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Local probe of bulk and edge states in a 
fractional Chern insulator

Zhurun Ji1,2,3,9, Heonjoon Park4,9, Mark E. Barber1,2,3, Chaowei Hu4, Kenji Watanabe5,6, 
Takashi Taniguchi5,6, Jiun-Haw Chu4, Xiaodong Xu4,7 ✉ & Zhi-Xun Shen1,2,3,8 ✉

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 Chern insulator (FCI). 
Despite this, the bulk–edge correspondence—a hallmark of a FCI 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 FCI edge states in twisted 
MoTe2 (t-MoTe2) using microwave impedance microscopy1. By tuning the carrier 
density, we observe the system evolving between metallic and FCI 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 a function of interlayer electric field and reveal exciting prospects of 
neighbouring domains with different fractional orders. These findings pave the way 
for research into 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–
Laughlin interfaces 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 charge2–6. Although charge sensing7–9, shot noise10,11 and scanning 
gate microscopy12 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 properties13 and 
could also substantially enhance our ability to manipulate edge-state 
conduction for potential applications in anyonic braiding and topo-
logical quantum computing14. Previously, measurement of magneto-
plasmon resonances provided information of the FQH edge states15. 
Recently, there has been imaging of in-gap unidirectional edge modes 
in synthetic quantum systems16–19. 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 conductivity1 suitable for this purpose. MIM has been suc-
cessfully used to image edge states in several topological systems, 
including quantum Hall20,21 (among other methods22,23), quantum 
spin Hall insulator24 and quantum anomalous Hall (QAH) insula-
tors25. 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.

The recent breakthrough in the realization of the fractional quan-
tum anomalous Hall effect26–30 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 1 K. For instance, nearly quantized Hall resistance (Rxy) with 
strongly suppressed longitudinal resistance (Rxx) are observed for 
the −2/3 FCI states at as high as 2 K in t-MoTe2 bilayer28. These features 
make the zero-field FCI 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 
transport studies, Rxx is suppressed but remains finite, which is probably 
from the disorder of the material platform, for example, moiré disor-
der31. Topological phase transitions have been inferred from transport 
measurements28,29 but are not fully understood. Further, the formation 
and spatial characteristics of the fractional edge states require a local 
probe to explore. We address these questions by a scanning MIM probe 
with sub-100 nm spatial resolution.
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Experimental technique
We introduce the exciton-resonant MIM (ER-MIM) technique for 
sensing dual-gated t-MoTe2 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 
of the 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 a metallic scanning probe (tip)1,32–34, 
and optical access. The device consists of a t-MoTe2 homobilayer with 
a 3.2° twist, encapsulated within hexagonal boron nitride (hBN) layers 
and graphite as a bottom gate. For the top gate, we chose a tungsten 
disulfide (WS2) monolayer. Optical illumination of the entire sample 
near a photon energy resonant with the WS2 A exciton (about 2.2 eV) 
induces the optical gating and photoconductive effect (details in 
ref. 35), allowing the monolayer WS2 to function as a tunable gate with-
out screening microwaves from reaching the sample layer. As shown in 
Fig. 1a, a narrow channel was etched into the WS2 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 FCI states
The local probing capability of MIM allows us to explore the bulk prop-
erties of FCIs without edge effects, a challenging task for other meth-
ods. Figure 1b shows the MIM-Im intensity as a function of carrier 
density (n~) and interlayer electric field (D ϵ~ / 0) that serves to tune the 
layer polarization of the moiré orbitals. Here n~ and D~ are calculated 
using the geometric capacitance model (details in Methods). The data 
are taken at 1.5 K in region 1, indicated by the white star in Fig. 2a. The 
chosen colour scheme uses dark for insulating states and bright for 
conductive states, revealing a rich landscape of electronic phases. Near 
D ϵ~ / = 00 , at which the system assumes a honeycomb lattice, there are 
three prominent doping regimes with insulating behaviour, centred 
at filling factors (ν) −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 ϵ~ / 0 , the 

charge carriers are fully polarized to a single layer forming a triangular 
lattice, and the system enters an insulating phase as seen from the dark 
line at commensurate fillings of ν = −1 and 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 ϵ~ / 0∣ ∣.

