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The fractional quantum Hall effect is a key example of topological quantum
many-body phenomena, arising from the interplay between strong electron
correlation, topological order and time-reversal symmetry breaking. Recently, a
lattice analogue of the fractional quantum Hall effect at zero magnetic field has been
observed, confirming the existence of a zero-field fractional Cherninsulator (FCI).
Despite this, the bulk-edge correspondence—a hallmark of a FCl featuring an
insulating bulk with conductive edges—has not been directly observed. In fact, this
correspondence has not been visualized in any system for fractional states owing to
experimental challenges. Here we report the imaging of FCl edge states in twisted
MoTe, (t-MoTe,) using microwave impedance microscopy'. By tuning the carrier
density, we observe the system evolving between metallic and FCl states, the latter

of which exhibits insulating bulk and conductive edges, as expected from the bulk-
boundary correspondence. Further analysis suggests the composite nature of the FCI
edge states. We also observe the evolution of edge states across the topological phase
transition as afunction of interlayer electric field and reveal exciting prospects of
neighbouring domains with different fractional orders. These findings pave the way

for researchinto topologically protected one-dimensional interfaces between various
anyonic states at zero magnetic field, such as gapped one-dimensional symmetry-
protected phases with non-zero topological entanglement entropy, Halperin-
Laughlininterfaces and the creation of non-abelian anyons.

Fractional quantum Hall (FQH) states are distinguished by an incom-
pressible two-dimensional bulk with edge channels that conduct frac-
tional charge? . Although charge sensing’®, shot noise'®" and scanning
gate microscopy” measurements have provided promising evidence
of fractionalization, direct visualization of FQH edge states and the
enclosed bulk remains elusive. Imaging these one-dimensional chiral
edge modes is crucial to understand their physical properties and
could also substantially enhance our ability to manipulate edge-state
conduction for potential applications in anyonic braiding and topo-
logical quantum computing™. Previously, measurement of magneto-
plasmon resonances provided information of the FQH edge states”.
Recently, there has beenimaging of in-gap unidirectional edge modes
in synthetic quantum systems'®’°, However, these bosonic systems
lacked a fully insulating bulk, which prevented direct testing of the
bulk-boundary correspondence in solids hosting FQH states.
Microwave impedance microscopy (MIM) is a powerful local probe
of material conductivity'suitable for this purpose. MIM has been suc-
cessfully used to image edge states in several topological systems,
including quantum Hall?** (among other methods**??), quantum
spin Hall insulator?* and quantum anomalous Hall (QAH) insula-
tors®. Despite this progress, imaging fractional edge states with MIM

is challenging because of the stringent experimental requirements
for forming FQH states, such as high magnetic field and sub-kelvin
temperature.

Therecentbreakthroughin therealization of the fractional quan-
tum anomalous Hall effect®*° provides a unique opportunity to
image the fractional edge states. As well as the absence of magnetic
field, the fractional quantum anomalous Hall effect can survive to
above 1K. For instance, nearly quantized Hall resistance (R,,) with
strongly suppressed longitudinal resistance (R,,) are observed for
the -2/3 FCl states at as high as 2 Kin t-MoTe, bilayer?. These features
make the zero-field FCl the ideal platform for visualizing fractional
edge states.

The experimental realization of the fractional quantum anomalous
Hall effect also accompanies several pressing questions. For instance, in
transportstudies, R, is suppressed but remains finite, whichis probably
from the disorder of the material platform, for example, moiré disor-
der®. Topological phase transitions have been inferred from transport
measurements®®*? but are not fully understood. Further, the formation
and spatial characteristics of the fractional edge states require alocal
probeto explore. We address these questions by ascanning MIM probe
with sub-100 nm spatial resolution.
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Fig.1|Local probe of bulk FCIstates. a, Schematic of the ER-MIM setup and
thet-MoTe, device. The dual-gated device hasa monolayer (1L) WS, top gate
(V;g) and agraphite (Gr) bottom gate (V,,;). The sampleis divided into dual-gated
region1(left), region 2 (right) and amiddle region, without atop gate.b, The
MIM-Imsignal as afunction of displacement field (5/60) and carrier density (77)
(calculated using geometric capacitance models, inregion1) at 1.5 K. The filling

