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The advent of van der Waals heterostructures1,2 has opened 
up new avenues to band engineering by simply placing one 
monolayer on top of another. When the two layers have dif-

ferent lattice constants, or the same lattice constant but are rotated 
with respect to each other, a long wavelength periodic modulation 
results, referred to as a moiré superlattice. Coupling to this moiré 
superlattice in general modifies the electronic band structure3 and, 
in some cases, can result in the formation of low-energy subbands4,5. 
Under these circumstances, isolated flat bands have been realized in 
a wide range of graphene-based structures, which include twisted 
bilayer graphene (TBG)6–11, double bilayer graphene 12–15 and ABC 
trilayer graphene/BN16–18. Within these flat bands, electron inter-
actions become the dominant energy scale and lead to emergent 
electronic phases, such as correlated insulators, superconductors, 
magnetism and topological electronic structures.

In TBG, the flat band appears only within the narrow range of 
twist angles 1.1 ± 0.1°, owing to a delicate interplay between the 
layer hybridization energy and twist-determined band displace-
ments in momentum space4,7,8. In heterostructures that combine 
moiré patterns with semiconductors, the situation is different. Here 
the resulting moiré miniband extends from the intrinsic band edge 
to the band energy associated with the moiré Brillouin zone bound-
ary. The bandwidth thus varies continuously with the inverse moiré 
wavelength. Studies of ABC trilayer graphene/BN and twisted dou-
ble bilayer graphene exploit this phenomenon by using a transverse 
displacement field to induce the semiconductor bandgap. However, 
in both cases the tunability remains limited—in twisted double 
bilayer graphene, there effectively remains a narrowly defined 
magic angle, owing to additional displacement-field effects on the 

overall band structure12–15, whereas in ABC trilayer graphene/BN, 
the maximal moiré wavelength is fixed by the graphene–BN lat-
tice mismatch. Trigonal prismatic transition metal dichalcogenides 
(TMDs) provide several potential advantages in this regard. As in 
TBG, theoretical work on TMD homo- and heterobilayers predicts 
the existence of flat bands and van Hove singularities (vHSs) in the 
moiré Brillouin zone19–22 that could support emergent electronic 
phases19,20,23. In this case, the bandwidth varies continuously with 
twist angle, without the need for additional displacement fields, and 
therefore could be widely tunable. Moreover, the reduced degen-
eracy in TMDs compared to that in graphene, due to coupled spin 
and valley degrees of freedom, together with material properties 
not present in graphene, such as strong spin–orbit coupling, suggest 
that twisted bilayer TMDs could provide an idealized solid-state 
version of a single-band Hubbard model on a triangular lattice, in 
which several correlated states may be realized19,24–27.

In this work we investigated flat bands that appear in twisted 
homo–bilayer WSe2 (tWSe2). Our devices were fabricated using 
the same ‘tear-and-stack’ method as used to fabricate TBG with a 
controlled interlayer twist angle2,7,28. An illustration of the device 
structure is shown in Fig. 1a. In brief (see Methods for details), 
our devices were assembled from high-quality WSe2 material, syn-
thesized by the flux-growth method29, and employ prepatterned 
Hall-bar shaped Pt electrodes30 together with a dual-gate structure 
to achieve ohmic contacts at low temperatures31. The twist angles of 
the measured devices were determined by a combination of tech-
niques, which included atomic force microscopy, optically mea-
sured second harmonic generation (SHG) (Supplementary Fig. 18) 
and transport signatures.
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A schematic illustration of the moiré superlattice and resulting 
band structure for tWSe2 is shown in Fig. 1b,c. In the vicinity of 
the K point of the Brillouin zone, the band structure of each WSe2 
layer is a single spin-polarized parabolic band. Electron hopping 
between the layers caused a strong hybridization of the bands where 
they intersect, which leads to a low-energy miniband (Fig. 1c). For 
chemical potentials that are close to the valence band edge (as is the 
case in our samples), the physics of tWSe2 is thus well approximated 
by a single subband whose width is determined by the twist angle. 
From angle-dependent band-structure calculations, fitting over the 
range of 2–7° (Supplementary Fig. 2), we find that the width of this 
subband, w (meV), grows approximately as w ≈ 4.5θ2 − 5.4θ + 7.1 
with the twist angle θ in degrees. However, estimating the Coulomb 
interaction to be U = e2/4πϵ0ϵrL, where ϵr is the effective dielectric 
constant in the bilayer and L is the moiré wavelength, implies that 
U increases linearly with the twist angle7. Taking ϵr ≈ 10 (ref. 32) sug-
gests a crossover angle of ~2° below which (above which) U > w 
(U < w). However, there are substantial uncertainties in the length 
scale over which the electron wavefunction is localized within a sin-
gle moiré site, as well as in the effective dielectric constant. The true 
crossover angle could easily be a factor of two or more larger than 
the estimate above (Supplementary Fig. 3). Regardless, the order of 
magnitude estimate implies that U is comparable to w in the range 