The MIM phase diagram of the bulk state presents a close resem-
blance to the Chern insulator phase diagram derived from longitudi-
nal resistance (Rxx) measurements in transport studies. As detailed in 
ref. 28, a pronounced suppression of Rxx is observed in the QAH state 
near ν = −1 and the FCI state near ν = −2/3. This suppression is attributed 
to quantized edge-state transport, indicating insulating bulk states—
a finding corroborated by our ER-MIM measurements. A finite but 
reduced Rxx near ν = −1/2 aligns with the metallic response detected by 
means of MIM around this filling, which is linked to putative composite 
Fermi liquid states36,37. The application of a perpendicular electric field 
at ν = −1, −2/3 and −1/2 induces a marked increase in Rxx, suggesting the 
emergence of either Mott or generalized Wigner crystal states38–40 
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 a function of filling factor under 
zero displacement field at 1.5 K (orange) and 500 mK (blue). Distinct 
dips in conductivity are revealed at filling factors of −1, −2/3 and −3/5, 
indicating clearer FCI 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 FCI states. Further-
more, a subtle but appreciable conductivity dip at ν = −1/2 is 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 Chern insulator edge 
states. Figure 2a shows spatial maps of MIM-Im at selected filling fac-
tors, from −1.28 to −0.73. The white arrow in Fig. 2b indicates the param-
eter space for the panels in Fig. 2a, defined at a specific location in 
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Fig. 1 | Local probe of bulk FCI states. a, Schematic of the ER-MIM setup and 
the t-MoTe2 device. The dual-gated device has a monolayer (1L) WS2 top gate 
(Vtg) and a graphite (Gr) bottom gate (Vbg). The sample is divided into dual-gated 
region 1 (left), region 2 (right) and a middle region, without a top gate. b, The 
MIM-Im signal as a function of displacement field (D ϵ~ / 0) and carrier density (n∼) 
(calculated using geometric capacitance models, in region 1) at 1.5 K. The filling 

factor (ν) is shown on the top axis (see Methods). The location of this 
measurement is shown in Fig. 2a. c, MIM-Im signal versus filling factor ν at 
T = 1.5 K (top, orange curve), zero displacement field and T = 500 mK (bottom, 
blue curve). The suppression of the signal at several filling factors indicates the 
bulk insulating properties of Jain sequence FCI states. a.u., arbitrary units.
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region 1 (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-MoTe2 
region (Extended Data Fig. 1). Starting at ν = −1.28, the entire sample 
area exhibits a large MIM-Im signal, indicating a metallic phase. As |ν| 
decreases, the bulk signal diminishes. At ν = −1, the bulk is dark and the 
edges light up, consistent with a QAH state, that is, insulating in the 
bulk and conducting at the edge25. Further reducing the doping returns 
t-MoTe2 to a metallic state. A similar behaviour can be seen in region 2. 
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 ν approaches 
−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  
diameter41.

Imaging fractional edge states
Figure 3a shows MIM-Im spatial maps of the sample at carrier densities 
when the moiré Chern band is fractionally filled (along the dashed blue 
arrow in Fig. 2b). t-MoTe2 becomes metallic when slightly under-doped 
from the QAH state, as shown by the strong MIM-Im signal over the 
entire sample area. Remarkably, as ν approaches the −2/3 filling, the 

map shows a dark bulk contrasted by bright edges, indicating that the 
corresponding −2/3 FCI state is insulating in the bulk and conductive 
at the edge. This pattern of edge conduction with an insulating bulk is 
also observed for the −3/5 FCI state. Figure 3b illustrates the evolution 
of the edge linecut signal as ν shifts from −0.71 (black curve) to the −2/3 
FCI state (orange curve). Consistent with theoretical predictions42,43, 
this trend closely mirrors that of the QAH state. As ν approaches the 
−2/3 filling, the bulk becomes insulating and the edge conduction 
becomes pronounced.

