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The strong electron interactions in the minibands formed
in moiré superlattices of van der Waals materials, such as
twisted graphene and transition metal dichalcogenides, make
such systems a fascinating platform with which to study
strongly correlated states'". In most systems, the correlated
states appear when the moiré lattice is filled by an integer
number of electrons per moiré unit cell. Recently, correlated
states at fractional fillings of 1/3 and 2/3 holes per moiré unit
cell have been reported in the WS,/WSe, hetero-bilayer, hint-
ing at the long-range nature of the electron interaction'. Here
we observe a series of correlated insulating states at frac-
tional fillings of the moiré minibands on both electron- and
hole-doped sides in angle-aligned WS,/WSe, hetero-bilayers,
with certain states persisting at temperatures up to 120K.
Simulations reveal that these insulating states correspond
to ordering of electrons in the moiré lattice with a periodic-
ity much larger than the moiré unit cell, indicating a surpris-
ingly strong and long-range interaction beyond the nearest
neighbours.

Band theory predicts that a partially filled energy band should
produce a metallic state. However, when the electron interaction
becomes considerable, insulating states can appear at partial fillings
of the band. A well-known example is the Mott insulator state at half
filling, in which strong on-site Coulomb repulsion prevents double
occupancy on the same lattice site, resulting in electron localization
with exactly one electron per lattice site>”. If we go beyond on-site
repulsion, inter-site interactions can lead to even more exotic cor-
related states at other fractional band fillings, corresponding to
commensurate occupation of the lattice sites, such as fractional
Chern insulators®, charge density waves®, checkerboard and stripe
phases*** and Wigner crystals*~". Recently, moiré superlattices
based on van der Waals heterostructures of two-dimensional (2D)
materials have emerged as a new playground for engineering cor-
related states'~"”. The formation of a periodic moiré structure with
lattice size on the mesoscopic length scale (on the order of tens of
nanometres) results in flat minibands with much reduced kinetic
energies, while the Coulomb interaction is strongly enhanced due to
the reduced screening in two dimensions. Correlated states, includ-
ing Mott insulators and superconductivity, have been observed
in various versions of twisted graphene layers at small angles'~'*.
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The Mott insulator states appear at fillings of the minibands cor-
responding to one, two and three electrons per moiré unit cell. Very
recently, it has been shown that the electron interaction is even
further strengthened in angle-aligned hetero-bilayers of transi-
tion metal dichalcogenides (TMDs)"*"*’"%, including WS,/WSe,
(refs. '177132) WSe,/WSe, (ref. ') and WSe,/hBN/WSe, (ref. '*) sys-
tems (where hBN is hexagonal boron nitride). The Mott insulator
state at the filling of one hole per moiré unit cell'>'”" and generalized
Wigner crystal states at fillings of 1/3 and 2/3 holes per moiré unit
cell’® have been reported, indicating strong interactions on site and
among nearest neighbours (NNs), but these correlated states have
only been observed on the hole-doped side. It is intriguing to explore
whether these correlated states would form on the electron-doped
side and, more importantly, whether the strong interaction can
extend beyond NNs to induce correlated states at more complex
commensurate fillings of the underlying moiré lattice.

In this Letter, we report the observation of a series of corre-
lated insulating states for both electron- and hole-doped regimes
in a WS,/WSe, moiré heterostructure, including states at fillings
of n==+1 (one electron (+1) or hole (—1) per moiré unit cell) and,
more excitingly, correlated insulating states at a series of fractional
fillings including n=+1/6, +1/4, +1/3, +1/2, +2/3, +3/4, +5/6 and
+3/2. Monte Carlo (MC) simulations of a Coulomb gas model sug-
gest that they correspond to long-range orderings of electrons in the
moiré lattice with spatial patterns of various triangular and stripe
phases. In one sample, we find that the transition temperature for
n==1/3 and +2/3 can be as high as 120K, and additional fillings at
n=-—8/9, =5/6, =7/9, +5/9 and +6/7 are also observed, indicating
that an unexpectedly strong interaction is achieved in this sample.