Experimental technique

We introduce the exciton-resonant MIM (ER-MIM) technique for
sensing dual-gated t-MoTe, samples. A prevalent challenge with con-
ventional MIM is the measurement of devices with a top gate, which
typically screens the probe, thereby hindering the direct assessment
ofthe underlying sample. We overcome this through both innovation
in MIM technology and strategic sample design. The experimental
configuration, depicted in Fig. 1a, comprises a microwave transmis-
sion line,impedance-matched to ametallic scanning probe (tip)"**3*,
and optical access. The device consists of at-MoTe, homobilayer with
a3.2°twist, encapsulated within hexagonal boron nitride (hBN) layers
and graphite as a bottom gate. For the top gate, we chose a tungsten
disulfide (WS,) monolayer. Optical illumination of the entire sample
near a photon energy resonant with the WS, A exciton (about 2.2 eV)
induces the optical gating and photoconductive effect (details in
ref. ¥), allowing the monolayer WS, to function as a tunable gate with-
outscreening microwaves fromreaching the sample layer. Asshownin
Fig.1a,anarrow channel was etched into the WS, layer using an atomic
force microscopy (AFM) tip (see Methods), dividing the device into
region 1 (left) and region 2 (right). All data are taken at zero magnetic
field with a microwave frequency of 6.5 GHz. Our findings focus on
MIM-Im, the imaginary component of the reflected microwave sig-
nal, which indicates the extent of microwave screening by the sample
(or conductivity; also see Methods and Extended Data Fig. 2).

Local probe of bulk FCl states

Thelocal probing capability of MIM allows us to explore the bulk prop-
erties of FCls without edge effects, a challenging task for other meth-
ods. Figure 1b shows the MIM-Im intensity as a function of carrier
density () and interlayer electric field (D/e,) that serves to tune the
layer polarization of the moiré orbitals. Here /i and D are calculated
using the geometric capacitance model (detailsin Methods). The data
aretaken at1.5Kinregion1,indicated by the white star in Fig. 2a. The
chosen colour scheme uses dark for insulating states and bright for
conductive states, revealing arich landscape of electronic phases. Near
D/e,=0, at which the system assumes a honeycomb lattice, there are
three prominent doping regimes with insulating behaviour, centred
at filling factors (v) -1, -2/3 and -3/5. The system is conductive near
-1/2 filling but becomes insulating at low doping levels, for example,
near -1/3 filling (Extended Data Fig. 3). At large values of |D /e, the

A (1012 cm2) v

factor (v) isshown on the top axis (see Methods). The location of this
measurementis showninFig.2a.c, MIM-Imsignal versus filling factor vat
T=1.5K (top, orangecurve), zero displacement fieldand 7=500 mK (bottom,
blue curve). The suppression of the signal at several filling factors indicates the
bulkinsulating properties of Jain sequence FCl states. a.u., arbitrary units.

charge carriersare fully polarized to asingle layer forminga triangular
lattice, and the system enters aninsulating phase as seen from the dark
line at commensurate fillings of v=-1and dark regions near -2/3 and
-1/2. At intermediate electric fields, a bright conductive region sepa-
rates the insulating phases near zero and high|D /e |.

The MIM phase diagram of the bulk state presents a close resem-
blance to the Cherninsulator phase diagram derived from longitudi-
nal resistance (R,,) measurements in transport studies. As detailed in
ref. 28, a pronounced suppression of R, is observed in the QAH state
nearv=-landtheFClstatenearv=-2/3.Thissuppressionisattributed
to quantized edge-state transport, indicating insulating bulk states—
afinding corroborated by our ER-MIM measurements. A finite but
reduced R, nearv=-1/2aligns with the metallic response detected by
means of MIM around this filling, whichis linked to putative composite
Fermiliquid states***. The application of a perpendicular electric field
atv=-1,-2/3and-1/2inducesamarked increasein R,,, suggesting the
emergence of either Mott or generalized Wigner crystal states®®*°
owing to full layer polarization. Our MIM measurement identifies an
intermediate metallic phase among the electric-field-induced phase
transition from Chern insulator to charge-ordered states, evidence
of a closure of the electronic gap during this topological phase tran-
sition. Using the local probe of MIM, we can measure conductivity
in pristine sample areas, circumventing moiré disorder and resolve
more states. Figure 1c plots MIM-Im as afunction of filling factor under
zero displacement field at 1.5 K (orange) and 500 mK (blue). Distinct
dipsin conductivity are revealed at filling factors of -1, -2/3 and -3/5,
indicating clearer FCl states compared with conventional transport
measurements at the same temperature. Notably, at 500 mK, we
observe a conductivity dip at —4/7 filling absent at 1.5 K, suggesting
that its energy gap is smaller than the other two FCl states. Further-
more, asubtle but appreciable conductivity dip at v=-1/2is observed at
500 mK. The weak dips near-4/7,-1/2 and other features at even lower
fillings are dependent on position and only resolved in certain areas
of the sample and remain a future direction to explore with cleaner
devices.