We also compare the edge-state signals between the FCI and QAH 
states. As depicted in Fig. 3c, the black, purple and orange curves rep-
resent the MIM-Im measurements at ν = −1, −2/3 and −3/5 respectively, 
under the same conditions (see Extended Data Fig. 6 for spatial maps). 
The data reveal that the width of the FCI 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 number41. 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 σxy, shows that, for 
fractional states, the MIM-Im signal is expected to follow the order: 
MIM-Imν=−1 < MIM-Imν=−2/3 < MIM-Imν=−3/5. Screening from σxx, reflecting 
the dielectric response of the sample, also follows this order. How-
ever, the experimental results show MIM-Imν=−1 < MIM-Imν=−2/3 ≈ MIM- 
Imν=−3/5, suggesting contributions beyond these two factors. This implies 
the insufficiency of the single-edge picture or the composite nature of 
the fractional edge modes. Because our edge is a physical edge, there 
would be strong inter-channel interactions and scatterings present44,45. 
An applicable model would be the Kane, Fisher and Polchinski (KFP) 
picture46. Using the −2/3 state as an example, the KFP model describes 
the edge as consisting of a downstream charge channel (conductance 
(2/3) e2/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. 2 | Imaging QAH edge states. a, First panel: AFM image of the sample, 
showing the edges and interfaces (grey and green dashed lines, respectively) 
and the scanning region (black rectangle). Scale bar, 1 µm. Other panels: 
real-space maps of the imaginary microwave response (MIM-Im) at different 
fillings, showing bulk–edge signal contrast being developed near filling ν = −1. 
Scale bar, 1 µm. b, The MIM-Im signal as a function of displacement field (D ϵ~ / 0) 
and carrier density (n~) at 1.5 K, measured at the location denoted by the white 

star in a. The filling factor (ν) is shown on the top axis. The dashed white arrow 
denotes the electric field–carrier density conditions for obtaining the images 
in a and the dashed blue arrow denotes the electric field–carrier density 
conditions for obtaining the images in Fig. 3a. c, Linecuts averaged over 0.7 µm 
width around the dashed white line in a of MIM-Im signals (with vertical offsets) 
at different filling factors traversing the physical edge. a.u., arbitrary units.
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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-MoTe2 
(ref. 47), facilitates the imaging of bulk–edge correspondence. Besides, 
we observed adjacent domains of different FCI states. Figure 3d pre-
sents the MIM-Im signal versus gate voltage from two regions (dashed 
squares in Fig. 3a). Owing to the differences in gating efficiency in these 
two regions (Methods and Extended Data Figs. 1, 4 and 5), the −3/5 
FCI state 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 FCI states, facilitating the study of topologi-
cally protected one-dimensional interfaces formed between different 

anyonic orders48 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 operations49.

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 ν = −3/5 (red) and 
−2/3 (orange) FCI states and −1 (purple) QAH state. The MIM signal is 
suppressed at both low and high ∣ ∣D ϵ~ / 0  but is pronounced in the inter-
mediate regime. As previously discussed, this suggests a consecutive 
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topological phase transition from the Chern insulator state to a metal-
lic state and eventually to a correlated insulating state as |D/ϵ0| 
increases from zero to a large value. Figure 4b depicts the MIM-Im 
image at selected electric fields for the −2/3 FCI state (Extended Data 
Fig. 7). At high electric fields, the system is in a correlated insulating 
state, resulting in a dim overall MIM-Im image. At the phase-transition 
boundary, the image brightens, reflecting the system entering a metal-
lic state as the gap closes. Near ∣ ∣D ϵ~ / = 00 , t-MoTe2 is in the FCI state 
with a dark signal in the bulk and bright edges. The strong contrast of 
the edges at the FCI 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 as expected (Extended Data Fig. 8). On the other hand, as shown 
in Extended Data Fig. 9, the −1/2 state at 1.5 K experiences a transition 
from a compressible state (or a weakly compressible state at certain 
spots) at small D ϵ~ / 0∣ ∣ to an incompressible state at large D ϵ~ / 0∣ ∣.