The typical structure of our devices is shown in Fig. la.
Angle-aligned monolayers of WS, and WSe, are encapsulated by
hBN flakes, and thin graphite flakes are used as both the electri-
cal contact and bottom gate electrodes (see Methods and Extended
Data Fig. 1 for more details of device fabrication and characteriza-
tion). The lattice constants of WS, and WSe, have a 4% mismatch,
which creates a moiré pattern with a periodicity of ~8 nm when the
two monolayers are aligned precisely at either 0° or 60°. Multiple
minibands should form on both the electron- and hole-doped sides,
with the conduction band minimum and valence band maximum
locating in different layers according to the type-II band alignment
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Fig. 1| Spectrum of the correlated insulating states in device D1. a, Schematic of the device structure. V, is the gate voltage. b, Effective circuit model for
the tip-sample impedance probed by MIM, and a typical response curve showing MIM-Im and MIM-Re as a function of the 2D resistivity of the sample,
Pao- Ceeo denotes the geometric capacitance between the tip and sample, Cs and R denote the effective sample-to-ground capacitance and resistance,
respectively, probed locally by the tip. ¢, MIM-Im versus gate voltage curve taken at T=3K. Dashed lines indicate the nominal positions of fractional
fillings at n=+1/3, +2/3 and +1/2, and the band edges at 0* and 0~. d,e, MIM-Im versus calibrated filling at selected temperatures for the hole (d) and

electron (e) doping sides.

in this hetero-bilayer'>'”***. Therefore, correlated insulating states
can potentially appear on both electron- and hole-doped sides. To
probe the insulating states we used scanning microwave impedance
microscopy (MIM), which is capable of sensing the local resistivity
of the sample (Fig. 1b)*. In MIM, a microwave signal in the fre-
quency range of 1-10 GHz is routed to a sharp metal tip, and the
reflected signal is analysed to extract the imaginary and real parts
of the complex tip-sample impedance, which we call MIM-Im and
MIM-Re, respectively (Methods)*. As the tip voltage oscillates, car-
riers in the sample move towards and away from the tip to screen
the a.c. electric fields. Such screening capability is characterized by
the MIM-Im signal. The MIM-Re signal, on the other hand, charac-
terizes the dissipation generated by the oscillating current induced
in the sample. Both channels depend on the sample resistivity, as
shown in the typical MIM response curves in Fig. 1b. In general,
MIM-Im decreases monotonically with increasing resistivity, and
there is a finite sensitivity window outside which MIM signals
become saturated.

Using MIM, we observe a series of insulating states at fractional
filling levels in the WS,/WSe, moiré lattice on both doping sides. We
performed MIM measurements with the tip parked at a fixed spot
over the sample while sweeping the gate voltage. Representative
measurements taken at a temperature of T=3K are shown in Fig.
lc. At high doping levels on both electron and hole sides, the sample
is highly conductive, resulting in a saturated high MIM-Im signal.
As the doping is reduced from either side, the sample becomes more
insulating and the MIM-Im signal decreases. In this process, a series
of pronounced dips appear in the MIM-Im trace, indicating that
the sample goes through several insulating states. The major dips
exhibit a structure that is very similar for both electron and hole

716

sides, corresponding to n==+1/3, +1/2, +2/3, +1, +3/2 and 42. (See
Methods for details on the calibration of the filling values, Extended
Data Fig. 2 regarding the n=-2 state and Extended Data Fig. 3
for spatial variations of the MIM spectrum.) There are also several
fine features next to the major filling values mentioned above, but
their features are not well separated from the major filling values,
mostly because the sample resistivity is very high at T=3K and the
MIM-Im signal becomes saturated at the lower limit. By raising
the temperature slightly to reduce the resistivity, the fine features
become more pronounced. Figure 1d,e presents traces of MIM-Im
versus calibrated filling, #, at several temperatures from 3K to 26 K.
From these data, we identify the filling values for several additional
states at n==+1/4, +3/4, +1/6 and +5/6. Among all the observed
states, the n=—1/3, —2/3 and —1 states have been reported in recent
works, in which the n=—1 state was interpreted as a Mott insu-
lator'®'"” and the n=-1/3 and —2/3 states as generalized Wigner
crystals'®. According to the type-II band alignment in this sys-
tem, the states at negative filling values correspond to filling of the
valence miniband in the WSe, layer. Similarly, the ones at positive
filling values correspond to filling of the conduction miniband in
the WS, layer. In particular, the n=+2 state corresponds to the
complete filling of the conduction miniband with two electrons per
moiré unit cell.