Imaging QAH edge states

Scanning the metal tip enables us to explore the Cherninsulator edge
states. Figure 2a shows spatial maps of MIM-Im at selected filling fac-
tors, from-1.28to-0.73. The white arrowin Fig. 2bindicates the param-
eter space for the panels in Fig. 2a, defined at a specific location in
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Fig.2|Imaging QAH edge states. a, First panel: AFMimage of the sample,
showingthe edges andinterfaces (grey and green dashed lines, respectively)
and the scanning region (black rectangle). Scale bar,1 um. Other panels:
real-space maps of theimaginary microwave response (MIM-Im) at different
fillings, showing bulk-edge signal contrast being developed near fillingv=-1.
Scalebar,1um.b, The MIM-Imsignal as afunction of displacement field (D /e )
and carrier density () at1.5 K, measured at the location denoted by the white

region1(denoted by the white star in Fig. 2a). The first panel of Fig. 2a
presents an AFM image of the sample, with the dashed black square
highlighting the scan area. Below the dashed grey line lies the t-MoTe,
region (Extended Data Fig. 1). Starting at v=-1.28, the entire sample
area exhibits a large MIM-Im signal, indicating a metallic phase. As |v|
decreases, the bulk signal diminishes. At v=-1, the bulkis dark and the
edges light up, consistent with a QAH state, that is, insulating in the
bulk and conducting at the edge®. Further reducing the doping returns
t-MoTe, toametallicstate. Asimilar behaviour canbe seeninregion2.
The bright stripe in the interface region is because of the absence of
the top gate and hence a different carrier density.

We investigate the edge-state evolution versus doping by extract-
ing the spatial dependence of MIM-Im amplitude at selected filling
factors. The results, shown in Fig. 2c, are taken along the dashed line
in the second panel of Fig. 2a. The spatial linecuts reveal two notable
features. First, the width of the spatial profile narrows as vapproaches
-1, indicative of the formation of QAH edge states. However, the full
width at half maximum of about 500 nm is much larger than the tip
spatial resolution (see Extended Data Fig. 2c for details). Second, the
amplitude of the MIM-Im signal is higher in the QAH phase than in
the metallic phase. Both phenomena can be attributed to the emer-
gence of gapless collective edge magnetoplasmon (EMP) modes
from the one-dimensional edge states circulating along the sample
boundary, at which the width of the edge MIM peak corresponds to
the characteristic EMP length scale, comparable with the sample
diameter®.

Imaging fractional edge states

Figure 3a shows MIM-Im spatial maps of the sample at carrier densities
whenthe moiré Chernbandis fractionally filled (along the dashed blue
arrowinFig.2b).t-MoTe,becomes metallicwhenslightly under-doped
from the QAH state, as shown by the strong MIM-Im signal over the
entire sample area. Remarkably, as v approaches the -2/3 filling, the
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starina. Thefilling factor (v) is shown on the top axis. The dashed white arrow
denotestheelectric field-carrier density conditions for obtaining the images
inaand the dashed blue arrow denotes the electric field-carrier density
conditions for obtaining theimagesin Fig. 3a. ¢, Linecuts averaged over 0.7 pm
width around the dashed white line in a of MIM-Im signals (with vertical offsets)
atdifferentfilling factors traversing the physical edge. a.u., arbitrary units.

map shows adark bulk contrasted by bright edges, indicating that the
corresponding —2/3 FCl state is insulating in the bulk and conductive
attheedge. This pattern of edge conduction with aninsulating bulkis
also observed for the -3/5FCl state. Figure 3billustrates the evolution
ofthe edge linecut signal as vshifts from—-0.71 (black curve) tothe -2/3
FCl state (orange curve). Consistent with theoretical predictions***,
this trend closely mirrors that of the QAH state. As vapproaches the
-2/3filling, the bulk becomes insulating and the edge conduction
becomes pronounced.