of twist angles we studied, which probably places us in the interest-
ing regime of moderate correlations.

Figure 1d shows a plot of the resistivity versus hole-band car-
rier density at T = 1.8 K for five different twisted WSe2 devices with 
angles that range from 4 to 5.1°, and also one naturally occurring 
Bernal bilayer stacking that corresponds to an equivalent twist of 
60°. All the devices exhibited a diverging resistance for hole den-
sities less than ~2 × 1012 cm−2, as the Fermi energy approached the 
intrinsic band edge of WSe2. This sets a lower limit to the density 
range we can access by transport measurement.

At large densities, we observed new resistive peaks, whose posi-
tion shifted to a lower density at smaller angles. The moiré unit cell 
area A relates to the twist angle θ according to A ¼ a2

ffiffi
3

p

4ð1�cosθÞ
I

, where 

a = 0.328 nm is the WSe2 lattice constant33. From this we observed 
that all the devices exhibit a resistive peak that coincides with 
one hole per moiré unit cell, or half filling of the moiré subband 
(Supplementary Fig. 4). In addition, within the accessible density 
range limited by the gate dielectric breakdown, a second resistive 
peak was seen in the 4.2 and 4° devices near full filling of the moiré 
subband (that is, doping to two holes per moiré unit cell).

The appearance of the resistive features confirmed the presence 
of a low-energy band that results from the twist-induced moiré  
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Fig. 1 | Flat bands in twisted bilayer WSe2. a, Schematic representation of the device structure. b, Left: real-space representation of the moiré pattern that 
results from a small angle twist between the two WSe2 layers. Right: Brillouin zones of the top (solid line) and bottom (dashed line) layers. The states 
near K and K′ are shown as blue and red, respectively. The resultant band structure in the moiré Brillouin zone (yellow) is also displayed. c, Schematic 
representation of the twisted bilayer WSe2 hybridized band structure in the K valley, spin up (left), and K′ valley, spin down (right). d, Resistance as a 
function of carrier density n, measured at T = 1.8 K for six WSe2 bilayer configurations. ‘Bernal’ refers to the natural stacking arrangement (equivalent to a 
60° twist). The curves are offset for clarity. The dashed lines correspond to the zero resistance for each curve. To capture the peak feature at half filling, 
these curves were measured at different displacement-field values (4°, D = 0.08 V nm–1; 4.2°, D = 0.24 V nm–1; 4.5°, D = 0.19 V nm–1; 4.9°, D = 0.29 V nm–1; 
5.1°, D = 0.83 V nm–1). The grey shaded region roughly denotes the mobility edges of the devices, which might vary among devices due to different disorders 
introduced in the fabrication process. e, Resistance as a function of temperature from the twist 4.2° device measured at D = 0.15 V nm–1, which highlights 
the activation of the Mott gap at half filling of the moiré band and the metallic behaviour at densities away from half filling. Inset: resistance map as a 
function of temperature and band filling. f, Resistivity map as a function of top gate and back gate voltages (Vtg and Vbg, respectively) measured at T = 1.8 K, 
showing the evolution of the half-filling resistance with displacement field D (dashed line). Black arrows indicate the direction of increasing D and n.
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superlattice19–22 (by comparison, the Bernal device showed a fea-
tureless response with the resistance monotonically decreasing with 
increasing doping). The resistance peak near full filling is consistent 
with a reduction in the density of states (DOS) near the edge of the 
moiré subband19,21,22. In contrast, the resistive state at half filling in the 
twisted devices is not anticipated in a single-particle band structure, 
and therefore indicates that the correlations are sufficiently strong 
within this band to induce a correlation-driven insulating state.