For the n=+1 Mott insulator states, the entire moiré lattice is
uniformly occupied by exactly one electron or hole per moiré unit
cell (Fig. 2a). For the generalized Wigner crystal states at n==+1/3,
one electron or hole fills in a set of three moiré unit cells so that
charges can only occupy every second NN site, forming a triangular
lattice as illustrated in Fig. 2b. The distance between neighbouring
occupied sites is v/3a,, where a, is the distance between the NN
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Fig. 2 | Ordering patterns at fractional fillings of the moiré lattice. a, Schematic of the triangular lattice for the WS,/WSe, moiré superlattice, filled by
one carrier per moiré unit cell. b,¢, Patterns for the triangular lattice formed at fractional fillings of n=1/3 (b) and 1/4 (c). d,e, Patterns for the stripe phase
formed at fractional fillings of n=1/2 (d) and 1/6 (e).
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Fig. 3 | Temperature dependence of the correlated insulating states in device D1. a, MIM-Im versus gate voltage curves taken at temperatures from 3K
to 140K. b, The temperature range in which the correlated insulating states can be resolved by MIM. ¢, The ordering temperatures obtained from MC

simulations, for filling fractions corresponding to the experimentally observed values.
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Fig. 4 | Correlated insulating states in device D2. a, MIM-Im versus calibrated filling at T=2.8 K. Dashed lines indicate the nominal positions of fractional
fillings (labelled). b, The spatial filling patterns for n=1/7 and 1/9, obtained through MC simulation. ¢, Temperature dependence of the MIM-Im spectrum
from 2.8 K to 140 K. Dashed lines indicated the positions for n=+1/3, +2/3 and +1, determined from the high-temperature data.

sites in the moiré lattice. The n=+2/3 states are simply complemen-
tary to n==+1/3 by exchanging occupied and empty sites. All the
other fractional fillings should correspond to more complex spatial
patterns.

To gain more insights into the ordering patterns in these insulat-
ing states at fractional filling |n| <1, we describe our system with
a Coulomb gas model on a triangular lattice. For definiteness, we
assume 7> 0. The corresponding Hamiltonian reads

1
H = EZ Vij(ni — 1’1)(1’1]‘ — n)
ij

where V; is the inter-site repulsion and n,=0 or 1 is the occupa-
tion number of site i. We have subtracted the average charge den-
sity, which is the filling fraction n, to ensure charge neutrality.
This Hamiltonian is manifestly particle-hole symmetric; that is,
the state at filling fraction 1 —n can be obtained from that at n by
swapping occupied and empty sites. Here, we have neglected the
kinetic energy completely. Because the period of the moiré lattice is
relatively large (a,~ 8 nm), long-range hopping should be exponen-
tially suppressed. To capture the essence of the interaction effect,
we consider the unscreened Coulomb interaction, V;=1/|R,—R|.
Note that, in a 2D device with a nearby metallic gate, the Coulomb
interaction is in general screened and can be approximated by
V(r) =1/r —1/V/r* + 4D?, where D is the distance from the
gate to the device. The unscreened Coulomb potential is therefore
appropriate for large D.

We performed MC simulations based on this simple Coulomb
gas model to search through filling fractions ranging from 0 to 1/2
(because filling fractions n and 1 —n are particle-hole symmetric)
and identify the charge ordering patterns for the observed filling
fractions (details on the simulation procedure are provided in the
Methods), which can be grouped into two categories, triangular and
stripe phases, as shown in Fig. 2. (More filling patterns for another
device are presented later in Fig. 4.) The triangular phases include
n=1/3 and 1/4 (Fig. 2b,c). They match the observed filling values
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at n==+1/3, +2/3, +1/4 and +3/4. These states can be considered as
generalized Wigner crystals”, as a result of the competition between
the long-range Coulomb interaction and the confining potential
in the moiré lattice. They preserve the C, rotational symmetry of
the original moiré lattice but break its translational symmetry
(Extended Data Fig. 4 presents simulated patterns and domains for
triangular lattices). In general, the triangular lattice can form for any
filling value n=1/p, where p is an integer such that ,/pa, matches
the distance between two nearby neighbour sites. For example, the
1/3 state corresponds to the second NN separation, and the 1/4 state
corresponds to the third NN.