We also compare the edge-state signals between the FCl and QAH
states. As depictedin Fig. 3c, the black, purple and orange curves rep-
resent the MIM-Im measurements atv =-1,-2/3and -3/5 respectively,
under the same conditions (see Extended Data Fig. 6 for spatial maps).
The datareveal that the width of the FCl edge peak is similar to that of
the QAH state, implying the formation of the EMP mode. Furthermore,
the intensities differ.

The EMP resonance frequencies are determined by the edge veloc-
ity, localization length and Chern number*. At 6.5 GHz, the MIM-Im
signal primarily reflects the first EMP resonance (details in Methods).
Assuming a single-edge picture, this signal is affected by the follow-
ing factors: the EMP resonance, which depends on g,,, shows that, for
fractional states, the MIM-Im signal is expected to follow the order:
MIM-Im,_; < MIM-Im,__,/; < MIM-Im,__, 5. Screening from o,,, reflecting
the dielectric response of the sample, also follows this order. How-
ever, the experimental results show MIM-Im,_; < MIM-Im,__,; = MIM-
Im,__55, suggesting contributions beyond these two factors. Thisimplies
theinsufficiency of the single-edge picture or the composite nature of
the fractional edge modes. Because our edge is a physical edge, there
would be stronginter-channelinteractions and scatterings present***,
An applicable model would be the Kane, Fisher and Polchinski (KFP)
picture*. Using the —2/3 state as an example, the KFP model describes
the edge as consisting of adownstream charge channel (conductance
(2/3) €%/h) and an upstream neutral mode (zero net electric current).
It explains the absence of incompressible stripe sensed by MIM at the
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Fig.3|Imagingfractional edge states. a, Real-space maps of the imaginary
microwave response at different fillings, showing bulk-edge signal contrast
being developed near fillingv=-2/3and v=-3/5.Scale bar,1 pm.b, Linecuts of
MIM-Imsignal averaged over 0.3 pmwidtharound the dashed whitelineina
(inregion1), ataseries of different filling factors between -0.661and -0.713.
¢, Linecuts of MIM-Im signal traversing theedge at v=-3/5,-2/3and -1, averaged

edge (with approximately 100 nm spatial resolution), but further details
require exploration (see Methods).

The homogeneity of the device (Extended Data Fig. 5), combined
with the larger thermodynamic gap of the fractional states in t-MoTe,
(ref. 47), facilitates the imaging of bulk-edge correspondence. Besides,
we observed adjacent domains of different FCl states. Figure 3d pre-
sents the MIM-Im signal versus gate voltage from two regions (dashed
squaresin Fig.3a). Owingto the differencesin gating efficiency in these
two regions (Methods and Extended Data Figs. 1,4 and 5), the -3/5
FClstate in regime 1 coexists with the —2/3 state in regime 2. The MIM
signal in the interface region indicates a strongly scattered interface
state. Future designs, such as split top gates, could enable independ-
ent control over these FCl states, facilitating the study of topologi-
cally protected one-dimensionalinterfaces formed between different
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(1]

MIM-Im (a.u.)

-0.627 -0.618 d

MIM-Im (a.u.)

MIM-Im (a.u.)

V, (V)

over 0.5 pmwidth. Original datain Extended DataFig. 5. d, MIM-Im signal
versus l7g = Vpg+ Cig/CugVig (Where C and Gy are the geometric capacitance)
attworepresentative locationsinthe tworegions of thesampleat T=1.5K,
showingthe coexistence of the two FClstatesatv=-3/5andv=-2/3.a.u.,
arbitrary units.

anyonic orders*® at zero magnetic field. These possibilities include
the edge-state scattering/coupling between Halperin and Laugh-
lin states, studying topological entanglement entropy of gapped
one-dimensional states, creation of new anyonic states and future
anyonic braiding operations®.

Edge Evolution in Topological Transitions

Finally, we study the evolution of edge states during topological
phase transitions induced by an out-of-plane electric field. Figure 4a
shows the MIM-Im signal versus electric field of the v=-3/5 (red) and
-2/3 (orange) FCl states and -1 (purple) QAH state. The MIM signal is
suppressed at both low and high|D/e,|butis pronounced in the inter-
mediate regime. As previously discussed, this suggests a consecutive
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Fig.4|Edge-state evolutionacrosselectric-field-induced topological
phase transition.a, MIM-Im signal as a function of D /e, at T=1.5K.Red,
orange and purple curves plotted with vertical offsets correspond to the filling
factors-3/5,-2/3 and -1states, respectively. b, Real-space maps of MIM-Im at

