell, % ~0.4u,
and 0.05u;, from the peak area (shaded) for the v=1and 2/3 states,
respectively®. Here uy denotes the Bohr magneton, and the uncertainty
for the v=1state is expected to be large because of the substantial
background.

On the other hand, the orbltal magnetization jump is determined
by the gap size (Ap) AM=tS 7 Ap. Using the measured gap size at zero
field, we obtain2¥ ~ 0, 8, and 0.06u;for thev=1and 2/3 Cherninsu-
lator states, respectlvely, which are comparable with the estimates
above. Equwalently, =ty ( W ) isrelatedto the ratioof the gap size

and the characterlstlc moiré bandwidth, W— - (where mdenotes

the electron mass)®. The estimated moiré bandwidth from the
magnetization, W= 8 meV, is comparable torecent theoretical calcula-
tions***, Notably, the v=1and 2/3 gap sizes are about 80% and 8% of
themoirébandwidth, respectively. Therelatively large gap sizes high-
light the strong electronic correlation effects in tMoTe,.

Topological phase transitions

To map out the phase diagram of the Chern insulators and study
the topological phase transitions, we measure the incompressibil-
ity (Fig. 3a) and MCD (Fig. 3b) as a function of doping density and
perpendicularelectric field. Asmall magnetic field 20 mT) isapplied to
suppress the MCD fluctuations (probably from the magnetic domains)
(Fig. 1c). To correlate with the electrostatics phase diagram, we also
measure the sample reflectance at the fundamental intralayer exci-
ton resonance of MoTe, (Fig. 3c and Extended Data Fig. 5). Strong
reflectance signifies that at least one of the MoTe, layers is charge
neutral because doping efficiently quenches the intralayer exci-
ton resonance in TMDs. We identify two distinct regions separated
by the dashed lines. In the middle region (quenched reflectance),
layers are hybridized, and charges are shared between the two
layers. Outside this region (strong reflectance), all the charges reside
in one of the layers. Similar electrostatics phase diagrams have
been reported in twisted bilayer WSe, and other related TMD moiré
heterostructures®. Zero interlayer potential difference is shifted from
E,=0mV nm™to-90 mV nm™in this device because of the presence
ofabuilt-inelectric field (from the asymmetric device structure witha
sensor layer).

Weoverlay the boundary of thelayer-hybridized region (dashed lines)
on the incompressibility and spontaneous MCD maps. The v =1state
seems incompressible throughout the phase diagram with weakened
incompressibility near the boundary. The v =2/3 state is incompress-
ible only in the layer-hybridized region. Note that a v=1/3 state that
isincompressible is also observed; it is not ferromagnetic and not a
zero-field Cherninsulator. Onthe other hand, the spontaneous MCD is
observed overabroad dopingrangeinthe layer-hybridized region (the
detailed structures of the map, such as the suppressed MCD and the
enhanced reflectance fluctuations near v = 0.9, may arise from magnetic
domains, which require further studies). We identify enhanced MCD
around v=1and 2/3, which signifies the emergence of Cherninsulators.
Thedashed lines, therefore, also provide the phase boundary for Chern
insulators. Outside this boundary, the correlated insulator at v=1is
aMott insulator, and the compressible state at v=2/3 is probably a
correlated Fermi liquid.

We examine the electric-field-tuned topological phase transitions
inmore detail. Figure 4a,b shows the electric-field-dependent charge
gap and spontaneous MCD at v=1. The vertical dashed lines denote
the phase boundary. The chemical potential jump measured at 1.6 K
decreases from about 6 mV to a minimum of around 5 mV as £ — E|
approachesthe boundary, and rapidly increases with furtherincrease
inthe effective electricfield. The observed gap minimum suggests gap
closing at the critical point thatis broadened by the finite temperature
and/or disorder. Relatedly, the MCD (1.6 K) decreases rapidly beyond
the phase boundary. As temperature increases, the MCD decreases and
the ferromagnetic phase space narrows continuously. We estimate the
highest critical temperaturetobe T, = 13 K. Likewise, we show in Fig.4c
the chemical potential jump that can be determined for the v=2/3
state. Itisapproximately 0.6 mVin the FCl phase and vanishes beyond
the phase boundary. The spontaneous MCD in Fig. 4d also vanishes
beyond the phase boundary and decreases continuously with
increasing temperature. The critical temperature is estimated to be
T.~5K.