On the other hand, the stripe phases further break the C, rotational
symmetry and should occur for commensurate fractions at higher
densities. We find that the stripe phase is a robust ground-state con-
figuration for n=1/2 and 1/6, corresponding to the n=+1/2, +1/6
and +5/6 observed in our experiment. The n=+3/2 states can be
understood as adding carriers on top of uniformly occupied n==+1
states, so they should be in the same stripe phase pattern as n=1/2,
if we ignore the specific occupation site within the moiré unit cell.
Each stripe consists of a few rows, and a fraction of the sites are
occupied according to the filling value. Neighbouring stripes have
a translational shift along the stripe direction. The combination of
intra-stripe occupation and inter-stripe shift minimizes the over-
all interaction energy of the system (Extended Data Fig. 5 presents
simulated patterns and domains for the stripe phases). Transitions
into the stripe phase at n=1/2 and 1/6 have well-defined ordering
temperatures, indicating their robustness against perturbations
(Extended Data Fig. 6).

Next we study the temperature dependence of the insulating
states to examine the melting of the charge ordering. Figure 3a pres-
ents MIM-Im versus gate voltage traces from 3K to 160 K. The states
at n==1 can be resolved at temperatures up to 120-160K, which
corresponds to energy gaps of 10-20meV, consistent with recent
studies'. The fractional fillings at n=+1/3, +£2/3, +1/2, +1/4, +3/4,
+3/2 and +2 disappear at around 30-40 K. The n=—3/2 state disap-
pears at around 10K, while the n=+1/6 and +5/6 states disappear
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at 4-6 K. Figure 3b plots the temperature ranges in which each fill-
ing can be resolved by MIM. The disappearance of the insulating
states suggests that the carriers are no longer localized but can easily
hop to nearby empty sites. We can then associate this characteristic
temperature with the melting of the charge orders seen in the MC
simulations at elevated temperatures (Extended Data Fig. 7). As a
comparison, Fig. 3c presents the ordering temperatures obtained
through our MC simulation (Extended Data Fig. 6), which match
the experimental data well.

In device D2, we observe behaviours that indicate an even
longer-range and stronger interaction than that in device D1. Figure
4a presents the MIM-Im spectrum as a function of calibrated fill-
ing measured at T=2.8 K. Compared to device D1, we observe sev-
eral new filling fractions, including n=-8/9, —5/6, —7/9, +5/9 and
+6/7. Among these fillings, the n=—5/6 state is the counterpart to
the n=45/6 state observed in device D1, which has a stripe pattern.
The n=46/7 and —8/9 states are found to have triangular patterns
by our MC simulation (plotted as 1/7 and 1/9, respectively, in Fig.
4b). The 1/7 filling corresponds to the fourth NN separation and the
1/9 corresponds to the fifth NN, much longer-range than the trian-
gular lattice states observed in D1. The n=+5/9 and —7/9 states are
two exceptions for which our simulations do not obtain well-defined
transitions to the ground states (because of the many energetically
close configurations; Extended Data Fig. 5). The n==+1/3, +2/3 and
+1 states can be resolved at temperatures up to 100-120K (Fig. 4c
and Extended Data Fig. 8), while all other fractional fillings disap-
pear at around 20-30K. The transition temperature for n=+1/3 and
+2/3 is much enhanced compared to our other samples as well as
earlier studies'’, signalling a stronger interaction strength in device
D2, which corroborates the observation of rich filling fractions.
Although the mechanism for the interaction enhancement in D2 is
not yet clear, we suspect that local strain or inhomogeneities could
play a role (Extended Data Fig. 9 presents more data taken at nearby
spots). Current-generation moiré devices are known to have large
spatial inhomogeneities”. The spatial resolution of our MIM tech-
nique, on the order of 100 nm, allows us to detect local features that
exhibit strong interactions. Further research is warranted to investi-
gate how inhomogeneities could affect the correlated states locally.
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Methods

Heterostructure device fabrication. We used a dry pick-up method* to fabricate
the WS,/WSe, heterostructures. The bulk crystals of WS, and WSe, were acquired
from HQ Graphene, which were used for the exfoliation of monolayer WS, and
monolayer WSe,. For the aligned heterostructures we chose exfoliated monolayers
with sharp edges, whose crystal axes were further confirmed by second harmonic
generation (SHG) measurements. We then mounted the silicon substrate with

a 285-nm thermal oxide layer on a rotational stage and clamped the glass slide
with thin flakes to another 3D stage. The 3D stage could be adjusted to control

the distance between the substrates and thin flakes, and we used an hBN flake

to sequentially pick up the WSe, monolayer, WS, monolayer, the thin graphite
contact and the second hBN flake onto the pre-patterned Au electrodes on Si
substrates. We finely adjusted the angle of the rotational stage (accuracy of 0.02°)
under a microscope objective to stack the monolayer WS, on the monolayer WSe,,
ensuring a near-zero twist angle between the two flakes. The final constructed
device was annealed at 140 °C for 6h in a vacuum chamber. The pre-patterned

Au contact electrodes were fabricated using standard electron-beam lithography
and electron-beam evaporation processes (Extended Data Fig. 1 presents optical
microscope images of devices D1 and D2).