topological phase transition from the Cherninsulator state to ametal-
lic state and eventually to a correlated insulating state as |D/e,|
increases from zero to a large value. Figure 4b depicts the MIM-Im
image at selected electric fields for the -2/3 FCl state (Extended Data
Fig. 7). At high electric fields, the systemiis in a correlated insulating
state, resultingina dim overall MIM-Im image. At the phase-transition
boundary, the image brightens, reflecting the system entering ametal-
lic state as the gap closes. Near|D/e,| = 0, t-MoTe, is in the FCl state
withadarksignalinthe bulkand bright edges. The strong contrast of
the edges at the FCl and the trivial insulating state confirms that the
observed edge state for the FCI results from bulk-boundary corre-
spondence and not trivial charge accumulation at the edges. Mean-
while, the distinction of non-trivial edges is evident for the -1 QAH
state asexpected (Extended DataFig. 8). On the other hand, as shown
inExtended DataFig. 9, the -1/2 state at1.5 K experiences a transition
from a compressible state (or a weakly compressible state at certain
spots) atsmall|D/e,|to anincompressible state at large|D/e|.

Summary

Using ER-MIM with amonolayer WS, top gate, we realize the first MIM
measurements of dual-gated devices at zero magnetic field. This
experimental breakthrough enables the visualization of both QAH and
FClstatesint-MoTe,, characterized by aninsulating bulk and metallic
edge, providing direct testing of the bulk-edge correspondencein the
fractional quantum Hall effect. This conclusion s further substanti-
ated by the distinction of scanning images across the topological
phase transition tuned by electrical field. The comparative studies
of the edge states between fractional and integer states, as well as
among the various fractional states, suggest the composite nature
of the FCI edge states. The results also reveal rich phenomena hid-
denintransport measurements owing to disorder, including nearby
regions of distinct fractional orders and subtle fractional states. These
observations suggest exciting future directions for the fractional
quantum anomalous Hall effect with a highly controllable material
platform.
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different displacement fields at v=-2/3filling factor, showing bulk-edge signal
contrastbeing developed during the formation of the FCl state at small|D/e,)|.
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Methods

Sample fabrication

Single crystals of 2H-MoTe, were grown by Te self-flux. H, annealed
Mo powder and Te lumps were first mixed at molar ratio near 1:200
and sealed in a quartz tube in vacuum. The tube was then placed ina
muffle box furnace, which was heated up to 750 °C and slowly cooled
to 500 °C at arate of 1K per hour. Finally, the crystals were separated
from the flux and annealed in vacuum at 500 °C for a day to further
remove the residual Te flux.

Full details of the sample fabrication procedure can be found in
Extended DataFig.1. hBN and graphite flakes were exfoliated on Si/SiO,
substrates and characterized using contrast-enhanced optical micros-
copy and AFM. First, the bottom gate structure was fabricated using
astandard poly-(bisphenol A) carbonate-based dry transfer process.
AhBNbottomgate dielectric was picked up, successively followed by a
graphite bottomgate electrode and melted down onanintrinsicsilicon
substrate. The polycarbonate was washed off using chloroform and
dichloromethane. The bottom gate was prepatterned using standard
electron-beam lithography and Ti/Pt (2/5 nm) electrodes and Cr/Au
(5/60 nm) conductive pads were deposited with electron-beam evapora-
tion. Next, a monolayer MoTe, flake was exfoliated onto a silicon sub-
strate inside a glovebox with O, and H,0 levels less than 0.1 ppm. The
monolayer flake was cut in half using an AFM tip before the transfer to
minimize strain. The t-MoTe, heterostructure was created by pickingup
partofthe monolayer with ahBN top gate dielectric, rotating the trans-
fer stage by a desired angle and picking up the remaining flake, before
melting down ontothe prepatterned bottomgate. Subsequently, further
lithography and metal evaporation (Ti/Pt and Cr/Au) was performed
to create electrodes and pads for the top gate. Finally, amonolayer
WS, top gate was picked up and melted down on the stack to complete
the dual-gated heterostructure. Contact-mode AFM was used to clean
the surface between every step of the process to ensure the absence
of polymer residue and bubbles. During the final step of cleaning, the
AFM tip created a narrow channel within the monolayer WS, top gate
that allows the formation of different Chern insulator domains.

