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Spin- and valley flavor polarization plays a central role in the many-body
physics of flat band graphene, with Fermi surface reconstruction — often
accompanied by quantized anomalous Hall and superconducting state —
observed in a variety of experimental systems. Here we describe an optical

technique that sensitively and selectively detects flavor textures via the exci-
ton response of a proximal transition metal dichalcogenide layer. Through a
systematic study of rhombohedral and rotationally faulted graphene bilayers
and trilayers, we show that when the semiconducting dichalcogenide is in

direct contact with the graphene, the exciton response is most sensitive to the
large momentum rearrangement of the Fermi surface, providing information

that is distinct from and complementary to electrical compressibility mea-
surements. The wide-field imaging capability of optical probes allows us to
obtain spatial maps of flavor order with high throughput, and with broad
temperature and device compatibility. Our work helps pave the way for optical
probing and imaging of flavor orders in flat band graphene systems.

Flatband graphene systems provide a versatile platform for engineer-
ing correlated and topological phenomena. While their phase dia-
grams vary remarkably with sample configuration parameters such as
layer number and relative alignment'™?, a feature common to all sys-
tems is that small changes in the carrier density and other experi-
mental tuning parameters drive flavor order transitions (FTs) in which
the relative occupation of the (nominally degenerate) electron orbitals
with differing spin and valley polarization changes. In both crystalline
and twisted graphene systems, these transitions are often accom-
panied by superconducting domes, suggesting that flavor symmetry
breaking may play an important role in superconducting
pairing®™?**, To refine the understanding of the phase diagram, FTs
have been investigated by various experimental techniques including
electrical transport’>"", measurements of the thermodynamic

compressibility and magnetization”*"”>?¢, and scanning tunneling

microscopy™*~*°. However, these techniques all come with drawbacks:
bulk electrical measurements typically fail in the face of spatial inho-
mogeneity and become less expressive in superconducting states,
while scanning tunneling measurements are incompatible with the
common dual-gated geometry. Moreover, these measurements are
inherently low bandwidth, precluding studies of dynamics.

Here we describe an optical technique that addresses some of
these challenges. Figure 1a illustrates the device scheme, in which a
WSe, sensor layer is placed in direct contact with a target graphene
system. The short-range interaction between graphene and WSe, leads
to a shift in the quasi-particle bandgap of the WSe;, that depends on the
flavor polarization of the graphene layer; this can be read out optically
via reflection contrast (RC) spectra. As we detail below, our
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Fig. 1| Optical sensing of FT in RTG. a Schematics of device configuration. A WSe,
sensing layer is placed adjacent to flatband graphene without a spacer. The short-
range interaction between graphene and WSe, imprints flavor orders of graphene
into WSe;, exciton responses. b Displacement-field and carrier-density dependent
inverse compressibility of RTG device D1. ¢ Upper panel: RC of device D1 at

D=0.673V/nm and B=0T (white dotted line in (b, d) near WSe, 2s exciton reso-
nance. Lower panel: extracted 2s exciton energy (black) and comparison to inverse
compressibility (red). The exciton energy shift fully captures FT on the hole side.
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d Displacement-field and carrier-density dependent 2s exciton energy of device D1.
Features are only observed in the top-left and bottom-right quadrants owing to the
sensitivity to layer polarization. e Upper panel: RC of device D1 at D=0 V/nm and
B=3T.Lower panel: extracted 2s exciton energy (black) and comparison to inverse
compressibility (red). The prominent inverse compressibility peaks from charge
gaps do not show up in optical sensing, in contrast to the FT in (c). All measure-
ments are performed at a temperature of 3K.

measurement configuration provides information that is distinct from
electrical compressibility measurements or exciton sensing using a
physically separated WSe, layer, which detects the small-wavevector
limit of the polarzibility***, and so offers us the capability in identi-

fying flavor transitions.