MIM measurements. The MIM measurements were performed on a home-built
cryogenic scanning probe microscope platform. A small microwave excitation of
~0.1pW at a fixed frequency around 10 GHz was delivered to a chemically etched
tungsten tip mounted on a quartz tuning fork. The reflected signal was analysed
to extract the demodulated output channels, MIM-Im and MIM-Re, which are
proportional to the imaginary and real parts of the admittance between the tip
and sample, respectively. To enhance the MIM signal quality, the tip on the tuning
fork was excited to oscillate at a frequency of ~32 kHz with an amplitude of ~8 nm.
The resulting oscillation amplitudes of MIM-Im and MIM-Re were then extracted
using a lock-in amplifier to yield d(MIM-Im)/dz and d(MIM-Re)/dz, respectively.
The d(MIM)/dz signals are free of fluctuating backgrounds, and their behaviour

is very similar to that of standard MIM signals. In this Letter we simply refer to
d(MIM)/dz as the MIM signal.

Determination of the alignment angle of the hetero-bilayer. The twist angle
between WS, and WSe, flakes was measured by SHG (Extended Data Fig. 1). This
was 1.1+0.3° off 60° alignment in device D1 and 2.2 +0.3° off 0° alignment in
device D2.

The angle can also be estimated from the charge density corresponding to the
n=1 state, n,, calculated using a parallel capacitor model: ny = €ye;AVy /ed, where
€ is the permittivity in vacuum, e, ~ 3—4 is the dielectric constant of hBN, d
is the thickness of the bottom hBN and e is the electron charge. The gate
voltage AV, is determined from the filling fraction calibration. For device D1,
d=17.4nm and AV,=1.50V, we obtain n,~1.4x10"cm™to 1.9X 10*cm™
corresponding to a twist angle that is <0.7° off 60° alignment. For device D2,
d=23.3nm and AV,=3.84V, we obtain n,~2.7x 102 cm™?to 3.6 X 102 cm2,
corresponding to a twist angle of ~1.6-2.4° off 0° alignment. Both are consistent
with the SHG results.

Determination of the filling fractions. For both the electron and hole sides, the
positions of the |n|=1/3, 2/3 and 1 states are identified first. By assuming a linear
relation between gate voltage and carrier density, the calibration from gate voltage
to filling values can be completely determined by fitting these three data points
with a linear line on the respective doping side. Then, for each observed feature,
its filling value in decimal format is calculated based on the calibration and then
converted to the closest simple fractional format.

Device D2 shows considerable hysteresis (Extended Data Fig. 9). We assume
that, at high gate voltages (|V,|>2V), the charge density has a linear relation with
the gate voltage. We thus only use |n|=2/3 and 1 states for calibration. To justify
this approach, we calculated the expected position for the 1/3 filling, which aligns
well with the observed 1/3 state. Note that the 1/3 state shows a plateau instead
of a sharp minimum because it has a very high resistivity and the MIM signal is
therefore saturated at the lower limit (see the MIM response curve in Fig. 1b). If
we use the centre of the plateau to identify the actual position for the 1/3 state, the
deviation between the centre and the calculated 1/3 position is only 6n=0.023.
For other fine features, we calibrate the filling values based on the gate voltage of
the observed minima and assign a closest simple fractional value. For most states,
the deviation is <0.0050. The few states with larger deviations (87 < 0.020) are
+5/6, 5/9 and 3/4. Their best alternative fractional values are 9/11, 6/11 and 16/21,
respectively. To check how the ordering pattern changes, we performed simulations
for these alternative filling fractions and found that the alternative patterns can be
considered as the domain states of the original patterns. The formation of domain
boundaries allows the lattice to accommodate extra or missing charges, so that the
ordered pattern can be stabilized over a finite range of density around the nominal
fractional value. Similar behaviour has been demonstrated in a previous study on
charge ordering in a square lattice”. In the experiment, this behaviour will lead to
a broadening of the dips in the MIM signal. In our data, the simpler fractions fall
well within the dips and only have small deviations from the local minima, so we
assign the simpler fractions to these features.

