
Quantum anomalous Hall effect from intertwined
moiré bands
Kin Fai Mak  (  kfaimak@gmail.com )

Cornell University https://orcid.org/0000-0002-5768-199X
Tingxin Li 

Cornell University
Shengwei Jiang 

Cornell University https://orcid.org/0000-0001-5213-0139
Bowen Shen 

Cornell University
Yang Zhang 

Massachusetts Institute of Technology https://orcid.org/0000-0003-4630-5056
Lizhong Li 

Cornell University
Trithep Devakul 

Massachusetts Institute of Technology
Kenji Watanabe 

National Institute for Materials Science https://orcid.org/0000-0003-3701-8119
Takashi Taniguchi 

National Institute for Materials Science, Tsukuba, Ibaraki https://orcid.org/0000-0002-1467-3105
Liang Fu 

Massachusetts Institute of Technology
Jie Shan 

Cornell University https://orcid.org/0000-0003-1270-9386

Physical Sciences - Article

Keywords: Electron Correlation, Nontrivial Band Topology, Topological Phase Transition, Bulk Charge Gap
Closure

Posted Date: July 12th, 2021

DOI: https://doi.org/10.21203/rs.3.rs-687478/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

https://doi.org/10.21203/rs.3.rs-687478/v1
mailto:kfaimak@gmail.com
https://orcid.org/0000-0002-5768-199X
https://orcid.org/0000-0001-5213-0139
https://orcid.org/0000-0003-4630-5056
https://orcid.org/0000-0003-3701-8119
https://orcid.org/0000-0002-1467-3105
https://orcid.org/0000-0003-1270-9386
https://doi.org/10.21203/rs.3.rs-687478/v1
https://creativecommons.org/licenses/by/4.0/


Version of Record: A version of this preprint was published at Nature on December 22nd, 2021. See the
published version at https://doi.org/10.1038/s41586-021-04171-1.

https://doi.org/10.1038/s41586-021-04171-1


 1 

Quantum anomalous Hall effect from intertwined moiré bands 

 
Tingxin Li1,2, Shengwei Jiang2,3, Bowen Shen1, Yang Zhang4, Lizhong Li1, Trithep 
Devakul4, Kenji Watanabe5, Takashi Taniguchi5, Liang Fu4, Jie Shan1,3,6*, Kin Fai 

Mak1,3,6* 
 

1School of Applied and Engineering Physics, Cornell University, Ithaca, NY, USA 
2Key Laboratory of Artificial Structures and Quantum Control (Ministry of Education), 

School of Physics and Astronomy, Shanghai Jiao Tong University, Shanghai, China 
3Laboratory of Atomic and Solid State Physics, Cornell University, Ithaca, NY, USA 

4Department of Physics, Massachusetts Institute of Technology, Cambridge, MA, USA 
5National Institute for Materials Science, 1-1 Namiki, 305-0044 Tsukuba, Japan 

6Kavli Institute at Cornell for Nanoscale Science, Ithaca, NY, USA 
 

Email: jie.shan@cornell.edu; kinfai.mak@cornell.edu  
These authors contributed equally: Tingxin Li, Shengwei Jiang, Bowen Shen, Yang 

Zhang. 
 
Electron correlation and topology are two central threads of modern condensed 

matter physics. Semiconductor moiré materials provide a highly tunable platform 

for studies of electron correlation 1-12. Correlation-driven phenomena, including the 

Mott insulator 2-5, generalized Wigner crystals 2, 6, 9, stripe phases 10 and continuous 

Mott transition 11, 12, have been demonstrated. However, nontrivial band topology 

has remained elusive. Here we report the observation of a quantum anomalous Hall 

(QAH) effect in AB-stacked MoTe2/WSe2 moiré heterobilayers. Unlike in the AA-

stacked structures 11, an out-of-plane electric field controls not only the bandwidth 

but also the band topology by intertwining moiré bands centered at different high-

symmetry stacking sites. At half band filling, corresponding to one particle per 

moiré unit cell, we observe quantized Hall resistance, 𝒉𝒉/𝒆𝒆𝟐𝟐 (with h and e denoting 

the Planck’s constant and electron charge, respectively), and vanishing longitudinal 

resistance at zero magnetic field. The electric-field-induced topological phase 

transition from a Mott insulator to a QAH insulator precedes an insulator-to-metal 

transition; contrary to most known topological phase transitions 13, it is not 

accompanied by a bulk charge gap closure. Our study paves the path for discovery 

of a wealth of emergent phenomena arising from the combined influence of strong 

correlation and topology in semiconductor moiré materials. 