Figure 1e shows the temperature dependence near half filling 
for the 4.2° device (Supplementary Fig. 5 for similar data from 
another device). We define the band filling as ν = n/ns where n is the 
gate-induced hole density and ns is the density necessary to reach 
full filling of the moiré band. Above approximately TCI ≈ 10 K (the 
critical temperature at which the insulating response onsets), the 
sample shows a metallic response at all fillings with the resistance 
decreasing with decreasing temperature. However, below 10 K the 
resistance at 0.5ns shows a sudden onset of the thermally activated 
behaviour, which indicates an insulating response. The extracted 
gap value is ~27 K (Supplementary Fig. 6), or almost three times TCI. 
The sharp transition together with an activation energy that exceeds 
the onset temperature are both consistent with a true phase transi-
tion at TCI, rather than a crossover with decreasing temperature.

Figure 1f shows the resistance of the same 4.2° device versus the 
top and back gate voltages (see Supplementary Fig. 7 for other angle 
data) in the range of half filling, which allowed us to investigate  

the effect of displacement field—here we report the average  
displacement field defined as D = (CTVT − CBVB)/2ϵo, where VT(B) is 
the top (bottom) gate bias, CT(B) the associated geometric capacitance 
and ϵo the vacuum permittivity. We note that the resistive peak at 
0.5ns persists only over a finite range, 0.08 V nm–1 < D < 0.28 V nm–1,  
with the maximum resistance observed at D ≈ 0.15 V nm–1. 
Temperature-dependent measurements (Supplementary Fig. 8) 
confirmed a D-field-induced metal–insulator–metal transition over 
this range, with activation gaps that showed a dome-like evolution.

The response of the samples under perpendicular applied mag-
netic fields provides key additional insights. We first mapped the 
Landau level spectra as a function of applied field and induced den-
sity to unambiguously determine the density of full filling of the 
moiré lattice. Next, we measured the Hall response to determine 
the point at which the band curvature changed from electron like 
to hole like, which should coincide with a peak (vHS) in the DOS. 
Figure 2a shows the longitudinal resistance Rxx for the 4.5° device 
plotted against n/ns at magnetic fields up to 13 T. At high fields, two 
sets of Landau fans are visible. Linear extrapolation of the Landau 
level trajectories to zero field allowed us to precisely determine the 
position of the valence band edge as well as the full filling density 
of the moiré subband (see Supplementary Fig. 9 for data from other 
angle devices). For the fan that originated from the valence band 
edge, we observed only even-integer quantum Hall states (white 
lines in Fig. 2a) up to approximately B = 8 T, consistent with a  
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Fig. 2 | Displacement-field dependence of vHS for 4.5° tWSe2. a, Longitudinal resistance, Rxx, as a function of magnetic field B and band filling n/ns, 
measured at D = 0.25 V nm–1 and T = 1.8 K. Two Landau fans are resolved, which project (solid lines) to the band edge and full filling of the moiré subband. 
Black and red solid lines identify the even and odd integer quantum Hall states with corresponding filling factors labelled on top of the figure, respectively. 
The dashed white lines identify the emerging quantum Hall gap on the map. b, Hall resistance, Rxy, as a function of magnetic field and band filling, 
measured simultaneously with Rxx. c, Rxy as a function of band filling, measured at B = 1 T for different displacement fields. nvHS labels the position of the 
single-particle band vHS for each D; n1 and n2 label the additional sign changes that we associate with the correlated insulator. d, Black line: vHS position 
in terms of band filling versus D, determined from the Hall resistance at B = 1 T. Error bars represent the uncertainty of the crossing position, limited by the 
measurement noise. Red line: increment resistance at half filling versus D (ΔR ¼ Rn=ns¼0:5 � Rn=ns¼0:6

I
). e, Density functional theory calculations of the top 

valence bands of the moiré Brillouin zone for D = 0 V nm–1 (top) and D = 0.3 V nm–1 (bottom) for a 5.08° twist angle. We highlight the contributions from 
the K valley of the top layer (solid blue line) and from the K valley of the bottom layer (dashed blue line) to the topmost bands. Red dashed lines indicate 
the energy level of half filling of the topmost valence band. f, Calculated DOS for the top two valence bands as a function of filling for a 4.5° twist angle.  
g, Calculated vHS position versus displacement field for a 4.5° twist angle.
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twofold degenerate Fermi surface. Above 8 T, we observed the onset 
of additional odd integer quantum Hall effect states (red lines), 
which indicates a lifting of the combined spin–valley degeneracy. 
This degeneracy lifting was not clearly observed in the satellite fan 
that originated from full filling, in which the twofold degenerate 
Landau levels persisted to the highest measured fields.