Results

Optical sensing of FT

We first study a rhombohedral trilayer graphene (RTG) device DI1.
Figure 1b shows the inverse compressibility of the device measured at
3K (see “methods”). The phase diagram features spontaneous forma-
tion of flavor orders on both electron and hole doping sides, consistent
with previous reports”'®. Owing to sample inhomogeneity, two sets of
patterns can be observed that are offset from each other (see Sup-
plementary Fig. 1). Figure 1c shows RC of the same sample measured at
displacement field D= 0.673 V/nm (dashed line in Fig. 1b). We focus on
the spectral range near the 2s exciton resonance of WSe, (see Sup-
plementary Fig. 2 for full spectra). The 2s exciton energy shows two

prominent kinks on the hole doping side, reminiscent of the two low
compressibility lobes in Fig. 1b. The lower panel in Fig. 1c compares the
fitted 2s exciton energy and the inverse compressibility (see “meth-
ods”). The optical spectrum reproduces all features of compressibility
on the hole-doping side, while the response on the electron side is
rather weak. This asymmetry is natural. Under the large displacement
field, doped holes and electrons primarily reside in the top and bottom
graphene layers, respectively. The much weaker WSe, response to
electrons than holes indicates that WSe, primarily interacts with
charges in the top (closest) layer with an interaction range Ar<1nm.
Our sensing scheme therefore also provides a sensitive probe of layer
polarization. Figure 1d summarizes the 2s exciton energy over similar
parameter range as Fig. 1b (see “methods”). The optical phase diagram
matches well with the electrical one, except that features appear only
in the top left and bottom right quadrants owing to the layer polar-
ization sensitivity.

Having demonstrated the ability to detect FT, we now show that
our technique provides distinct information. Figure le compares
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Fig. 2 | Selective sensing of FT. a—c RC of MATTG device D2 at D=a 0.46,b 0, and
¢ —0.46 V/nm. The 2s exciton resonance shows cascade features at integer fillings,
which becomes weaker at larger displacement field. d, e Longitudinal resistance (d)
and 2s exciton energy (e) of device D2 as a function of displacement field and

carrier density. The insulating features at integer fillings in transport measurements
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become more prominent at larger displacement field due to the transition from

Fermi surface resets to charge gaps. In contrast, the optical sensing is more sen-
sitive to FT-induced Fermi surface reconstruction at low displacement field than
the charge gaps at high displacement field. All measurements are performed at a
temperature of 3K.

electrical capacitance and optical RC measurements under the same
experimental condition of D=0 V/nm and B, =3 T (see Supplementary
Fig. 1 for more results). A series of incompressible peaks emerge in
capacitance, corresponding to gaps between Landau levels. Surpris-
ingly, none of them appear in RC spectra. In capacitance the incom-
pressible peaks are quite prominent, several times larger than the FT-
induced features (Fig. 1c). If the optical response were effectively
measuring compressibility one would expect, in contradiction to our
observations, similarly strong features.

To gain further insight, we apply our sensing technique to
alternating-twist magic-angle trilayer graphene (MATTG). Figure 2d
shows the four-probe longitudinal resistance of MATTG device D2
with twist angle of 1.43° (see “methods”). The phase diagram is
qualitatively consistent with previous reports™*">* in that resistive
states emerge at integer moiré fillings from v=0 to 4 under large
displacement fields (v=1 corresponds to one electron per moiré
period). At smaller displacement fields, the resistive behaviors at
integer fillings become weaker, suggesting Fermi surface resets
instead of gaps'”. Interestingly, optical measurement of the same
device shows the opposite trend. At zero displacement field (Fig. 2b),
the 2s exciton resonance shows prominent cascade features at
integer fillings, which becomes weaker at larger displacement fields
(Fig. 2a, c). See Supplementary Fig. 3 for more data. Figure 2e sum-
marizes the 2s exciton energy across the entire phase diagram. While

the emergence of features around integer fillings is consistent with
transport measurement, their displacement field dependencies are in
sharp contrast. Optical sensing does not weigh the gaps at large
displacement field heavily but is sensitive to FT-induced Fermi sur-
face reconstructions.