For the v =1 phase transition, we observe two energy scales:
one for charge localization from electron correlations and the
other for the onset of magnetic order from exchange interactions.
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Fig.3|Phasediagram.a-c, Electronicincompressibility (a), MCD (b) and
opticalreflectance at the intralayer exciton resonance (c) of tMoTe,as a
function of holefilling factor (v) and perpendicular electric field (£). Asmall
magnetic field (20 mT) isapplied inb to reduce the magnetic fluctuations

The Chern insulator emerges after long-range magnetic order
develops below T.. The phenomenology is similar to that observed
in graphene moiré systems® and AB-stacked MoTe,/WSe, moiré
bilayers®, in which the energy scale for charge localization is generally
higher than that for magnetism. Notably, the two energy scales for the
v=2/3 transition are comparable; the observation deserves further
studies. Furthermore, our experiment suggests that both topological
phase transitions are continuous, which occur by closing the charge
gap and are in agreement with the recent mean-field calculations
for TMD moiré materials™*”*. The transitions are distinct from the
Chern-to-Mott insulator transition observed in AB-stacked MoTe,/
WSe, moiré bilayers, where no charge gap minimum is observed at
the critical point to support the broadened gap closing®*2.

(probably because of the presence of magnetic domains). The spontaneous
MCD has asimilar magnitude for the v=1and v =2/3 states.Inthe
layer-hybridized region between the dashed lines, the interlayer potential
differenceissmalland the charges are shared between the two layers.

Conclusions

We demonstrate an integer and a fractional Chern insulator at zero
magnetic field insmall-angle tMoTe, by the local measurements of the
electronic compressibility and TRS breaking. We also provide evidence
foracontinuoustopological phase transitioninduced by the interlayer
potential difference for both states. Our findings leave open many
questions, such as the nature of the FCl and the possibility of FCls in
moiré materials that have no analogues in the fractional quantum Hall
system. A critical experimental task is to develop electrical contacts to
these materials for transport measurements and for the manipulation
ofthe anyonic excitation for topological quantum applications. During
the preparation of this paper, we learnt about the work that reports the
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Fig.4|Topological phase transitions. a,b, Electric-field dependence of the
chemical potential jump at 1.6 K (a) and the spontaneous MCD at representative
temperatures (b) for the v=1state. Thedashedlines (same asin Fig.3) mark the
boundary of the charge-sharing region. Chemical potential jump minima are
observed near the boundary. The spontaneous MCD vanishes beyond the
boundary and above the critical temperature of about13 K. The resultsindicate
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acontinuous phase transition from a Cherninsulator (Cl) to anon-topological
Mottinsulator (Ml).c,d, Sameas a,b, for the v=2/3 state. Both the chemical
potential jump and spontaneous MCD vanish beyond the boundary inthe
experimental uncertainty. The magnetic critical temperatureisabout5K.a.u.,
arbitrary unit.



signatures of FCls in tMoTe, using optical spectroscopy techniques*’,
as well as the work that reports the integer Chern insulators in tWSe,
using local compressibility measurements*.,

Note addedin proof:Related experimental work on the fractional quan-
tum Hall effects has now been published*.
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Methods

Device fabrication

We fabricated the dual-gated devices by following the procedure
reported elsewhere®*®, The device details for the chemical potential
measurements are described in ref. 32. The main differences here are
that both the sample and sensor are contacted by Pt electrodes, and
the metal-semiconductor contacts are gated by additional contact
gates, which are made of the standard few-layer graphite electrodes
and hexagonal boron nitride (hBN) dielectrics. These stepsimprove the
electrical contact to both the sample and the sensor for the chemical
potential measurements. A cross-sectional schematic and an opti-
cal micrograph of the device are shown in Extended Data Fig. 6. We
calibrated the gate capacitances locally using the optically detected
Landau level spectroscopy of the sensor (see below for details). We
obtain the hBN thickness in the top gate (d,, = 6.1nm), the bottom
gate (d,, = 7.0 nm) and the sample-to-sensor gate (d;=3.2 nm). The
hBN thickness in the contact gates is approximately 15 nm. Several
devices with different twist angles and different locations on the same
device have been examined in this study. The results are shown in
Extended Data Figs. 7-9. Results from a single device are shownin the
main text.