The magnitude of the 0.5ns insulating peak decreased with 
increasing B field and vanished at B ≈ 6 T. No change in the insulating 
state was observed when applying a parallel B field (Supplementary 
Information Fig. 10). This behaviour is qualitatively consistent with 
a non-ferromagnetically ordered ground state. However, a detailed 
understanding of this trend is complicated by the variation of both 
the Coulomb and Zeeman energies under a perpendicularly applied 
D field. A full study of the B-field dependence is beyond the scope of 
this article and will be discussed elsewhere (Supplementary Fig. 11).

Figure 2b shows the Hall resistance measured that was simulta-
neously with the longitudinal resistivity shown in Fig. 2a. At a high 
field, the sign of the Hall resistance inverts on doping from a low 
to high carrier density, consistent with the expected response for a 
single band where the dispersion changes from hole like to electron 
like as the band is filled. This provides further confirmation that our 
gate range spans a single low-energy subband. Figure 2c shows the 
Hall resistance versus density, measured at B = 1 T for three sepa-
rate displacement fields. The top panel (D = 0.1 V nm–1) shows a low 
displacement field value in which the corresponding longitudinal 
resistance, Rxx, does not show a resistivity peak at half filling, which 
suggests there was no insulating state (Supplementary Fig. 12). Here, 
the Hall resistance changed sign from hole-like to electron-like 
transport at n/ns ≈ −0.46, after which the Hall effect continued to 

show electron-like transport with increased doping. As there is 
no evidence of an insulating state, we interpret the single crossing 
point as the position of the vHS at which the moiré subband curva-
ture changed sign. The two lower panels of Fig. 2c (D = 0.19 V nm–1 
(middle) and D = 0.30 V nm–1 (bottom)) correspond to the range of 
D in which a resistive peak in Rxx was observed at half filling. In this 
case, three crossings appear, which we label n1, n2 and nvHS. We iden-
tify the nvHS crossing as the single-particle band vHS as this marks 
the point beyond which the band continues to show an electron-like 
Hall response. We therefore associate the other two crossings with 
the appearance of the half-filling insulating state.

The position of the vHS evolved continuously with displacement 
field, starting at n=nsj j<0:5

I
 for a low D, but moving through half 

filling to n=nsj j>0:5
I

 values for a large D. The magnitude of the lon-
gitudinal resistance peak at half filling correlates closely with the 
position of the single-particle vHS with the largest resistive peak 
seen when the vHS is near half filling (Fig. 2d). The dependence of 
the half-filling correlated insulator on the vHS position indicates 
that the system was in a regime of moderate correlations, in which 
the band structure (specifically, the DOS) plays an important role in 
determining the properties of the emergent insulator. However, we 
note that the insulating phase itself is always observed at precisely 
half filling, which indicates that we are not in the weakly correlated 
regime where gaps would form at the position of the vHS.

Figure 2e–g shows the tWSe2 band structure calculated by density 
functional theory and tight binding as a function of D. At zero D,  
the two layers are degenerate and the hybridization of the valence 
bands results in a vHS exactly at the M point of the band structure 
(Supplementary Fig. 13). As a displacement field is applied to the 
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sample, the bands from the two layers acquire differing onsite poten-
tials. As a consequence, the position of the vHS shifts away from the 
M point and down in energy (at extreme displacement fields, such 
as 1 V nm–1, the two layers become effectively decoupled in the first 
moiré subband, but, in practice, we did not reach such fields in the 
experiments). Figure 2f shows the calculated DOS over the whole 
moiré subband. At D = 0, the vHS (peak DOS) is located at slightly 
less than half filling. With increasing D, the vHS shifted through half 
filling and quickly moved towards full filling at a large field (Fig. 2g). 
This trend is qualitatively consistent with our understanding of the 
Hall response under varying D (Fig. 2c,d), as discussed above. The 
DOS at half filling varied non-monotonically with D, initially increas-
ing slightly and then dropping to about a third of the maximum value 
at larger fields (Supplementary Fig. 14). The correspondence between 
this trend and the non-monotonic evolution of the resistive peak with 
D (Fig. 1f) further supports our interpretation that the strength of the 
insulator strongly depends on the DOS.