Estimation of filling factor based on doping density

The carrier density fiand electric field D on the sample were calculated
from the top gate voltage V,, and bottom gate voltage V,,, using
the equations A= (V,,C, + Vp Cog/e ~ Aigree AN D/eg= (VieCip= VigCog)/
20— Dogreec/ €0, inWhich eis the electron charge, €, is the vacuum permit-
tivity and C, and C,, are the top and bottom gate geometric capaci-
tances, respectively. The capacitances were determined from the gate
thickness measured by AFM. D .., was inferred from the dual-gate
map at the probe location. The sequence of fractional fillings with
prominent features in the dual-gate MIM-Im map (Fig. 1b) was used to
identify the moiré filling factor.

MIM measurements

MIM measurements were performed in a 3-He cryostat withal12 T
superconducting magnet and homebuilt scanning setup. The MIM
probe, an etched tungsten wire, was attached to a quartz tuning fork
for topographic sensing and scans were taken with the tip held approxi-
mately 40 nm above the surface of the sample. MIM measures changes
in admittance between the tip and the sample at GHz frequencies,
which canberelated to changesinlocal conductivity and permittivity
inthe sample (see Extended Data Fig. 2b for details). The input power
isabout 0.2 pW. The measurements reported here were carried out at
6.5 GHz at zero magnetic field. The optical coupling for ER-MIM was
realized with a supercontinuum laser (NKT Photonics, FIU-20) that is
fibre-coupled into a helium-3 cryostat. The wavelength was selected
with a monochromator (Princeton Instruments, Acton SP2300),
with alinewidth of around 0.5 nm. The laser power at the end of the
100-pum-diameter multimode fibre was approximately 0.1-1.0 mW

throughout the measurements, with the spot radius at the end of
the tip being around 0.8 mm. Extended Data Figs. 3-5 were taken in
the second cooldown of the device, whereas all other data presented
were taken in the first cooldown.

Finite-element simulation of the MIM response
Finite-elementanalysis of the MIM response to two-dimensional sheet
conductance is shown in Extended Data Fig. 2. The tip radius is cho-
sen to be 50 nm and the SiO, layer thickness 300 nm with kg, = 3.9.
The MIM-Imresponse curve as afunction of the sheet conductance of
O.mote2 1S Simulated. Simulations both with and without the gates were
conducted and they differ by a scaling factor, so the simulation result
isshownin arbitrary units.

Ahighly conductive state maximizes microwave screening, resulting
in the largest MIM-Im signal in this reflection geometry, whereas an
insulating state minimizes screening. In the case of our device, the WS,
top gate layer partially screens microwave, which affects the MIM-Im
signal contrast. Nonetheless, changes in the MIM-Im signal correlate
with conductivity (screening capability) variations in the t-MoTe,.

Within a more accurate theoretical framework*, the MIM signal
generation process is shown in Extended Data Fig. 2c. The tip has a
time-varying carrier density owing to the externally applied microwave
field, whichgenerates anelectrical potential at the sample. This electri-
cal potential §V,, givesrise to asample carrier density change 6n,, with
the carrier response function x. én, in turn generates a §V, at the tip.
The MIM signal measures the tip-sample admittance Y, which captures
this process oflong-range Coulombinteraction betweenthetip and the
sample and provides a measure of y. When tip momentum g - O, the
physical quantity being measured is the compressibility on/ou.

Analysis of the EMP modes measured by MIM
Edge width. Following the discussionin ref. !, in analysing the forma-
tion of EMPs, we consider the quantization of momentum k = 2nin/P,
with nbeing aninteger, owing to the finite sample perimeter P (or edge
length). Our MIM operating frequency 6.5 GHz is well below the first
EMP resonance, wg, (211/P), as the sample size is extremely small.
Consequently, the dominant contribution to the MIM response
comes from the first EMP resonance frequency wgy,(kw), with mag-
nitude determined by 1/(w — wgyp). The tip-sample admittance MIM
measures V.~ log%,,r = -log?2mr/P. Therefore, it predicts that, if at
different fractional fillings the only difference among their EMP modes
isthe propagation velocity, while the width of MIM-Im decay from the
edge wouldbe similar. The line profiles of MIM-Im at different fractional
fillings can be considered to have the functional form blog*(ar) + ¢
(inwhich a, b and c are parameters) and 1/a characterizes the edge
width (although, to be more accurate, a convolution of tip resolution
should be added; however, because the curves are measured under
similar conditions, this does not change the qualitative result). Figure 3¢
shows that, for all three integer/fractional states, v=-1,-2/3and -3/5,
the edge width is similar.