Summary
Using ER-MIM with a monolayer WS2 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 
FCI states in t-MoTe2, characterized by an insulating bulk and metallic 
edge, providing direct testing of the bulk–edge correspondence in the 
fractional quantum Hall effect. This conclusion is 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-
den in transport 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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Methods

Sample fabrication
Single crystals of 2H-MoTe2 were grown by Te self-flux. H2 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 in a 
muffle box furnace, which was heated up to 750 °C and slowly cooled 
to 500 °C at a rate of 1 K 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 Data Fig. 1. hBN and graphite flakes were exfoliated on Si/SiO2 
substrates and characterized using contrast-enhanced optical micros-
copy and AFM. First, the bottom gate structure was fabricated using 
a standard poly-(bisphenol A) carbonate-based dry transfer process.  
A hBN bottom gate dielectric was picked up, successively followed by a 
graphite bottom gate electrode and melted down on an intrinsic silicon 
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 MoTe2 flake was exfoliated onto a silicon sub-
strate inside a glovebox with O2 and H2O 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-MoTe2 heterostructure was created by picking up 
part of the monolayer with a hBN top gate dielectric, rotating the trans-
fer stage by a desired angle and picking up the remaining flake, before 
melting down onto the prepatterned bottom gate. Subsequently, further 
lithography and metal evaporation (Ti/Pt and Cr/Au) was performed 
to create electrodes and pads for the top gate. Finally, a monolayer 
WS2 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 WS2 top gate 
that allows the formation of different Chern insulator domains.

Estimation of filling factor based on doping density
The carrier density n~ and electric field D~ on the sample were calculated 
from the top gate voltage Vtg and bottom gate voltage Vbg using  
the equations n V C V C e n˜ = ( + )/ − ˜tg tg bg bg offset  and D ϵ V C V C˜/ = ( − )/0 tg tg bg bg

ϵ D ϵ2 − ˜ /0 offset 0, in which e is the electron charge, ϵ0 is the vacuum permit-
tivity and Ctg and Cbg are the top and bottom gate geometric capaci-
tances, respectively. The capacitances were determined from the gate 
thickness measured by AFM. D~offset 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 with a 12 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 can be related to changes in local conductivity and permittivity 
in the sample (see Extended Data Fig. 2b for details). The input power 
is about 0.2 µW. 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 a linewidth of around 0.5 nm. The laser power at the end of the 
100-µm-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-element analysis 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 SiO2 layer thickness 300 nm with κSiO2 = 3.9. 
The MIM-Im response curve as a function of the sheet conductance of 
σt-MoTe2 is simulated. Simulations both with and without the gates were 
conducted and they differ by a scaling factor, so the simulation result 
is shown in arbitrary units.

A highly 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 WS2 
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-MoTe2.

Within a more accurate theoretical framework41, 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, which generates an electrical potential at the sample. This electri-
cal potential δVs, gives rise to a sample carrier density change δns, with 
the carrier response function χ. δns in turn generates a δVt at the tip. 
The MIM signal measures the tip–sample admittance Y, which captures 
this process of long-range Coulomb interaction between the tip and the  
sample and provides a measure of χ. When tip momentum q → 0, the 
physical quantity being measured is the compressibility ∂n/∂µ.

Analysis of the EMP modes measured by MIM
Edge width. Following the discussion in ref. 41, in analysing the forma-
tion of EMPs, we consider the quantization of momentum k = 2πn/P, 
with n being an integer, owing to the finite sample perimeter P (or edge 
length). Our MIM operating frequency 6.5 GHz is well below the first 
EMP resonance, ωEMP (2π/P), as the sample size is extremely small.

Consequently, the dominant contribution to the MIM response 
comes from the first EMP resonance frequency ωEMP(kω), with mag-
nitude determined by 1/(ω − ωEMP). The tip–sample admittance MIM 
measures Vt-s ≈ log2kω1r ≈ −log22πr/P. Therefore, it predicts that, if at 
different fractional fillings the only difference among their EMP modes 
is the propagation velocity, while the width of MIM-Im decay from the 
edge would be similar. The line profiles of MIM-Im at different fractional 
fillings can be considered to have the functional form blog2(ar) + c  
(in which 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 3c 
shows that, for all three integer/fractional states, ν = −1, −2/3 and −3/5, 
the edge width is similar.