Figure 3a summarizes the behaviour of the correlated 
insulator for every twist angle we measured. We observed a 
displacement-field-driven metal-to-insulator transition at half filling 
for 4, 4.2 and 4.5° twists, whereas for 4.9 and 5.1° the insulator–metal  

transition at a low displacement field was not observed due to the 
limitations on the achievable gate voltages. The evolution of the 
correlated insulator gap versus displacement field, determined from 
thermal activation, is shown in Fig. 3b (see Supplementary Fig. 15 
for the Arrhenius plots). For the 4.2 and 5.1° devices, we confirmed 
a non-monotonic gap evolution, which peaked at a non-zero D 
value. From these plots, we constructed a phase diagram for tWSe2 
as a function of angle and displacement field, shown in Fig. 3c.  
Red identifies the region of insulating behaviour, blue identifies 
metallic and ‘inaccessible’ indicates the high (low) displacement  
field range in which the dielectric leakage exceeded 1 nA (contacts 
are non-ohmic). Note that the emergence of the insulator at half 
filling shifted to a larger displacement field with increasing angle.  
Figure 3d shows the DOS at half filling from single-particle 
band-structure calculations. A qualitative correlation is seen 
between the two plots, which suggests that the DOS at half filling, 
as analysed for the 4.5° device (Fig. 2), plays an important role in 
stabilizing over the entire angle range we measured.

We next speculate on the nature of the insulating phase in this 
system. Our data clearly shows the presence of a vHS in the band. 
In the limit of weak electronic correlations, we could expect a 
symmetry-breaking order to emerge when the chemical potential 
is placed at the peak in the DOS. However, in the experiment, we 
always found the insulating phase at half filling, which indicates 
that the weak coupling scenario is not valid. However, in the limit 
of strong correlations, the natural candidate for such an insulat-
ing phase is the Mott insulator, in which double occupancy of a 
given moiré site is forbidden. In this limit, however, the insulat-
ing phase becomes insensitive to the details of the band structure, 
unlike the result we see here (Supplementary Figs. 7 and 8). The 
situation we have is between both of these limits. One possibility 
is that we are still in a Mott insulating phase, but simply in a situ-
ation in which the correlations are comparable to the bandwidth, 
that is, near the metal–insulator boundary34. Other possibilities 
include nesting-driven instabilities that are pinned to half filling by 
the shape of the Fermi surface or Wigner crystal states35, in which 
the state is based on the collective real-space arrangement of holes. 
Based on transport alone, we are unable at present to distinguish 
between these possibilities, and future experimental work, which 
will possibly include spectroscopic and local imaging, may provide 
answers to this question.

Finally, we investigated whether correlations in doped tWSe2 can 
lead to the emergence of superconductivity6,8,10,12,14,16. Figure 4 shows 
the temperature dependence of the 5.1° sample in the vicinity of 
half filling. These data were acquired at D = 0.45 V nm–1, which cor-
responds to the condition of strongest correlated insulator observed 
for any of the devices measured (Fig. 3b). The resistance was 
measured using the smallest currents we could source in practice 
(5 nA) at this displacement field. On either side of the correlated 
insulator state, we observed regions in which the resistance reached 
zero within our instrumentation noise of ~10 Ω, which suggests a 
potential superconducting transition. Figure 4b shows the resistiv-
ity versus T at half filling, in which an insulator behaviour is seen 
at low T, as well as at two densities where the zero-resistance state 
is observed. For all three densities, the temperature dependence 
showed a linear-in-T metallic behaviour above ~40 K. At half fill-
ing, thermally activated behaviour onset below 35 K, whereas at the 
densities where zero resistance was observed, the resistance began 
to deviate from its high temperature linear slope at around 15 K, 
dropping finally to zero at around 3 K (Supplementary Fig. 16). In 
this device, the zero-resistance state appeared to be fragile and was 
unstable to repeated thermal cycling. Similar zero-resistance behav-
iour was observed in a 4.8° device (Supplementary Fig. 17). In this 
case, current–voltage measurements showed a transition from a lin-
ear behaviour at high temperature to a non-linear behaviour at low 
temperature, consistent with a superconductor transition, but the 
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superconductor gap appears only weakly formed. For other angles, 
we also observed non-linear drops in resistance in the vicinity of 
half filling, suggestive of incipient superconductivity, but saturating 
to non-zero values (Supplementary Fig. 5). These behaviours are all 
consistent with mesoscopic inhomogeneities in the samples, similar 
to those reported in graphitic systems7,8,18; however, we note that at 
present we cannot rule out the possibility that the low-temperature 
phase represents a transition to some other low resistance, but 
non-superconducting, ground state.