 
Two-dimensional moiré heterostructures of van der Waals materials present a new 
paradigm for engineering electron correlation, topology, and their interplay 8, 14-16. In 
graphene systems, moiré patterns can produce topologically nontrivial bands with valley-
contrasting Chern numbers to enforce time-reversal symmetry of the single-particle band 
structure 14. With sufficiently flat bands, correlation-driven states with broken symmetry 
are favored. Orbital ferromagnetism and the QAH effect have been reported 17-19 
following the initial discovery of superconductivity and correlated insulating states in 
graphene moiré systems 20. Conversely, in semiconducting transition metal 
dichalcogenide (TMD) heterobilayers, the moiré bands are topologically trivial 1, 7. The 
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low-energy physics is dominated by strong electron correlation; it is well described by a 
single-band Hubbard model 1, 7, endowed by broken inversion symmetry and Ising spin 
anisotropy in monolayer TMDs. Intertwining two copies of electronic states in twisted 
TMD homobilayers has been envisioned to realize a generalized Kane-Mele model for 
interacting quantum particles 21, 22; an abundance of exotic states of matter, including the 
topological Mott insulators, QAH insulators and chiral spin liquids, has been predicted 23-

26. To date, nontrivial band topology has not been realized in TMDs.  
 
In this study, we report an electric-field-induced topological phase transition from a Mott 
insulator to a QAH insulator in near-60-degree-twisted (or AB-stacked) MoTe2/WSe2 
heterobilayers. The two TMDs form a triangular moiré superlattice with three high-
symmetry stacking sites: MM, MX and XX (M = Mo, W; X = Te, Se) (Fig. 1a). The 
lattice mismatch between the two materials is about 7%, giving rise to a moiré lattice 
period of ~ 5 nm and a moiré density of 𝑛𝑛𝑀𝑀 ≈ 5 × 1012  cm-2 (Ref. 11). In each 
monolayer, the band edges are located at the K/K’ point of the Brillouin zone with two-
fold (coupled) spin-valley degeneracy 1, 21. The heterobilayer has a type-I band alignment 
with both conduction and valence band edges from MoTe2, and a valence band offset of 
200-300 meV 11. The application of an out-of-plane electric field can reduce the band 
offset and tune the moiré band structure because interlayer tunneling contributes 
substantially to the formation of moiré potential. We have recently reported a continuous 
bandwidth-tuned Mott transition in near-0-degree-twisted (or AA-stacked) MoTe2/WSe2 
at fixed filling of one hole per moiré unit cell (𝜈𝜈 = 1) (Ref. 11). We did not observe any 
topological phase transitions there. Important distinctions between the two stacking 
orders include different high-symmetry stacking sites and interlayer spin alignment; the 
latter strongly influences interlayer tunneling and the moiré band structure (Methods).  
 
We perform magneto-transport measurements on dual-gated Hall bar devices of AB-
stacked MoTe2/WSe2 heterobilayers down to 300 mK (Methods). Figure 1c and 1d show, 
respectively, the longitudinal resistance (𝑅𝑅𝑥𝑥𝑥𝑥) and the magnitude of the Hall resistance 
(𝑅𝑅𝑥𝑥𝑥𝑥) of device 1 as a function of top gate voltage (Vtg) and bottom gate voltage (Vbg) at 
300 mK and at zero magnetic field. The two gate voltages independently tune the filling 
factor (𝜈𝜈) and the vertical electric field (E), averaged between regions above and below 
the heterobilayer. At small E, we observe two prominent resistance peaks at 𝜈𝜈 = 1 and 𝜈𝜈 = 
2, corresponding to the Mott and the single-particle moiré band insulating states, 
respectively. As E increases, 𝑅𝑅𝑥𝑥𝑥𝑥  of both states drops by orders of magnitude. These 
behaviors are similar to that observed in AA-stacked devices 11. However, there is a 
peculiar region (which is absent in AA-stacked devices) near the boundary of the 𝜈𝜈 = 1 
insulating state with 𝑅𝑅𝑥𝑥𝑥𝑥 substantially lower than in the nearby metallic state (marked by 
dashed circle). Concomitantly, the region exhibits nonzero Hall resistance close to 26 kΩ 
(Fig. 1d). This signals the arrival of a new state with broken time-reversal symmetry.  
 
We characterize the state in depth by parking the gate voltages at the region of minimum 𝑅𝑅𝑥𝑥𝑥𝑥 at zero magnetic field. Figure 2a and 2b show 𝑅𝑅𝑥𝑥𝑥𝑥 and 𝑅𝑅𝑥𝑥𝑥𝑥 as a function of out-of-
plane magnetic field at temperature ranging from 300 mK to 8 K. At low temperature, we 
observe sharp magnetic hysteresis with coercive field around 10 mT; 𝑅𝑅𝑥𝑥𝑥𝑥  is nearly 
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quantized at ℎ/𝑒𝑒2 and 𝑅𝑅𝑥𝑥𝑥𝑥 ≈ 0.05ℎ/𝑒𝑒2 is small at zero magnetic field (
ℎ𝑒𝑒2 ≈ 25.8 kΩ is 

the resistance quantum). As temperature increases, we observe both a suppression of 
hysteresis and a departure from resistance quantization in 𝑅𝑅𝑥𝑥𝑥𝑥. This is accompanied by a 
rapid increase in 𝑅𝑅𝑥𝑥𝑥𝑥 , which also exhibits negative magnetoresistance. Hysteresis 
vanishes by 8 K; 𝑅𝑅𝑥𝑥𝑥𝑥 depends linearly on magnetic field and 𝑅𝑅𝑥𝑥𝑥𝑥 becomes nearly field-
independent. We summarize the temperature dependence of the zero-field magnitude of 𝑅𝑅𝑥𝑥𝑥𝑥 and 𝑅𝑅𝑥𝑥𝑥𝑥 in Fig. 2c to better identify the transitions. Particularly, the Hall resistance 
remains quantized up to about 2.5 K, and stays finite up to 5-6 K, the Curie temperature 
for magnetic ordering.  
 