We have also performed measurements on Bernal bilayer gra-
phene (BBG) in the quantum Hall regime. The upper panel in Fig. 3a
shows the RC spectra of BBG device D3 under B,=3T and zero dis-
placement field. The lower panel shows a comparison between the 2s
exciton energy (black) and inverse compressibility (red) under the
same measurement conditions. See Supplementary Figs. 4 and 5 for
more results. A series of chemical potential jumps, observed as peaks
in inverse compressibility, appear at even filling factors v € (—4,4) and
at higher filling factors only at the cyclotron gap filling factors, which
are multiples of 4 because of spin-valley degeneracy. The peaks within
v € (—4,4) are related to flavor ferromagnetism. The optical mea-
surement again shows quite distinct behavior. Instead of having fea-
tures at even filling factors, the 2s exciton energy oscillates rapidly in
the v € (—4,4) interval between minima at odd filling factors and
maxima at even filling factors. No strong features are seen at higher
filling factors, even when the Fermi level lies in a cyclotron gap. The
lack of gap features at high filling factors is consistent with our
observations in RTG (Fig. 1e) and MATTG (Fig. 2e), and this makes the
prominent features when v € (—4, 4) even more surprising.
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Fig. 3 | Probing orbital polarization in BBG. a Upper panel: RC of BBG device D3 at
D=0andB,=3T.Lower panel: extracted 2s exciton energy (black) and comparison
with inverse compressibility (red). The strong inverse compressibility peaks from
cyclotron gaps do not show up in RC. Instead, an oscillation of 2s exciton energy is
observed between even and odd fillings within the zeroth Landau level. Blue arrows
mark even fillings within the octet of the zeroth Landau level. b, ¢ Comparison
between device D3 without an hBN spacer (b) and BBG device D4 with a -5 nm hBN
spacer (c) under similar measurement configurations. Their distinct behaviors
indicate the dominance of short-range and long-range interactions, respectively, as
detailed in the text. d Momentum-cutoff for three representative interlayer
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distances d. ac=0.246 nm is the graphene lattice constant. Vertical dashed lines
mark the momentum range of polarizability change from a cyclotrongap atB,=3T
(inverse magnetic length g, red) and from a representative FT in RTG (Fermi
momentum kg, blue). e Calculated static polarizability /7(g,w = 0) of graphene at
even (red) and odd (blue) Landau level fillings under magnetic field B=4T. The
finite-g part of graphene polarizability is enhanced at odd filling factors when n=0
and n =1 orbitals are alternately occupied, which can be uniquely accessed in
adjacent layer exciton sensing as an energy shift AEg,p. [1(q,w) = [1(q,0) for

© < Ap; =4.8 meV, where Ay, is the orbital splitting.

Selective detection of FT

Our investigations across multiple flat band graphene systems indicate
that the optical sensing technique here provides qualitatively different
information from electrical measurements and has unique FT sensi-
tivity. Our results also contrast with those from the common exciton-
sensing configuration with a thick hBN spacer, which largely repro-
duces electrical compressibility measurements, e.g. in the detection of
graphene Landau levels®. To elucidate the origin of FT sensitivity, it is
helpful to examine the role of an hBN spacer. To this end, we compare
the RC spectra of device D3 and another BBG device D4 with a WSe,
sensor layer and a 5nm hBN spacer, as shown in Fig. 3b, c¢. Under
similar measurement conditions, we observe two major differences.
First, the 2s exciton without a hBN spacer appears at a much lower
energy (Fig. 3b), indicating much stronger interaction between WSe,
and graphene. Second, at large displacement field, the exciton
responses without a hBN spacer show prominent asymmetry (Fig. 3b)
between electron and hole doping while those with a spacer remain
largely symmetric (Fig. 3c). The lack of layer sensitivity in the latter
case suggests that the interaction is long-range in nature, which also
explains the much weaker interaction strength. We therefore conclude

that the WSe,-graphene interactions without (with) an hBN spacer are
dominated by strong (weak) short- (long-range) interactions.