In conclusion, we demonstrate the ability to engineer flat bands 
in tWSe2 over a range of twist angles. We show that this system hosts 
correlation-driven emergent phenomena similar to graphitic moiré 
systems, but with very different degeneracies and single-particle 
band structures. Owing to their widely tunable electronic struc-
ture, this provides a model system for exploring other emergent 
electronic phases, such as exciton condensates, spin liquids and 
magnetic ordering. More generally the system provides a tunable 
solid-state realization of a single-band Hubbard model on a trian-
gular system in which the bandwidth and doping can be indepen-
dently varied, which allows opportunities to study the interplay 
between strong interactions and frustration.

Online content
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ing summaries, source data, extended data, supplementary infor-
mation, acknowledgements, peer review information; details of 
author contributions and competing interests; and statements of 
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Methods
Device fabrication. Hall-bar-shaped Cr/Pt (2 nm/20 nm) contacts were 
evaporated on the top of hexagonal boron nitride (hBN) (30–70 nm) 
(ref. 30). Using a thin polypropylene carbonate film sitting on top of a 
polydimethylsiloxane microlens, another hBN (30–70 nm) was then picked 
up using the dry stamp method2. The hBN was then used to tear part of an 
exfoliated monolayer WSe2 using the same tear-and-stack method as that used 
to fabricate TBG with a controlled interlayer twist angle7,28. The resulting stack 
was then dropped onto the prepatterned contacts30. The twist angles of the 
measured devices were first confirmed by SHG measurements and atomic force 
microscopy. A metal gate was then evaporated on top of the Hall-bar channel. 
For the back gate of our devices we used a variety of materials, namely Si, Cr/Pd 
(2 nm/10 nm) or thin graphite (10 nm), that were preassembled using the same 
dry-stamp technique before evaporating the prepatterned contacts onto  
the bottom hBN (see Supplementary Fig. 18).

SHG measurements. The crystal orientation of the WSe2 monolayers was 
determined by SHG measurements on an inverted microscope (Olympus IX73) 
system. Linearly polarized femtosecond laser light (80 MHz, 800 nm, 100 fs, 
Coherent Mira 900) was focused onto a monolayer with a ×100, numerical 
aperture 0.80 objective (Olympus LMPLFLN100X). The reflected 400 nm SHG 
signals were collected by the same objective, filtered by a shortpass dichroic mirror, 
shortpass and bandpass filters and a Glan–Taylor linear polarizer, detected by a 
photomultiplier tube (Hamamatsu R4220P) and counted by a photon counter 
(Stanford Research Systems SR400). The SHG experiment was performed by 
rotating either the sample or the laser polarization (by rotating a half waveplate) 
with a fixed-polarization detection. Owing to the D3h symmetry, the non-vanishing 
tensor elements of the second-order susceptibility of WSe2 monolayers are 
χð2Þyyy ¼ χð2Þyxx ¼ χð2Þxxy ¼ χð2Þxyx

I
 where the x axis is along the zigzag direction. When 

rotating the sample, the SHG intensity showed a six-fold symmetry: I⊥ ∝ cos2(3θ) 
and I∥ ∝ sin2(3θ), where θ is the angle between the laser polarization and the 
zigzag direction. When rotating the laser polarization, the SHG intensity showed 
a four-fold symmetry: Iy ∝ cos2(2θ) and Ix ∝ sin2(2θ). Monolayer WS2 flakes grown 
by chemical vapour deposition in which the zigzag directions that were the same as 
the crystal edges were used to calibrate the SHG set-up (see Supplementary Fig. 18 
for the schematics and data).

Data availability
The data that support the findings of this study are available from the 
corresponding author upon request.
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