These observations are distinctive experimental signatures of a quantized anomalous Hall 
effect 27-30. The slight imperfection (in both 𝑅𝑅𝑥𝑥𝑥𝑥  quantization and residual 𝑅𝑅𝑥𝑥𝑥𝑥 ) arises 
presumably from remnant dissipation in the bulk and imperfect electrical contacts, which 
remain a technical challenge for semiconductor moiré materials. The transition 
temperatures in AB-stacked MoTe2/WSe2 for both resistance quantization and magnetic 
ordering are comparable to that in twisted bilayer graphene 17. The QAH effect here is 
robust and reproducible. We have studied a total of five devices. All show similar 
behaviors: three exhibit the QAH effect at 𝜈𝜈 = 1 (Extended Data Fig. 2); the rest devices 
show quantized Hall resistance under a moderate magnetic field of about 1 T, likely due 
to higher disorder levels.  
 
The new state is a QAH insulator, in which electrical transport is dominated by chiral 
edge states 30. The insulator possesses nontrivial band topology with a total Chern 
number of occupied bands, 𝑐𝑐 = 1, inferred from the quantized Hall resistance (𝑅𝑅𝑥𝑥𝑥𝑥 =1𝑐𝑐 ℎ𝑒𝑒2). This is further verified by studying the dispersion of the state in doping density and 

magnetic field and invoking the Streda formula, which relates the Hall resistance to the 
derivative of doping density with respect to magnetic field 31. Figure 2d shows 𝑅𝑅𝑥𝑥𝑥𝑥 as a 
function of density 𝜈𝜈 (in the unit of 𝑛𝑛𝑀𝑀 ) and magnetic field B. We choose a slightly 
higher temperature (4.1 K) to suppress the Landau levels in MoTe2 under high magnetic 
field (see Extended Data Fig. 3 for result at 300 mK); the QAH state is not fully 
developed at low field (< 1 T) at this temperature. We identify the QAH state by the 

resistance minimum (dashed line) and determine 𝑐𝑐 =
ℎ𝑒𝑒 �𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑� 𝑛𝑛𝑀𝑀 = 0.95 ± 0.05 from the 

slope of the dashed line. The result is fully consistent with the quantized Hall resistance. 
 
Next we examine the transition from a topologically trivial Mott insulator to a 
topologically nontrivial QAH insulator under an electric field at 𝜈𝜈 = 1. Figure 3a shows 
the electric-field dependence of 𝑅𝑅𝑥𝑥𝑥𝑥 under zero magnetic field for varying temperatures. 
No hysteresis is observed down to 300 mK (Extended Data Fig. 4). We identify three 
distinctive regions for E. The temperature dependence of 𝑅𝑅𝑥𝑥𝑥𝑥  for one representative 
electric field from each region is shown in Fig. 3b. For small E (shaded in orange), we 
observe large 𝑅𝑅𝑥𝑥𝑥𝑥 , which diverges rapidly as temperature decreases. This is a Mott 
insulator state, in agreement with a previous study 11. At large E (shaded in pink), 
resistance drops to about 10 kΩ at the highest E available in this study; it has weak 
temperature dependence and is finite in the zero-temperature limit. This corresponds to a 
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metallic state,. In the middle region (shaded in blue), 𝑅𝑅𝑥𝑥𝑥𝑥 exhibits an insulating behavior 
above ~ 5 K and drops rapidly below it, as the QAH insulator is stabilized and transport 
is dominated by the chiral edge states. These results show that the Mott-to-QAH insulator 
transition precedes the insulator-to-metal transition.  
 
We extract the charge gap in the insulating states (circles and top axis in Fig. 3c) from an 
activation fit of the temperature dependence of the resistance (Extended Data Fig. 5). 
Inside the QAH phase the activation fit can only be performed in a narrow temperature 
range. To directly access the bulk charge gap across the topological phase transition 
without influence from the chiral edge states, we also perform electronic compressibility 
measurements 32 (Methods). Figure 3d shows the gate voltage dependence of the 
differential capacitance, 𝐶𝐶, between the top gate electrode and the sample of device 6, at 
300 mK and at zero magnetic field. The capacitance is normalized by the geometrical 
capacitance, 𝐶𝐶𝑔𝑔, defined by the sample-gate distance and the dielectric constant of the 
gate dielectrics. It probes the electronic compressibility of the sample: 𝐶𝐶/𝐶𝐶𝑔𝑔 ≈ 0 when 
the sample is charge neutral (not shown); 𝐶𝐶/𝐶𝐶𝑔𝑔 ≈ 1 when the sample is heavily hole-
doped and behaves like a metallic plate 33. Each dip in 𝐶𝐶/𝐶𝐶𝑔𝑔  at finite filling factors 
corresponds to an incompressible/insulating state. The charge gap can be evaluated by the 
integrated dip area 33. The value at 𝜈𝜈 = 1 (squares) is shown as a function of E (bottom 
axis) in Fig. 3c.  
 