We have formulated a quantitative theoretical interpretation of
our adjacent layer exciton sensing, one that also sheds light on the
distinct information supplied by exciton sensing with hBN spacers. Our
starting point is the successful GW theory of excitons®** in TMDs (the
“sensing layer”), within which the influence of a nearby 2D material (the
“target layer”) with negligible hybridization is captured exactly by
adding a screening correction to Coulomb interactions
Ve — Vo+x V3. Here y is the target layer density-density response
function, V,, =2me?e~9/q is the interlayer Coulomb interaction and d
is the layer separation. xy Vf, captures the contribution to the interac-
tion between two electrons in the sensing layer that is mediated by
charge density response in the target layer. Due mainly to reduced
dimensionality, the 2s exciton has a rather small binding energy that is
insensitive in absolute terms to screening®>® (see Supplementary
Note 1 for a detailed discussion). Its resonance energy is then mainly
determined by the quasi-particle bandgap of WSe,. Because the
carrier-density dependent part of the target layer response is at long
wavelengths compared to the graphene lattice constant, the

Nature Communications | (2025)16:5555


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-60675-8

quasiparticle bandgap change reduces to a simple exchange correc-
tion (see Supplementary Note 6). When the GW approximation is used

for y, the quasiparticle band gap £, is given by

@

2
d*q N» (‘NU = %) Vp(@)®
Egap = Eo* / 7 P
S 2m)71 - V(g)Ny, (q;w: ﬁ)
where £, is the quasi-particle bandgap of bare WSe,, /15, is the single-
particle polarization function, m" is the WSe, valence band effective
mass and V¢ =2me?/q. An hBN spacer increases d and decreases the
momentum cutoff in the integral to g. <1/d. Figure 3d illustrates such
momentum cutoff implied by V, for three representative interlayer
distance that corresponds to the adjacent graphene layer (d =2a,;), the
distant graphene layer in RTG (d =5a,), and the case with a 5 nm hBN
spacer (d =20aqg), respectively. The small range of relevant momen-
tum in the spacer case (green) captures the property that large-g
charge fluctuations do not produce a significant electrical potential in
adistant layer. In the limit of thick hBN spacer and large d, g, — 0. Eg,p,
then depends on the graphene polarizability in the long wavelength
and static limit, which is directly related to its compressibility.
Therefore, the exciton sensing scheme with an hBN spacer largely
reproduces results from electrical measurements.

The case without an hBN spacer is distinctively different since
d ~ 0.5nm for the closest graphene layer. Eg,, senses changes in the
large-g parts of graphene polarizability, which typically dominate due
to their larger phase space (Fig. 3d). Our sensing scheme therefore
mainly probes the large-g polarizability of graphene, which is inac-
cessible to electrical measurements. The observed layer sensitivity
(Fig. 1) is a direct manifestation, where the bandgap shifts induced by
the adjacent and distant graphene layers in RTG differ by several times.
As illustrated in Fig. 3e, the difference between the two cases (blue and
red) only becomes prominent at large-g. The much larger bandgap
shift from the adjacent layer confirms the dominance of large-g con-
tribution. This unique capability allows it to identify physics unrelated
to the appearance of charge gaps, such as a cyclotron gap, that mainly
affects the small-g part of polarizability (red dashed line). It also
explains its sensitivity to FT since FT involves reconstruction of the
entire Fermi surface and modifies the large-q polarizability up to sev-
eral times of k, (blue dashed line). In Supplementary Note 6 we show
that the 2s exciton energy changes that accompany FT in RTG (Fig. 1)
agree quantitatively with the calculations.

The surprising exciton energy oscillations we have discovered in
the small filling factor v < (—4,4) regime of BBG provide another
excellent example of our capability on sensing large-g polarizability of
graphene. As illustrated in Fig. 3e, we interpret the minima in the 2s
exciton energy at odd filling factors as evidence for orbital-polarized
states with differential occupation between the n =0 and n =1 orbitals,
which lead to strong screening over a wide range of wavevectors from
inter-orbital contribution (see Supplementary Note 6); and the maxima
at even filling factors as evidence for states in which both orbitals of a
given flavor are completely occupied or empty. The differences
between even and odd fillings only appear at nonzero g (Fig. 3d),
therefore the oscillation shows up in optical sensing but not com-
pressibility (Fig. 3a). The convenient optical probe of the orbital con-
tent of fractional states in the v € (—4,4) regime of BBG could aid
efforts to optimize robust non-Abelian quantum Hall states in the
bilayer graphene platform**.