Optical measurements

For allmeasurements, the tMoTe, device was mounted inaclosed-cycle
optical cryostat (Attocube, attoDRY2100). We focused broadband
emission from light-emitting diodes (LEDs) onto the device using a
low-temperature microscope objective (numerical aperture 0.8).
The beam size is about 1 um on the sample and the incident power is
limited to less than 30 nW to minimize the heating effect. A relatively
uniformregion on the sample (about >1 pm) was chosen for measure-
ments. We collected thereflected light from the sample using the same
objective and sent it to a grating spectrometer equipped with a sili-
con charge-coupled device and an InGaAs linear array photodetector.
Details on the reflectance contrast, MCD and chemical potential
measurements have been discussed elsewhere®>*, Specifically, we
used LEDs (700-760 nm) and the silicon charge-coupled device for
chemical potential measurements, and LEDs (1,030-1,130 nm) and
the InGaAs detector for the reflectance contrast and MCD measure-
ments on tMoTe,. The sample-beam drift is typically negligible for
low magnetic fields. It is on the order of 0.5-1 um for magnetic fields
above6T.

Determination of the filling factor of theincompressible states

To determine the filling factor of the incompressible states in
Fig. 2a,b, we first identified the incompressibility maximum of the
states. We then computed for each magnetic field the centre of mass
of the incompressibility peak over a filling-factor window that nearly
covers the entire peak (a slightly larger window was chosen for v=1).
Theincompressibility maximum was updated for each magnetic field
to account for the peak shift but the filling-factor window remained
constant. An example is shown in Extended Data Fig. 2. The slope of
the magnetic-field dependent centre-of-mass filling factor is used to
determine the quantum numbers (¢, s) of the incompressible states.
Theresultis insensitive to the exact choice of the filling-factor win-
dow, but too small awindow would give noisier results and too large a
window would becomeinaccurate. Toindependently verify the proce-
dure, we have also determined thefilling factor of theincompressible
states by fitting the incompressibility peak with a Gaussian function;
in the experimental uncertainty, the analysis yields the same values
for t (Extended Data Fig. 2). The uncertainty of the filling factor of the
incompressible states at agiven magnetic field includes bothrandom
errors, which are approximately given by the incompressibility peak
width divided by the measurement signal-to-noise ratio (about 10),
and the systematic errors, which are dominated by the uncertainty in

the moiré density calibration (see below). The typical error bars are
included in Fig. 2c.

Calibration of the moiré density

Accurate calibration of the moiré density in tMoTe, is required to
determine the quantum numbers (¢, s) of the incompressible states.
We achieved this by studying the quantum oscillations in the sensor
(Extended DataFig.1). Wefirst heavily hole-doped the sample with the
gate biases and fixed the gate biases. We then monitored the reflectance
contrast spectrum of the sensor (monolayer WSe,) as a function of
bias between the sample and the sensor, which continuously tunes
the hole doping density in the sensor. Compared with the sample, the
sensor has high carrier mobilities, and quantum oscillations can be
readily observed in the optical conductivity under a constant mag-
netic field of 8.8 T. Using the voltage interval between the two-fold
degenerate Landau levels at high hole doping densities, we deter-
mined the geometrical capacitance between the sample and the sensor
(C,=8.3 puF cm™). The bottom gate capacitance () was determined by
calibrating the capacitance lever arm. With the known capacitances, we
determined the moiré density of the sample studied in the main text,
ny=(3.2+0.2) x10” cm?, using the voltage difference between the
v=1andv=_2incompressible states. This correspondsto atwist angle
of3.4+0.1°.

Correction of the relative sample-beam drift

Sample-beam drift is present in our setup for magnetic fields above
6 T. The drift (up to about 1 um) is directly observable under an opti-
cal microscope. Below 6 T the drift is negligible. The drifted beam at
high magnetic fields effectively probes a slightly different sample
because of the presence of sample inhomogeneities that are com-
monintwisted homobilayers. To account for this effect, we calibrated
the moiré density for each magnetic field using the doping density of
the non-topological Mott insulating state because it isindependent
of the magnetic field and the sample-beam drift. We determined the
filling factor of the Cherninsulators at each field using the calibrated
moiré density. This correction is needed only for fields above 6 T.
Alternatively, we have also performed the correction at high fields by
physically moving the sample back to its original location guided by
the optical microscopeimage. These measurement procedures yielded
consistent results (Extended Data Fig. 9).