It is not surprising that the capacitance map resembles that of 𝑅𝑅𝑥𝑥𝑥𝑥 (Fig. 1c for device 1), 
minus the signature of the QAH state since compressibility is not affected by edge 
transport. We identify the QAH state in the capacitance measurements by relying on its 
characteristic dispersion in doping density and magnetic field (Extended Data Fig. 6). 
The electric-field span for the QAH state (~ 10 mV/nm) is similar in both devices. Their 
charge gap from two different measurements is also largely consistent after aligning the 
critical field for the topological phase transition or the metallic state. As the system 
approaches the metallic state, the charge gap decreases monotonically. Within our 
experimental resolution, we do not observe any bulk charge gap closure across the Mott-
to-QAH insulator transition. 
 
Next we discuss the electronic band structure and a candidate low-energy model to 
understand the complex electronic phases in AB-stacked MoTe2/WSe2 heterobilayers. 
We characterize the moiré bands and the associated wave functions by density functional 
theory calculations (Methods, Extended Data Fig. 7 and 8). When the bands are non-
topological, the wave functions of the first and second dispersive moiré valence bands are 
centered at the MM and XX sites of the moiré unit cell, respectively, forming a 
honeycomb lattice structure (Fig. 1a). The out-of-plane electric field tunes the potential 
difference between the two sites. The moiré band gap at the Km/Km’-point of the moiré 
Brillouin zone closes and reopens as E increases (Fig. 1b). A non-zero valley-contrasting 
Chern number is developed for the bands after the gap reopens. The low-energy physics 
of the first two moiré bands therefore resembles the Kane-Mele model in the presence of 
staggered sublattice potential 13. This is similar to the situation in twisted TMD 
homobilayers with E ≈ 0 (Ref. 21, 22). In this model, the 𝜈𝜈 = 2 state after gap reopening is 
a quantum valley-spin Hall insulator, which hosts helical edge states. At 𝜈𝜈 = 1, strong 
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electron correlation can spontaneously stabilize a valley-spin-polarized QAH insulator 21, 

22, 34.  
 
The picture is further supported by the behavior of the 𝜈𝜈 = 2 state in our experiment. The 
electric-field dependence of 𝑅𝑅𝑥𝑥𝑥𝑥 at varying temperatures (Fig. 4a) shows a charge gap 
minimum; the state is insulating on both sides of the minimum. This is consistent with the 
charge gap from the compressibility measurements at 300 mK (Fig. 4b). The single-
particle moiré band gap closes and reopens as E increases. The small non-zero gap at the 
critical point is presumably from disorder broadening of the transition. We also observe 
large magnetoresistance immediately after gap closure under an in-plane magnetic field 
(Fig. 4c, d), but weak magnetoresistance (~ 10% at 0.5 T) under an out-of-plane magnetic 
field with small variations on both sides of the critical point. The behavior is compatible 
with that of a quantum valley-spin Hall insulator after gap closure 13. The counter-
propagating helical edge states are expected to possess Ising-like spins as in monolayer 
TMDs; thus only an in-plane magnetic field can mix them to enhance backscattering and 
induce large magnetoresistance 35. The presence of helical edge state transport after gap 
closure is also supported by the non-local transport study in Extended Data Fig. 9. The 

resistance in our devices is, however, substantially larger than 
ℎ2𝑒𝑒2  because of 

backscattering in the helical edge states and bulk dissipation due to the small charge gap.  
 
Finally, we note that the observed absence of bulk gap closure in the Mott-to-QAH 
insulator transition at 𝜈𝜈 = 1 is very unusual. The commonly known topological phase 
transitions involve closing and reopening of a charge gap 13, 23, such as the continuous 
transition at 𝜈𝜈 = 2 . A topological phase transition without charge gap closure is, 
however, allowed if the two phases involved in the transition have different symmetries 
22, 23, 36, 37. The QAH insulator here is likely valley-spin-polarized 21, 22, 34. The Mott 
insulator could be non-magnetic 38 or has 120-degree Néel order 1. In the former scenario, 
time-reversal symmetry is broken only in the QAH insulator. In the latter, the valley 
pseudospin evolves from a non-collinear to a collinear state. In principle, both scenarios 
allow a topological phase transition without charge gap closure. Because the QAH 
insulator has chiral edge states, the transition is likely a weak first-order transition with a 
small gap discontinuity, which could be smeared out by disorder broadening in our 
devices.  
 
In conclusion, we have observed a topological phase transition from a Mott insulator to a 
QAH insulator in AB-stacked MoTe2/WSe2 heterobilayers at 𝜈𝜈 = 1. The transition does 
not exhibit any sign of charge gap closure and is likely a weak first-order transition. It is 
correlated with a continuous topological phase transition from a moiré band insulator to a 
possible quantum valley-spin Hall insulator at 𝜈𝜈 = 2. Future studies are required to verify 
the nature of the 𝜈𝜈 = 2 state after gap closure, as well as the valley-spin-polarized nature 
of the observed QAH insulator. Our results establish semiconductor moiré materials as a 
versatile system for exploring the rich phenomenology involving electronic correlation 
and topology.  
 