Wide field imaging of FT

Besides FT sensitivity, our technique also offers wide-field imaging
capability to capture spatial patterns of FT with high throughput.
Figure 4a, b shows the optical microscope image and reflection con-
trast spectra of a magic angle twisted bilayer graphene (MATBG)
device D5. FT has been widely reported in MATBG, giving rise to Dirac

revivals and Chern insulators at integer fillings"****. Indeed, we
observe clear features in 2s exciton resonance at integer moiré fillings
v=+1 to +4 (orange arrows)***’, On the other hand, MATBG is
known for its high sensitivity to twist angle and intrinsic spatial
inhomogeneity from lattice relaxation. Figure 4c shows reflection
contrast on a different spot in the same device, where we only observe
the band insulator at v=+4 but no features in between. In transport
measurement of this device (Supplementary Fig. 6), we consistently
observe strongly insulating states at v=z+4, while the features at
+1 to +3 are generally weak and inconsistent between different source-
drain configurations. These observations exemplify a common chal-
lenge plaguing the study of twisted graphene systems, where
devices vary strongly and it can often be difficult to extract intrinsic
physics®®. For example, different transport phenomena can be
dominated by different conducting channels and may not be directly
correlated.

Our technique offers a potential solution. As a demonstration, we
perform wide-fielding imaging of the v=4 band insulator and v=2
cascade feature in Fig. 4d, e, respectively. This allows us to extract a
spatial map of twist angle from the charge density at v = 4, and a map of
the correlation strength from the prominence of cascade feature at
v=2. Each map is obtained in 15 min without spatial scanning (see
“methods” and Supplementary Fig. 7). The cascade features only
appear in a small spatial region close to the left edge of this device,
which explains the weak and inconsistent features in transport. By
comparing the FT map and angle map, we find that the cascade fea-
tures emerge in a twist angle range between 1.01 and 1.07 ° and are the
most prominent at angles around 1.04°. See Supplementary Note 5 for
more discussions on potential strain effects.

The high-throughput imaging capability of our technique is
further augmented by its broad environment compatibility. It
encodes low-energy flavor physics into exciton responses at a much
higher energy scale and is less susceptible to noise. Figure 4f shows
the 2s exciton energy at different temperatures up to 50 K. Exciton
resonances remain largely unchanged over this temperature range,
allowing us to directly track melting of the cascade features. Inter-
estingly, the cascade features remain visible at 50 K, consistent with
previous reports from chemical potential measurements®>*°**! and
is an order of order of magnitude higher than the temperature at
which hysteresis of isospin ferromagnetism disappears"**>*, This
may suggest the existence of vestigial FT or flavor fluctuations over a
broad temperature range”*° (see Supplementary Note 4 for more
discussions).

Discussion

Moiré graphene multilayers have been previously reported to remo-
tely “imprint” a superlattice potential in an adjacent WSe, layer and
generate exciton replicas*®***2, On the other hand, optical studies of
flavor physics in flatband graphene remain largely unexplored, espe-
cially in non-moiré systems. The technique reported here applies to
both moiré and crystalline graphene and opens several exciting
opportunities in studying flavor orders, transitions, and their interplay
with other correlated phases (see Supplementary Note 3 for more
discussions). It offers an attractive approach to disentangle large-q
changes of graphene polarizability, such as flavor orders and fluctua-
tions, from local Fermi surface distortion, such as single particle gaps,
nematicity and charge density waves® ¥, thereby shedding light on the
roles of these instabilities. The high-throughput imaging capability,
along with the wide temperature and device geometry compatibility,
enables investigation of FT spatial patterns near and across critical
points. A particularly exciting opportunity lies in in-situ imaging of FT
throughout the superconductivity domes in magic angle multi-layer
graphene®”, which can be correlated to transport measurements to
disentangle extrinsic and intrinsic effects and potentially elucidate the
interplay between FT and superconductivity. By establishing an optical
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(d) and correlation strength (e) extracted from the v=4 and v =2 cascade features,
respectively. Both maps are obtained by wide-field imaging without scanning.