Edge signal amplitude. The EMP resonance frequency is given by:

ce? 1
hwgyp = hvg + mqlog (a) oy

inwhichvisthe edge velocity, /isthe localization length, Cisthe Chern
number of the Chern band and q is the one-dimensional momentum
along the edge. The MIM-Im signal, as determined by ImY,, reads:

- ky,  hw-hogpk,)
21 (ho - hwgyp(k,))’ + €2

(#)]

ImY

inwhich w is the excitation frequency, wgyp(k,) is the resonance fre-
quency and € = g,, characterizes the dissipation*.,



EMP resonancerelated to g,,. Because the MIM frequency we are using
® = 6.5 GHz and the sample size is on the micrometre scale, w is well
below the first EMP resonance. In this limit of w < wg,»(211/P), the bulk
dissipation term € does not greatly affect the signal. The edge signal
ismainly determined by 1/w,,,. Comparing the wgy, of v=-1,-2/3 and
-3/5 states and assuming that the quasiparticle charge of the fractional
states follows the conductivity o,, measurement, the expected order is
Wempy=-3/5 < Dpmpy=-2/3 < Wempa-1- CONsequently, the MIM-Im signal would
follow MIM-Im,_; < MIM-Im,__,/; < MIM-Im,__ys.
Screeningfromnon-vanishingo,,.BeyondEMPresonances,theMIM-Im
signal measured at the edge reflects the screening capability of the
sample (dielectric response), influenced by thermal excitation and
density fluctuation. This is consistent with the bulk MIM-Im signal,
favouring MIM-Im,__; < MIM-Im,__,;; < MIM-Im,__5s.

Interaction and scattering between edges. Both the EMP reso-
nance and dielectric screening predict MIM-Im,__; < MIM-Im,__,
<MIM-Im,__5s. However, the experimental result shows MIM-Im,__;
<MIM-Im,__,; = MIM-Im,__,s. This discrepancy implies that the model
of a single-edge EMP mode for each fractional state is insufficient.
However, if the downstream 2e?/3h edge is formed by renormalization
of downstream e’/h and upstream e?/3h channels, as predicted by the
KFP model, the EMP response, and hence MIM-Im signal, would devi-
ate fromthat calculated for asingle-mode EMP mode. The data hence
provide insights into the composite nature of the edge modes. The
prediction of the KFP model having only one charge channel also aligns
with our findings that no extra edge mode or incompressible stripe®
is detected beyond the tip resolution of approximately 100 nm. For
future experiments, a gate-defined edge can be measured to explore
the edge reconstruction in the limit of a smoothly varying confining
potential***°. This could help address questions on the fine edge-state
structures® >,
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Extended DataFig.1|Device-fabrication procedure. Each rowindicates
the device schematic, opticalimage and AFM image starting from the top.

a, hBN/graphite bottom gate with prepatterned platinum (Pt) electrodes.

b, AhBN/t-MoTe, stackis laid down on the bottom gate. Inset, optical image of
1L MoTe,flake thatis cutin halfusingan AFMtip.c, Ptelectrodes are patterned
ontop.d, A1L WS, flakeislaid downtoserve asatop gate. Inset, opticalimage

of ILWS, flake. The white arrow indicates the tear within the IL WS, top gate
that defines domain1(left) and domain 2 (right). The interface regionis only
back-gated (when fringe field is not considered), whereasregions1and 2 are
dual-gated. Scale barsin the opticalimages and AFM images are 10 pm and

2 pum, respectively.
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Extended DataFig.2|MIM measurementdetails. a, Tipand sample device
geometry and finite-element calculations of the quasi-static potential
distribution (V). The colour plotis [V/V,;,|, withc=10"2S sq.b, Finite-element
simulation result of the MIM-Im response curve as a function of the two-
dimensional conductivity of the t-MoTe, sample. The inset diagramillustrates
thelumped element model used to describe the system, inwhich C.,represents
the tip-sample coupling capacitance and R;and C, are the resistor and
capacitor used to model the sample. Qualitatively, the MIM-Im signal indicates
the extent of microwave screening by the sample. A highly conductive sample
maximizes microwave screening, resultingin the largest MIM-Im signalin
thisreflection geometry, whereas aninsulating sample minimizes screening.