 

Methods 
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Device fabrications. We fabricated 60-degree-aligned MoTe2/WSe2 Hall bar devices 
(Extended Data Fig. 1) using the layer-by-layer dry transfer method as detailed in Ref. 11, 

39. In short, we exfoliated the constituent atomically thin flakes from bulk crystals (HQ 
Graphene) and picked them up sequentially by a polymer stamp to form the desired stack. 
The crystal orientations of WSe2 and MoTe2 monolayers and the twist angle between 
them were determined by the angle-resolved optical second-harmonic generation (SHG) 
spectroscopy 2, 3. The angle alignment accuracy is typically ± 0.5°. We used 5-nm-thick 
Pt as metal electrodes to achieve good electrical contacts to the sample while keeping 
strain effects minimal. We also used relatively thin (~ 5 nm) hexagonal boron nitride 
(hBN) gate dielectric in the top gate to achieve a large breakdown electric field of ~ 1 
V/nm. We fabricated the capacitance devices following the design reported in Ref. 33. A 
global back gate that covers the entire heterobilayer was employed to create a heavily 
hole-doped contact region. A local top gate was used to deplete the hole density in the 
region of interest and measure the differential capacitance. We have studied a total of five 
Hall bar devices. Three devices show the quantized anomalous Hall effect near zero 
magnetic field at 𝜈𝜈 = 1. The results for device 1 are presented in the main text. The 
results of device 2 and 3 are shown in Extended Data Fig. 2. 
 
Electrical transport measurements. The electrical transport measurements were 
performed in a closed-cycle 4He cryostat (Oxford TeslatronPT) equipped with a 
superconducting magnet and a 3He insert (base temperature about 300 mK). Low-
frequency (< 23 Hz) lock-in techniques were used to measure the sample resistance under 
a small bias voltage of 1-2 mV to avoid sample heating. The bias current was kept below 
15 nA while probing the QAH insulator. Both the voltage drop at the probe electrode 
pairs and the source-drain current were recorded. Voltage pre-amplifiers with large input 
impedance (100 MΩ) were used to measure sample resistance up to about 10 MΩ.  
 
Capacitance measurements. The capacitance measurements were performed in the 
same cryostat as the electrical transport measurements. Details have been reported in a 
recent study of MoSe2/WS2 heterobilayers 33. In comparison, MoTe2/WSe2 heterobilayers 
have substantially lower electrical contact resistance; the differential capacitance can be 
measured at lower temperatures and over a larger frequency range. We used a 
commercial high electron mobility transistor (HEMT, model FHX35X), which is 
connected to the sample on the same chip, as a first-stage amplifier 40, 41; it effectively 
decouples the device capacitance from the parasitic capacitance from cabling. We 
measured the differential top-gate capacitance, 𝐶𝐶, by applying an AC voltage (10 mV in 
amplitude and 3-5 kHz in frequency) to the heterobilayer and collecting charges from the 
top gate through the HEMT by lock-in techniques. The top-gate capacitance 𝐶𝐶 is related 

to the quantum capacitance, 𝐶𝐶𝑄𝑄, of the heterobilayer by 
1𝐶𝐶 =

1𝐶𝐶 𝑄𝑄 �1 +
𝐶𝐶𝑏𝑏𝐶𝐶𝑡𝑡� +

1𝐶𝐶𝑡𝑡 ≈ 2𝐶𝐶 𝑄𝑄 +
1𝐶𝐶𝑔𝑔. 

Here 𝐶𝐶𝑡𝑡 ≈ 𝐶𝐶𝑏𝑏  ( ≡ 𝐶𝐶𝑔𝑔)  are the geometrical top-gate and back-gate capacitances, 
respectively, since the two gates are nearly symmetric in the capacitance device (device 
6). The chemical potential jump, Δ𝜇𝜇 , at an insulating state can be obtained as Δ𝜇𝜇 =𝑒𝑒 ∫ 𝑑𝑑𝑉𝑉𝑡𝑡 𝐶𝐶𝑡𝑡−𝐶𝐶𝐶𝐶𝑡𝑡+𝐶𝐶𝑏𝑏 ≈ 𝑒𝑒2∫𝑑𝑑𝑉𝑉𝑡𝑡 �1 − 𝐶𝐶𝐶𝐶𝑔𝑔� , where the integration with respect to the top-gate 

voltage 𝑉𝑉𝑡𝑡 spans the range of the capacitance dip corresponding to the insulating state. 
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Band structure calculations and discussions. Density functional calculations were 
performed using a generalized gradient approximation 42 with the SCAN+rVV10 van der 
Waals density functional 43, as implemented in the Vienna Ab initio Simulation Package 
44. Pseudopotentials were used to describe the electron-ion interactions. The structure of 
60-degree-twisted (or AB-stacked) MoTe2/WSe2 heterobilayers was constructed using a 
vacuum spacing larger than 20 Å to avoid artificial interactions between the periodic 
images in the out-of-plane direction. Structural relaxation was performed on each atom 
with force less than 0.01 eV/Å. We used Γ-point sampling for structural relaxation and 
self-consistent calculations. The relaxed structure is shown in Extended Data Fig. 7. 
There are three high-symmetry stacking regions in each moiré unit cell: MM, MX and 
XX (M = Mo/W, X = Se/Te).  
 