f Temperature dependence of the extracted 2s exciton energy. The cascade fea-
tures persist to above 50 K.

technique to detect FT, our work also paves the way for dynamic
manipulation and investigation of flatband graphene systems using
ultrafast light pulses, such as Floquet engineering of FT and studying
its non-equilibrium dynamics.

Methods

Sample fabrication

The preparation of multilayer graphene, hexagonal boron nitride
(hBN), and tungsten diselenide (WSe,) flakes involves mechanical
exfoliation of bulk crystals onto silicon substrates with a 285 nm silicon
oxide layer. Rhombohedral domains within trilayer graphene flakes are
identified using a Horiba T64000 Raman spectrometer equipped with
a 488-nm mixed-gas Ar/Kr ion laser beam. Subsequent isolation of the
rhombohedral domains is performed utilizing a Dimension Icon 3100
atomic force microscope®*’.

All Van der Waals heterostructures are constructed through a
standard dry-transfer technique employing a poly (bisphenol A car-
bonate) (PC) film on a polydimethylsiloxane (PDMS) stamp. The fab-
rication process involves initially creating the lower hBN/graphite part,
releasing them onto a 90 nm Si/SiO, substrate. The removal of poly-
carbonate residue on the sample is accomplished by dissolving it in
chloroform, followed by rinsing with isopropyl alcohol and annealing
at 375°C. The upper part of the heterostructure is separately assem-
bled and transferred onto the lower part. This stacking sequence is
meticulously implemented to minimize mechanical stretching of the
multilayer graphene. Standard electron-beam lithography, dry-etching
processes, and vacuum deposition are employed to fabricate electro-
des for electrical contacts (<150 nm gold with ~5nm chromium and
~15 nm palladium adhesion layers).

Calibration of carrier density, displacement field, and
twist angle
Carrier densities in all devices are calibrated from the hBN thickness
measured by a Dimension Icon 3100 atomic force microscope. Using
hBN dielectric constant g.gy=3.52, we compute the geometrical
capacitance per unit area c.,=&npnEo/drp between the top/bottom
gate and sample, where d (d,,) is the top (bottom) hBN thickness. The
charge density and displacement field are obtained as ny = (c;V; +cp Vb)/
2e and D = (c/V; - cpoVb)/2¢0, respectively, where V, (V,) is the top (bot-
tom) gate voltage and e is elementary charge.

The twist angle of MATBG and MATTG are extracted from the
cascade features at superlattice filling factors v=+4 (Fig. 2 and Fig. 4).
From the corresponding carrier density n,—4, the twist angle 8 was

obtained from n,-4=(862)/( \/3a02), ap=0.246 nm is the graphene
lattice constant.

Reflection contrast (RC) measurement

The devices were mounted in a closed-cycle cryostat (Quantum
Design, OptiCool) for all optical experiments with a base temperature
of 3K. A broadband tungsten lamp was beam-shaped by a single mode
fiber and subsequently collimated by a lens. The light was focused onto
the sample by an objective (NA = 0.45), resulting in a beam diameter
of ~1um on sample with a power of ~20nW. The reflected light
was collected by a liquid-nitrogen-cooled CCD camera coupled with
a spectrometer. The reflection contrast was computed as RC = (R’ - R)/
R, where R’ and R represent the reflected light intensity from regions
with and without the sample, respectively. Keithley 2400 source

meters were employed to apply gate voltages to adjust the charge
density.
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Extraction of 2s exciton energy

We extracted the 2s exciton energy at each carrier density from the
local maximum in the slope of RC vs. probe energy (Supplementary
Fig. 2a and 2c). The obtained 2s exciton energy shows a smoothly
decreasing background with increasing charge density due to
stronger screening. This background dominates the exciton energy
shift in MATTG owing to the large range of carrier density. To
highlight the cascade features associated with the FT, we fitted the
smooth background for the hole (electron) side using a 3rd (7th)-
order polynomial (Supplementary Fig. 2d, Orange curve). The
background-subtracted 2s exciton energy shows clear cascade fea-
tures at integer fillings (Supplementary Fig. 2d). The same back-
ground was used for all displacement fields to ensure that no
artifacts were introduced (Fig. 2e).