Independent verification of (¢, s)

We independently verified the quantum numbers (¢, s) of the Chern
insulators by studying the electric-field and doping-dependent
incompressibility at a fixed magnetic field of 8.8 T (Extended Data
Fig.10). Measurements at a fixed magnetic field remove the relative
sample-beam drift. We observe both the Chern insulator and the
non-topological Mott insulator states at v=1. We determined the
centre-of-mass filling factor of both the states and their difference
(0.070 + 0.006). This corresponds to ¢ =1.1+ 0.1 for the Cherninsu-
lator. As the slope of the linearly dispersing v =2/3 state is 2/3 of
that of the v =1state (Fig. 2), we determined ¢ = 0.70 = 0.06 for the
v=2/3state.

Estimate of the v = 2/3 state chemical potential jump

Compared withthe v=1state, the chemical potentialjump of thev = 2/3
state is substantially smaller, and it sits on a large negative compress-
ibility background. Direct readout of the chemical potential jump from
H(v) is therefore difficult. In our analysis, we first subtracted the con-
stant negative incompressibility background from du/dv around the
v=2/3state, and integrated the incompressibility peak area to obtain
the chemical potential step. An example is shown in Extended Data
Fig.2. We performed the same analysis on the v =1state and obtained
values consistent with that of the direct readout of the chemical poten-
tial jump.
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Extended DataFig.1|Calibration of the moiré density. a, Dependence of the
opticalreflectance spectrum of the sensor onthe sample-sensor bias voltage
Veampie (s€NSOT grounded); the top and bottom gate voltages are kept constant;
thesampleis heavily hole-doped; the magnetic field is fixed at 8.8 T. Clear
quantumoscillationsinthe attractive polaron resonance energy and amplitude
areobserved with hole doping due to the formation of spin-valley-polarized
Landaulevels at high magneticfields. b, Dependence of the integrated attractive
polaronamplitude (over the spectral window bound by the dashed linesina) on
V,(blue curve). The orange curve represents the smooth background. We show
databetween-0.6and -1V, for which the sensoris heavily hole-doped and the
Landaulevels are two-fold degenerate. ¢, Oscillation amplitude (after removal

ofthe smooth background) as afunction of V,. The average distance between
adjacentamplitude peaks at high hole doping densities is 82.5 mV; this
corresponds to achange in the sensor doping density 0f4.26 x 10" cmZbased
ontheknownLandaulevel degeneracy (=2) in this density range. The data allow
us toaccurately determine the sample-to-sensor geometrical capacitance
C,~8.3+0.3pFcm™.d, Centre-of-mass filling factor for the v=1stateasa
function of the bottom gate voltage (V,,) and the sample-sensor bias voltage
(V,). The slope determines the capacitance ratio CC—S =2.17+0.01.Combined
with the calibration of C,, the moiré density can bedetermined ny,=03.2+0.2)x
10" cm (see Methods for details).
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Extended DataFig.2|Determination of the chemical potential jump and
incompressibility peakin filling factors. a, Filling-factor dependent
incompressibility at1.6 K, zero electric fieldand B=1T. Theincompressibility
peak above the baseline (blue dashed lines) isintegrated to obtain the chemical
potentialjumpatv=2/3and1. This procedure effectively removes the negative
incompressibility background in the chemical potential measurements.
Thesameincompressibility peak (above the background) is used to calculate
the centre-of-massfilling factor for the v=2/3 and 1states (green arrows).

Gaussian fit to the data (red dashed lines) near the localincompressibility peak
atv=2/3andlyields nearly identical peakfillings (red arrows). The vertical
dashedlines denote thefilling range for both analyses, the centre of whichis
chosenatthelocalincompressibility maximum (black arrows). b, Peak
position of the incompressible states extracted from the Gaussianfitasa
function of magneticfield (the analysis used the same data set as thatin Fig. 2).
Theerrorbarsare the fit uncertainty. Similar quantum numbers are obtained
fromthelinearfits asin the main text.



Article

———l

a  dwdv(mv) 30_._ 10 b dwdv(mv) 20, 70 C du/dv (mV)

B (T)