In this context, without loss of generality, we have chosen to focus solely on the
MIM-Im channel because the MIM-Re response curve has asubstantially poorer
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signal-to-noise ratioin our measurements'. ¢, Schematic showing the physical
origin of the MIM signal*. The tip has a time-varying carrier density resulting
fromthe externally applied microwave field, which generates an electrical
potential atthesample. This electrical potential §V,, givesrise to asample
carrier density change 6n,, with the carrier response function y. én,, inturn,
generates a6V, atthe tip. The MIM signal comes from the admittance Y
measured at the tip, which captures this process of long-range Coulomb
interaction between the tip and the sample and provides a measure of y. When
tipmomentum g - O or the tip-sample distance s large, the physical quantity
being measured is dn/ou.d, Top, MIM-lmimage measured at V,,,=-7 Vand
Vig=-2.35V.Thetip-sample distanceisaround 40 nm. Bottom, two MIM-Im
line profiles showing that the measurement canresolve features with a full
width at half maximum of approximately 100 nm.
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Extended DataFig.3|Thelocal probe of correlatedinsulatingstatesin the
lower filling regime. MIM-Im signal versus fi and D /e, inregion 1 of the sample
at T=1.5K, showingaseries of correlated insulating states at low fillings.
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Extended DataFig.4 |Local probe of bulk FCIstatesintworegions of the
sample.a,b, The MIM-Imsignal as afunction of back gate voltage (V,,) and top
gatevoltage (V,,) at1.5Kinregion1(a)andregion2 (b). Thelinesdrawninaand
bareatthe samelocations. The white lines denote the v=-1line forregion1.
Theblacklinesindicate the v=-2/3and D=0 voltage combinationsinregion 2,

Vg (V)

which, asshownina, correspond tothe v=-3/5fillinginregionl.c, The AFM
image of the sample, showing the edges of the sample. Scale bar,1 pm. The
location of datataken foraand b are marked asawhite star and ayellow star,
respectively. Thelocation of data taken for Fig. 3d representative of the two
regions are marked as two black stars.
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Extended DataFig. 5| Spatial homogeneity and details of the two regions
(inthe second cooldown of the device). a, The MIM-Im spatial map taken with
Vig=-1.582Vand V,,=-4.25V. Thecircles with different colours represent
locations at whichspectradiscussedinbwere taken. The two dashed white
boxes denote the two regions. In this second cooldown, the homogeneity of
theexposed top gate layer has deteriorated and hence therelationships of the
filling factor and dual-gate voltage in the two regions (gating efficiencies) have
discrepancies fromthe first cooldown. b, Histograms showing the distribution
of Vygof v=-landv=-2/3 dipsinthe tworegions.c, Schematic of the cross-
section of the device. Theinterface regionis only back-gated, soitis
compressiblewhenregionlandregion2approachv=-1(asshowninthephase
diagramin Fig.1b).d, Three representative MIM-Im plots measured atregion1,
region2andtheinterface. The black arrows denote V. values at which the
MIM-Imsignal attheinterfaceis affected by the formation ofincompressible
topological states with different fillings inregions1and 2. The MIM-Im signal
enhancementindicates the formation of astrongly scattered interface state,
coexisting with the metallic state.
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Extended DataFig. 6 | Real-space maps of MIM-Im response for edge signal
comparison. Real-space maps of the MIM-Im response at different fillings
measured atv=-1,-2/3and -3/5for edge signal comparison. Scalebar,1 pm.
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Extended DataFig.7|Real-space maps of MIM-Imresponse at different displacement fieldsat v = —2/3filling. Real-space maps of the MIM-Im at different

displacement fields at v=-2/3filling factor, showing the topological phase transition measured at T=1.5K. Scale bar, 1 pm.
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Extended DataFig. 8| Real-space maps of MIM-Im response at different state at larger displacement fields measured at T=1.5K. The phase coexistence
displacement fields at v=-1filling. Real-space maps of the MIM-Im at atthe phaseboundaryis observed as the spatially inhomogeneous MIM-Im

different displacement fields at v=-1filling factor, presenting the transition signal at certain displacement fields. Scale bar,1 pm.
from QAH state at small displacement field, to metallic, then to trivial insulating
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Extended DataFig. 9 |Real-space maps of MIM-Imresponse at different displacement fields at v=-1/2filling. Real-space maps of the MIM-Im at different

displacement fieldsatv=-1/2filling factor measured at T=1.5K.Scale bar,1 um.
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