Capacitance and transport measurement

Penetration field capacitance measurements were performed on
WSe,/RTG device D1 and WSe,/BBG graphene devices D3. The device
capacitance ¢, was isolated from the environment using a low-
temperature capacitance bridge®. The inverse compressibility x was
obtained from ¢, through ¢, = cico/(Cetep + K7) = Kceep'. The magnitude
of k increases when the sample is incompressible (gapped) and
decreases when it is compressible (conducting). The measurement of x
involved applying a fixed AC excitation (17-88 kHz) to the top gate.
The phase and amplitude of a second AC excitation of the same fre-
quency were adjusted and applied to a standard reference capacitor
(crer) On the low-temperature amplifier to balance the capacitance
bridge. A commercial high-electron-mobility transistor (FHX35X)
transformed the small sample impedance to a 1 kQ output impedance,
yielding a gain of about 1000. The DC components of V, and V;, were
supplied by Keithley 2400 source meters and were connected to the
corresponding gate though bias tee. Additional electrodes were pat-
terned in WSe,/MATTG device D2 and WSe,/MATBG device D5 for
electrical transport. Four-point longitudinal resistance was obtained
by supplying an AC current of 10 nA amplitude at frequency of
17.777 Hz.

Widefield imaging of cascade features

A broadband supercontinuum laser (YSL photonics SC-OEM) was fil-
tered by a home-built double monochromator to generate probe light
of tunable center wavelength and <0.2 nm full width at half maximum
(FWHM). The probe light was expanded before focusing on the sam-
ple, giving rise to a field of view of ~ 900 pm? that covers the entire
device. The wide-field image of sample was collected by an EMCCD
camera (ProEM-HS 512BX3) without spatial scanning. To obtain a map
of the cascade features, we tuned the probe light energy to be slightly
above the WSe, 2s exciton resonance and took a sample reflection
image at each carrier density. Ordinarily, the 2s exciton energy red-
shifts with increasing carrier density, leading to decrease of sample
reflection at the probe energy. On the other hand, the cascade features
at integer fillings lead to abnormal blueshifts of 2s exciton energy with
increasing carrier density (Fig. 4b) and thereby increase of sample
reflection. This allowed us to extract both carrier density and strength
of the cascade features by comparing sample images at neighboring
carrier density.

We further employed a lock-in algorithm to improve the signal to
noise ratio. The carrier density in the device was modulated at 66 Hz by
a small AC gate voltage AV, =0.01V on top of the DC gate voltage V;.
The EMCCD camera was externally triggered and synchronized with
the AC gate modulation, thereby directly obtaining the differential
reflection image of the sample between slightly different carrier den-
sities. Supplementary Movies 1 and 2 show the obtained differential
reflection images for a range of carrier densities near v=2 and v =4 of
MATBG, respectively. Supplementary Fig. 7 shows the carrier density-
dependent differential reflection near v =4 for a representative spatial

spot (blue boxed pixel). The non-monotonic dip from the cascade
features was fitted by a 2nd-order polynomial, from which we extrac-
ted the carrier density and the amplitude of the v =4 cascade feature.
Similar fitting was performed on each pixel for carrier densities near
v=4 and v=2, from which we obtained a map of the twist angle and
correlation strength (Fig. 4d, e).

Data availability

Data in the main text and Supplementary fig. 1-8 are available on Open
Science Framework®. All other data that supports the findings of this
study are available from the corresponding authors upon request.
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