NATURE PHYSICS

MC simulations. The Coulomb lattice gas model was simulated with the Markov
chain MC method. Parallel tempering* was used to avoid critical slowing down
around the transition temperature, and Ewald summation’' was used to capture
the long-range interaction of the Coulomb potential. Most of the simulations were
performed in a 12 X 12 lattice, except for filling fraction 1/7, which was performed
on a 14X 14 lattice. A 48 x 48 lattice was also used to examine the formation of
domains (Extended Data Figs. 4 and 5). Seventy-two replicas were used and 10
million sweeps were performed for each replica. The temperature list for the
replicas was a geometric series starting from k,T,=0.01 with T, ,/T,=1.032, with
ks T normalized with respect to the Coulomb interaction between NN sites. In each
sweep, a simple Metropolis update was used and exchanges between neighbouring
replicas were attempted every 10 sweeps. The second half of the sweeps were used
to calculate the specific heat C,. The transition temperatures were estimated from
the C,~T curve (Extended Data Fig. 6) together with the Fourier spectrum of the
charge pattern (an example is provided in Extended Data Fig. 7).

Data availability

Data that support the plots within this paper and other findings of this study are
available from the corresponding author upon reasonable request. Source data are
provided with this paper.

Code availability
The source code for the Monte Carlo simulations is available from the
corresponding author upon reasonable request.
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Extended Data Fig. 2 | Additional MIM data in device D1. a, MIM-Im vs gate voltage traces for both sweeping directions in device D1at T=4K.b,
MIM-Im vs gate voltage traces with extended gate range from —7 V to 6 V taken at T=3K. The feature near =5V likely correponds to n=-2 state.
However, due to poor electrical contact at high hole doping, this feature is not stable and its gate position is not repeatable at different spots.
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Extended Data Fig. 3 | Spatial uniformity of sample conductivity in device D1. a,b Optical image and atomic force microscopy (AFM) image of device D1.

¢, MIM-Im image at V,=—2 V scanned over the region marked by the rectangles in (a) and (b). d, MIM-Im images taken at different gate voltages marked
along the top axis in (e). e, MIM-Im vs gate traces taken at spots A-F as indicated in (c). All MIM data are taken at T=10K. Scale bars are 2 um.

NATURE PHYSICS | www.nature.com/naturephysics


http://www.nature.com/naturephysics

LETTERS NATURE PHYSICS

Extended Data Fig. 4 | Ordering patterns simulated on a 48 by 48 lattice for n=1/3,1/4,1/7, and 1/9. The column on the right plots the fast Fourier
transform (FFT) image of the ordering pattern.
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Extended Data Fig. 5 | Ordering patterns simulated on a 48 by 48 lattice for n=1/2,1/6, 4/9, and 2/9. The column on the right plots the FFT image of
the ordering pattern.
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Extended Data Fig. 6 | Simulated specific heat for different fillings. The temperature scale, k;T, is normalized by the nearest neighbor Coulomb
interaction. The identified ordering temperatures, k;T, are listed in the figure.
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Extended Data Fig. 7 | The Fourier transformed configurations in the reciprocal space as k;T varies for filling 1/7. The lowest k;T is 0.017; the highest
kg T is 0.031; k,T.=0.021 is labeled in the picture. To visualize the transition around the critical temperature, we select eight configurations from the
simulations of 1/7 filling, on which we perform Fourier transformations. The absolute values of the eight Fourier amplitudes are added and plotted in the
reciprocal space. It is clear the Fourier amplitudes changes abruptly around T, which justifies our approach of identifying the peak in the specific heat as
the transition temperature.
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Extended Data Fig. 8 | Temperature dependence of MIM-Im for gate sweeping down from 5V to -5 V in device D2. The black markers indicate the
positions of the n=-1/3 state, which can be resolved at temperatures of 20K and above.
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Extended Data Fig. 9 | Spatial variation and hysteresis of the MIM-Im spectrum in device D2. a, Optical microscope of D2. b, AFM scan around the area
indicated by the solid square in (a). The scale bar is 5pm. ¢, MIM spectra taken at spots A-E as marked in (b). d, Sweep up and down traces at spot B.
e, Sweep up and down traces at spot E. All data taken at T=2.8K.
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