In each TMD monolayer, the band edges are located at the K/K’ point of the Brillouin 
zone. The heterobilayer has a type-I band alignment; both the conduction and valence 
band edges are from MoTe2 (Ref. 11). Under zero displacement field, the valence band 
offset at the K/K’ point between the two layers (without the moiré effect) is about 220 
meV in the calculations; it is smaller than the experimental value of about 300 meV 11. 
The direction of the displacement field D is chosen such that D reduces the valence band 
offset between the two layers. Our result illustrates the effect of the displacement field on 
the lowest-energy moiré valence bands. But the absolute values of D cannot be directly 
compared to that of the applied electric field in the experiment.  
 
Extended Data Fig. 8 shows the moiré valence band dispersions under four representative 
out-of-plane displacement fields. Under zero displacement field, the top moiré valence 
band (red) is well separated from the rest moiré bands with a band gap around 10 meV at 
the Km-point of the moiré Brillouin zone (MBZ). When the displacement field strength is 
increased, the single-particle band gap between the first two dispersive moiré bands at the 
Km-point of the MBZ gradually closes around a critical displacement field of 0.25 V/nm; 
it reopens at higher fields. In addition to the dispersive moiré bands, the figures also show 
a flat band (blue) that intersects the low-energy dispersive moiré bands. 
 
We analyze the Kohn-Sham wave functions of the moiré bands in real space to identify 
their origin (Extended Data Fig. 7, 8). We choose two high-symmetry points, the Γm-
point and the Km-point of the MBZ. Before the gap closure (e.g. D = 0.2 V/nm), the wave 
functions of each band at the Γm-point and the Km-point are located at the same sites of 
the moiré unit cell. In particular, the envelope wave function of the flat band is located at 
the MX site. The atomic-scale wave function consists of both the d-orbitals of the M-
atoms and p-orbitals of the X-atoms; it forms a honeycomb network. This indicates that 
the flat band is constructed from the Γ-states of the monolayer TMDs 45. The envelope 
wave functions of the first and second dispersive moiré bands are located at the MM and 
XX sites, respectively. The atomic-scale wave functions are dominated by the d-orbitals 
of the M-atoms and form a triangular network; this indicates that the bands are developed 
from the K/K’ states of the monolayers 45. The two topmost dispersive moiré bands thus 
correspond to an effective honeycomb superlattice with MM and XX sublattices.  
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After gap reopening, the Γm-point wave functions of these bands remain at the same site 
of the moiré unit cell. However, the Km-point wave functions of the two dispersive bands 
switch sites, that is, the XX sites now have a higher energy than the MM sites. Our result 
demonstrates the band inversion and emergence of topological bands with finite valley-
resolved Chern numbers after gap reopening. Because the envelope wave functions of the 
first two dispersive bands form a honeycomb lattice structure, the physics resembles the 
Kane-Mele model 13, 23. The displacement field tunes the potential difference between the 
MM and XX sites and can induce topological moiré bands. This is similar to the case of 
twisted TMD homobilayers, for which the Kane-Mele-Hubbard model has been proposed 
21, 22.  
 
In contrast to the 0-degree-twisted (AA-stacked) MoTe2/WSe2 heterobilayers 11, the 
interlayer tunneling in AB-stacked heterobilayers is spin-forbidden for the K/K’ states in 
the leading order approximation. The moiré potential is weaker and the moiré bands are 
more dispersive, as illustrated in Extended Data Fig. 8. The interlayer tunneling is much 
stronger for the Γ states; the moiré potential is stronger and gives rise to the flat band. At 
charge neutrality around the critical displacement field, the flat band slightly overlaps 
with the first dispersive moiré band. However, with finite hole doping between 𝜈𝜈 = 1 and 𝜈𝜈 = 2, the flat band will be pushed away by electrostatic repulsion, and therefore can be 
ignored in the transport measurements.  
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Figures 

 

 
 

Figure 1 | AB-stacked MoTe2/WSe2 heterobilayer. a, Top: triangular moiré superlattice 
with high-symmetry stacking sites MM, MX and XX (M = Mo/W; X = Se/Te). The 
interlayer distance increases from the white to the blue region. MM and XX form a 
honeycomb structure (dashed line). Bottom: orange and yellow balls denote X atoms; 
green and blue balls denote M atoms; dashed lines show vertical atomic alignment. b, 
Schematic illustration of controlling band topology by an out-of-plane electric field. As 
the field increases, the gap between two dispersive moiré bands closes and reopens. 
Topologically nontrivial bands (𝑐𝑐 ≠ 0) emerge after gap reopening. c,d, Longitudinal (c) 
and Hall (d) resistance at 300 mK as a function of top and bottom gate voltages. 𝑅𝑅𝑥𝑥𝑥𝑥 is 
measured under zero magnetic field; 𝑅𝑅𝑥𝑥𝑥𝑥 is the symmetrized result under an out-of-plane 
magnetic field of ±0.1 T. The two gate voltages vary the filling factor (𝜈𝜈) and electric 
field (E) independently along the white arrow directions. Dashed circle mark the region 
of a QAH insulator. 
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Figure 2 | Quantized anomalous Hall effect at 𝝂𝝂 = 𝟏𝟏. a,b, Magnetic-field dependence 
of 𝑅𝑅𝑥𝑥𝑥𝑥  (a) and 𝑅𝑅𝑥𝑥𝑥𝑥  (b) of the QAH insulator at varying temperatures. Quantized Hall 