Edge signal amplitude. The EMP resonance frequency is given by:
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in which v is the edge velocity, l is the localization length, C is the Chern 
number of the Chern band and q is the one-dimensional momentum 
along the edge. The MIM-Im signal, as determined by ImYts, reads:
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in which ω is the excitation frequency, ωEMP(kω) is the resonance fre-
quency and ϵ ≈ σxx characterizes the dissipation41.



EMP resonance related to σxy. Because the MIM frequency we are using 
ω = 6.5 GHz and the sample size is on the micrometre scale, ω is well 
below the first EMP resonance. In this limit of ω ≪ ωEMP(2π/P), the bulk 
dissipation term ϵ does not greatly affect the signal. The edge signal 
is mainly determined by 1/ωEMP. Comparing the ωEMP of ν = −1, −2/3 and 
−3/5 states and assuming that the quasiparticle charge of the fractional 
states follows the conductivity σxy measurement, the expected order is 
ωEMP,ν=−3/5 < ωEMP,ν=−2/3 < ωEMP,ν=−1. Consequently, the MIM-Im signal would 
follow MIM-Imν=−1 < MIM-Imν=−2/3 < MIM-Imν=−3/5.
Screening from non-vanishing σxx. Beyond EMP resonances, the MIM-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-Imν=−1 < MIM-Imν=−2/3 < MIM-Imν=−3/5.
Interaction and scattering between edges. Both the EMP reso-
nance and dielectric screening predict MIM-Imν=−1 < MIM-Imν=−2/3  
< MIM-Imν=−3/5. However, the experimental result shows MIM-Imν=−1 
< MIM-Imν=−2/3 ≈ MIM-Imν=−3/5. This discrepancy implies that the model 
of a single-edge EMP mode for each fractional state is insufficient. 
However, if the downstream 2e2/3h edge is formed by renormalization 
of downstream e2/h and upstream e2/3h channels, as predicted by the 
KFP model, the EMP response, and hence MIM-Im signal, would devi-
ate from that calculated for a single-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 stripe20 
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 
potential43,50. This could help address questions on the fine edge-state 
structures51–54.
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Extended Data Fig. 1 | Device-fabrication procedure. Each row indicates  
the device schematic, optical image and AFM image starting from the top.  
a, hBN/graphite bottom gate with prepatterned platinum (Pt) electrodes.  
b, A hBN/t-MoTe2 stack is laid down on the bottom gate. Inset, optical image of 
1L MoTe2 flake that is cut in half using an AFM tip. c, Pt electrodes are patterned 
on top. d, A 1L WS2 flake is laid down to serve as a top gate. Inset, optical image 

of 1L WS2 flake. The white arrow indicates the tear within the 1L WS2 top gate 
that defines domain 1 (left) and domain 2 (right). The interface region is only 
back-gated (when fringe field is not considered), whereas regions 1 and 2 are 
dual-gated. Scale bars in the optical images and AFM images are 10 µm and 
2 µm, respectively.



Extended Data Fig. 2 | MIM measurement details. a, Tip and sample device 
geometry and finite-element calculations of the quasi-static potential 
distribution (V). The colour plot is |V/Vtip|, with σ = 10−12 S sq. b, Finite-element 
simulation result of the MIM-Im response curve as a function of the two- 
dimensional conductivity of the t-MoTe2 sample. The inset diagram illustrates 
the lumped element model used to describe the system, in which Ct-s represents 
the tip–sample coupling capacitance and Rs and Cs 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, resulting in the largest MIM-Im signal in  
this reflection geometry, whereas an insulating 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 a substantially poorer 