Extended DataFig.3|Determination of the quantum numbers at small
magnetic fields. a-c, Electronicincompressibility versus the filling factor and
magnetic field (0-3 T) near v=1(a) and v=2/3 (b) at zero interlayer potential
difference, and near v=1atlarge interlayer potential difference (c). Data
were obtained from the same location of the sample as in the main text.
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the centre-of-mass analysis. Linear fitsind and e yield aslope of 0.67 + 0.08 for
v=2/3and1.1+0.1forv=1, consistent with the emergence of fractional and
integer Cls, respectively, in the zero-magnetic-field limit. Thered line in fmarks
anon-topological Mottinsulator that does not disperse with applied magnetic
field. Error bars denote the combined systematic and random uncertainties of
the measurements.
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Extended DataFig.4|Thermodynamicequation of state at varying magneticfields. Thefilling factor dependent chemical potential near zero electric field is
shown. The curvesare vertically displaced for clarity. We subtract the B=0 T curve fromthe B=3 T curve to obtain the plot in Fig. 2d.
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Extended DataFig.5|Electric-field dependent optical reflectance and region. Thered dashed lines denote the critical electric fields that separate the

spontaneous MCD spectraoftMoTe,atv=1.a, Optical reflectance spectrum layer-hybridized and layer-polarized regions. We trace the highest reflectance
(unpolarized) as afunction of vertical electric field. Thebonding (about1.12eV) ~ amplitude to obtain the 2D map in Fig. 3c. b, Strong spontaneous MCD is

and anti-bonding (about 1.14 eV) featuresin the layer-hybridized region evolve observed onlyinthelayer-hybridized region. The MCD spectrumbetween the
into the neutral exciton feature (about1.13 eV) of one layer inthe layer-polarized ~ black dashed linesisintegrated to obtain the 2D map in Fig.3b.
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Extended DataFig. 6 | Dual-gated tMoTe, devices for chemical potential contactregionsinorderto achieve good electrical contacts for the chemical
measurements. a, Schematic structure of dual-gated devices withamonolayer  potential measurements. b, Optical micrograph of the device studied in the
WSe, sensorinserted between the top gate and the twisted bilayer MoTe, main text. Thered and bluelines outline the boundaries of the twisted bilayer
sample.Inaddition to the structure shownin Fig. 1b, the device has contact MoTe, sample and the WSe, sensor, respectively. Theresults presented inthe

gates toboth the metal-sample and metal-sensor contacts. In this experiment, maintextandin Extended DataFig.5were obtained at the black spot. Results
alargenegative voltageisapplied to the contact gates to heavily hole-dopethe ~ obtained atthe red and blue locations are shownin Extended Data Fig. 7.
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a,b, Electronicincompressibility versus thefilling factor and the out-of-plane Extended DataFig.1,allowing accurate determination of the local twist angle.

electricfield at zero magnetic field for thered (a) and blue (b) spotsinExtended  c-f, Linear fits of the magnetic-field dependence of the incompressibility
DataFig. 6b. Similar to the black spot,incompressible statesat v=1and 2/3 are peakfilling factor at thered spot yield aslope of 0.63 + 0.08 for v=2/3and
observedinthelayer-hybridized region. The gate capacitances were measured 1.08+0.09forv*1, consistent with theemergence of FCland CI.
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Extended DataFig. 8| Spontaneous MCD in samples with different twist
angles. Integrated MCD as a function of filling factor and electric fieldin 3
different samples with twist angles of 2.1degrees (a), 2.7 degrees (b) and
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4.6degrees (c). Alldatawereacquiredat T=1.6 Kand B=20 mT. Theincident
light was kept below 20 nW on the sample. Ferromagnetismis observed over a
widerange of twist angles.
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Extended DataFig.9|Integer and fractional CIsin other samples.

a,b, Incompressibility as afunction of vand Bin samples with twist angles
of2.1degrees (a) and 2.7 degrees (b). The nearly horizontal stripesinbare the
quantum oscillations of the graphite gate electrodes. c,d, Linear fits of the
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extracted centre-of-mass fillings for the CIsina,b. Integer Clsatv=1are
observedinallsamples while FClsat v=2/3 are observed only in samples with
twistanglesof2.7and 3.4 degrees.
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Extended DataFig.10|Independent calibration of the v=1state quantum
numbers. Electric-field and filling-factor dependentincompressibilityat 8.8 T
and 4 K. A clear upshiftinthefilling factor for the v=1incompressible state is
observed onlyinthelayer-hybridized region (red dashed lines denoting the
boundaries between the layer-hybridized and layer-polarized regions).
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Theupshiftreflects the emergence of the Cl (the correlated insulatorin the
layer-polarized regionis non-topological). The average centre-of-mass filling
shift from the non-topological state (marked by the black dashed lines) is
0.070+0.006 at 8.8 T. This correspondstot = g;—;nM = wa, =11+0.1
(see Methods). No non-topological insulating state at v=2/3 can be identified.
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