resistance (𝑅𝑅𝑥𝑥𝑥𝑥 ≈ ℎ𝑒𝑒2) and small longitudinal resistance (𝑅𝑅𝑥𝑥𝑥𝑥  ≪ 𝑅𝑅𝑥𝑥𝑥𝑥), accompanied by a 

negative magnetoresistance, are observed at the three lowest temperatures. There is also a 
clear magnetic hysteresis with a sharp magnetic switching near ± 10 mT. c, Temperature 
dependence of the zero-magnetic-field value of 𝑅𝑅𝑥𝑥𝑥𝑥  and 𝑅𝑅𝑥𝑥𝑥𝑥 . The onset of magnetic 
ordering is at ~ 5-6 K and quantization of 𝑅𝑅𝑥𝑥𝑥𝑥 happens below ~ 2.5 K. The dependences 
of 𝑅𝑅𝑥𝑥𝑥𝑥 and 𝑅𝑅𝑥𝑥𝑥𝑥 are perfectly correlated. d, 𝑅𝑅𝑥𝑥𝑥𝑥 as a function of magnetic field and filling 
factor at 4.1 K. The location of the 𝑅𝑅𝑥𝑥𝑥𝑥 minimum (dashed line) disperses with magnetic 
field with a slope corresponds to a Chern number 1.  
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Figure 3 | Mott-to-QAH insulator transition at 𝝂𝝂 = 𝟏𝟏. a, Electric-field dependence of 𝑅𝑅𝑥𝑥𝑥𝑥 at 𝜈𝜈 = 1 under zero magnetic field at varying temperatures (device 1). Three regions, 
corresponding to a Mott insulator, QAH insulator and metal, are identified. b, 
Representative temperature dependences of 𝑅𝑅𝑥𝑥𝑥𝑥, one from each region in a. c, Charge 
gap as a function of electric field extracted from thermal activation transport (red circles, 
device 1, top axis) and extracted from capacitance measurements at 300 mK (blue 
squares, device 6, bottom axis). The error bars for the red symbols are uncertainties of the 
activation fit; the error bars for the blue symbols are propagated uncertainties of the 
capacitance measurement and numerical integration of the capacitance dips. The two 
electric field axes are slightly shifted to match the phase boundaries in two devices. The 
charge gap evolves smoothly across the topological phase transition. d, Differential top-
gate capacitance at 300 mK and at zero magnetic field as a function of top and bottom 
gate voltages (device 6). The two prominent incompressible states correspond to 𝜈𝜈 = 1 
and 𝜈𝜈 = 2. The green dashed line denotes the QAH region, identified by the magnetic-
field dispersion of the state (Extended Data Fig. 6). The lines in b, c are guides to the eye.  
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Figure 4 | Evidence of a quantum valley-spin Hall insulator at 𝝂𝝂 = 𝟐𝟐. a, Electric-field 
dependence of 𝑅𝑅𝑥𝑥𝑥𝑥 at 𝜈𝜈 = 2 under zero magnetic field for varying temperatures (device 
1). The temperature dependence becomes much weaker after gap reopening. b, Charge 
gap at 𝜈𝜈 = 2 from capacitance measurements at 300 mK (device 6). As the electric field 
increases, the charge gap closes and reopens. The gap size is much smaller after the gap 
reopens. The error bars are propagated uncertainties of the capacitance measurement and 
numerical integration of the capacitance dips. c, Electric-field dependence of 

magnetoresistance, 
𝑅𝑅𝑥𝑥𝑥𝑥(𝑑𝑑)𝑅𝑅𝑥𝑥𝑥𝑥(𝑑𝑑=0)

, under an in-plane magnetic field at 300 mK. d, 

Magnetoresistance (symbols) at selected electric fields denoted by arrows in c. The lines 
are guides to the eye. Strong magnetoresistance is observed only after the gap reopens.  
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Extended data figures 

 

 
 
Extended Data Figure 1 | Optical micrograph of device 1. MoTe2/WSe2 heterobilayer 
is outlined by the black line. Electrode 1-9 are labeled. For the results presented in the 
main text, electrode 5 and 6 are grounded; electrode 1 is used as a source electrode. The 
longitudinal voltage drop is measured between 3 and 4; and the transverse voltage drop is 
measured between 3 and 8. The scale bar is 10 μm. 
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Extended Data Figure 2 | Other devices exhibiting the QAH effect at 𝝂𝝂 = 𝟏𝟏. a,b, 
Magnetic-field dependence of 𝑅𝑅𝑥𝑥𝑥𝑥 and 𝑅𝑅𝑥𝑥𝑥𝑥 from device 2 and 3 at 1.6 K. Quantized Hall 
resistance at zero magnetic field is observed in device 2; 𝑅𝑅𝑥𝑥𝑥𝑥  is not measured. The 
resistance quantization in device 3 is nearly perfect at a small magnetic field, 
accompanied by a significant drop in 𝑅𝑅𝑥𝑥𝑥𝑥. c,d, The same as a,b for device 1 measured 
from different pairs of probes (than the result shown in the main text) at 300 mK. The 
labeling of the electrodes is shown in Extended Data Fig. 1. Nearly quantized resistance 
with similar magnetic-field dependence is observed. The coercive field varies slightly 
from device to device. 
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Extended Data Figure 3 | Landau fan at 300 mK. Longitudinal resistance as a function 
of magnetic field and filling factor (device 1). The 𝑅𝑅𝑥𝑥𝑥𝑥  minimum, denoted by the red 
dashed line, corresponds to the QAH insulator; it is present at zero magnetic field and 
corresponds to a Chern number 1. In addition to the QAH insulator, a Landau fan 
emerges from 𝜈𝜈 = 1. The Landau level degeneracy is 1, consistent with the valley-spin-
polarized Landau levels.  
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Extended Data Figure 4 | Absence of electric-field hysteresis. Hall resistance at 𝜈𝜈 = 1 
as a function of electric field under both forward and backward scans at 300 mK (device 
1). The out-of-plane magnetic field is fixed at 0 or ±0.1 T. No hysteresis is observed.  
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Extended Data Figure 5 | Charge gap from thermal activation transport. a, 