signal-to-noise ratio in our measurements1. c, Schematic showing the physical 
origin of the MIM signal41. The tip has a time-varying carrier density resulting 
from the externally applied microwave field, which generates an electrical 
potential at the sample. This electrical potential δVs, gives rise to a sample 
carrier density change δns, with the carrier response function χ. δns, in turn, 
generates a δVt at the 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 χ. When 
tip momentum q → 0 or the tip–sample distance is large, the physical quantity 
being measured is ∂n/∂µ. d, Top, MIM-Im image measured at Vbg = −7 V and 
Vtg = −2.35 V. The tip–sample distance is around 40 nm. Bottom, two MIM-Im 
line profiles showing that the measurement can resolve features with a full 
width at half maximum of approximately 100 nm.
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Extended Data Fig. 3 | The local probe of correlated insulating states in the 
lower filling regime. MIM-Im signal versus ∼n and D͠ ϵ/ 0 in region 1 of the sample 
at T = 1.5 K, showing a series of correlated insulating states at low fillings.



Extended Data Fig. 4 | Local probe of bulk FCI states in two regions of the 
sample. a,b, The MIM-Im signal as a function of back gate voltage (Vbg) and top 
gate voltage (Vtg) at 1.5 K in region 1 (a) and region 2 (b). The lines drawn in a and 
b are at the same locations. The white lines denote the ν = −1 line for region 1. 
The black lines indicate the ν = −2/3 and D~ = 0 voltage combinations in region 2, 

which, as shown in a, correspond to the ν = −3/5 filling in region 1. c, The AFM 
image of the sample, showing the edges of the sample. Scale bar, 1 µm. The 
location of data taken for a and b are marked as a white star and a yellow star, 
respectively. The location of data taken for Fig. 3d representative of the two 
regions are marked as two black stars.
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Extended Data Fig. 5 | Spatial homogeneity and details of the two regions 
(in the second cooldown of the device). a, The MIM-Im spatial map taken with 
Vtg = −1.582 V and Vbg = −4.25 V. The circles with different colours represent 
locations at which spectra discussed in b were taken. The two dashed white 
boxes denote the two regions. In this second cooldown, the homogeneity of 
the exposed top gate layer has deteriorated and hence the relationships of the 
filling factor and dual-gate voltage in the two regions (gating efficiencies) have 
discrepancies from the first cooldown. b, Histograms showing the distribution 
of Vbg of ν = −1 and ν = −2/3 dips in the two regions. c, Schematic of the cross- 
section of the device. The interface region is only back-gated, so it is 
compressible when region 1 and region 2 approach ν ≈ −1 (as shown in the phase 
diagram in Fig. 1b). d, Three representative MIM-Im plots measured at region 1, 
region 2 and the interface. The black arrows denote Vbg values at which the 
MIM-Im signal at the interface is affected by the formation of incompressible 
topological states with different fillings in regions 1 and 2. The MIM-Im signal 
enhancement indicates the formation of a strongly scattered interface state, 
coexisting with the metallic state.



Extended Data Fig. 6 | Real-space maps of MIM-Im response for edge signal 
comparison. Real-space maps of the MIM-Im response at different fillings 
measured at ν = −1, −2/3 and −3/5 for edge signal comparison. Scale bar, 1 µm.
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Extended Data Fig. 7 | Real-space maps of MIM-Im response at different displacement fields at ν = −2/3 filling. Real-space maps of the MIM-Im at different 
displacement fields at ν = −2/3 filling factor, showing the topological phase transition measured at T = 1.5 K. Scale bar, 1 µm.



Extended Data Fig. 8 | Real-space maps of MIM-Im response at different 
displacement fields at ν = −1 filling. Real-space maps of the MIM-Im at 
different displacement fields at ν = −1 filling factor, presenting the transition 
from QAH state at small displacement field, to metallic, then to trivial insulating 

state at larger displacement fields measured at T = 1.5 K. The phase coexistence 
at the phase boundary is observed as the spatially inhomogeneous MIM-Im 
signal at certain displacement fields. Scale bar, 1 µm.
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Extended Data Fig. 9 | Real-space maps of MIM-Im response at different displacement fields at ν = −1/2 filling. Real-space maps of the MIM-Im at different 
displacement fields at ν = −1/2 filling factor measured at T = 1.5 K. Scale bar, 1 µm.
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