Arrhenius plot of 𝑅𝑅𝑥𝑥𝑥𝑥  at varying electric fields for the Mott insulator. The high-
temperature data is well described by the thermal activation model (dashed lines), from 
which the activation gap is extracted. b, Same as a for the QAH insulator. Here thermal 
activation behavior (dashed line) is observed only at low temperature, when the QAH 
state develops. The extracted charge gaps are shown as empty red circles (Mott insulator) 
and filled circle (QAH insulator) in Fig. 3c of the main text.  
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Extended Data Figure 6 | Identification of the QAH region in the capacitance device 

(device 6). a-d, Normalized differential top-gate capacitance, 𝐶𝐶/𝐶𝐶𝑔𝑔 , versus magnetic 
field and filling factor at 300 mK. Results for four different electric fields are shown. 
Most strongly dispersive incompressible states shown arise from the Landau levels of the 
graphite top gate and are irrelevant in this study. The black dashed lines, originated from 𝜈𝜈 = 1, are the theoretical magnetic-field dispersion of a QAH state with Chern number 1. 
We use this to determine the Mott-QAH insulator boundary in Fig. 3c of the main text. 
The system is a Mott insulator in a since there is no magnetic field dispersion of the 
incompressible state; it is near the Mott-QAH insulator boundary in b; and it is a QAH 
insulator in c, d. The QAH insulator-metal boundary is determined as capacitance reaches 𝐶𝐶/𝐶𝐶𝑔𝑔 ≈ 1 in the metallic state.  
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Extended Data Figure 7 | Kohn-Sham wave functions. a, Interlayer distance (top) and 
stacking alignment (bottom) of relaxed AB-stacked MoTe2/WSe2 heterobilayers. MM, 
MX, and XX (M = Mo/W, X = Se/Te) are the high-symmetry stacking sites. b-d, Real-
space wave function at the Γm-point of the MBZ for the flat band (b), the first (c) and 
second (d) dispersive valence moiré bands. The envelope wave function for the flat band 
is located at the MX site. The atomic-scale orbitals consist of both the d-orbitals of the M 
atom and the p-orbitals of the X atom, forming a honeycomb network. The wave 
functions for the first and second dispersive moiré bands are located at the MM and XX 
sites, respectively. The atomic-scale orbitals are dominated by the d-orbitals of the M 
atom, forming a triangular network. The results show that the dispersive bands are 
originated from the K/K’ valleys of the TMD monolayers.  
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Extended Data Figure 8 | Moiré band structure at varying displacement fields. 

Moiré valence band structure of AB-stacked MoTe2/WSe2 heterobilayers from DFT with 
displacement field 0 V/nm (a), 0.2 V/nm (b), 0.25 V/nm (c) and 0.3 V/nm (d). The first 
moiré band is shown in red; the flat band is in blue; and the rest of the bands are in black. 
The energy gap at the Km-point (marked by a red circle) between the two dispersive 
moiré bands closes and reopens between 0.25 V/nm and 0.3 V/nm. The insets in c and d 
show the envelope wave function at the Km-point of the MBZ for the first (left inset) and 
second (right inset) dispersive bands. Before gap closure, the Km-point wave function for 
the two dispersive bands is centered at the MM and XX site, respectively. They are 
centered at the same sites as the Γm-point wave function (see Extended Data Fig. 7). The 
envelope wave function switches moiré sites after gap reopening, showing the emergence 
of topological bands. See Methods for the role of the flat band. 
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Extended Data Figure 9 | Magnetoresistance and nonlocal transport at 𝝂𝝂 = 𝟐𝟐. a, 

Magnetoresistance, 
𝑅𝑅𝑥𝑥𝑥𝑥(𝑑𝑑)𝑅𝑅𝑥𝑥𝑥𝑥(𝑑𝑑=0)

, at 300 mK under an out-of-plane magnetic field at varying 

electric fields. The effect is much weaker than magnetoresistance under an in-plane 
magnetic field (Fig. 4c, d of the main text). b, Nonlocal resistance versus filling factor 
around 𝜈𝜈 = 2 after gap reopening. The magnetic field is zero. The arrow for I in the inset 
shows the direction of the bias electric field between the source and drain electrodes. 
Voltage drops between electrode 3 and 4 (V3-4) and between 7 and 6 (V7-6) are measured. 
A change in sign for the nonlocal resistance is consistent with the presence of helical 
edge state transport for a quantum valley-spin Hall insulator.  
 
 
 


