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BAND STRUCTURE CALCULATION

In order to study the electronic properties of twisted bi-
layer WSe,, we perform first principle calculations based
on density functional theory (DFT). We extend and com-
plement these results with insights obtained from tight-
binding calculations. The DFT calculations are per-
formed with the Vienna Ab initio Simulation Package
(VASP) [1]. Plane-wave basis sets are employed with
an energy cutoff of 550eV. The projector augmented
wave method (PAW) [2] is used to construct the pseu-
dopotentials felt by the valence electrons. The exchange-
correlation functionals are treated within the general-
ized gradient approximations (GGA). For systems with
twist angle larger than 5.1 degrees, a 3x3x1 Gamma-
centered k-grid is used, and for the other, larger systems
(at smaller angle), a Gamma-only k-grid is employed.
All atoms are relaxed until the force on each atom is
less than 0.01eV/A. Van der Waals interactions are in-
cluded using the method of Tkatchenko and Scheffler [3]
during the relaxation. We employ an optimized lattice
constant of 3.30A for a 1x1 WSey bilayer with Bernal
stacking. Spin-orbit interactions are considered in all the
band structure calculations. We perform extensive DFT
calculations at zero displacement field, for several angles
as well as for several displacement fields at one angle of
5.08 degree. This allows us to obtain a complete picture.
Subsequently we fit the top of the valence band calcu-
lated by DFT using tight-binding (TB) models, which
allows us to efficiently obtain results also for different
displacement fields from those (see Fig. 19). Using this
TB approach yields a dramatic speed up and allows to

calculate the density of states using a high resolution in
momentum space, which is necessary to track the van-
Hove singularity accurately (see main text). The TB
calculations are based on a twisted bilayer honeycomb
lattice with one orbital for each lattice site. The lattice
constants are the same as those used in the DFT calcu-
lations and the interlayer separation is set to be 6.53A.
We employed a hopping term that only depends on the
separation between the two sites, similar to the one used
for twisted bilayer graphene [4, 5]. The onsite energy dif-
ference between the two sublattices in each layer is set
to be 1.23eV. We use a Gaussian smearing of 2meV in
the calculation of density of states with the TB method
and a k-grid as large as 40x40x1 in the supercell Brillouin
zone to ensure the calculation is converged.

LOW ENERGY MODEL AND MEAN FIELD
THEORY CALCULATION OF INTERACTIONS

In order to study the effects of correlations in the
twisted bilayer, we commence by devising an effective
low-energy tight-binding model of the moiré band struc-
ture. In contrast to the effective twisted WSes tight-
binding model utilized in the ab initio calculations de-
tailed above to extract the displacement field depen-
dence, we construct here a symmetry-adapted spin-orbit
coupled single-orbital triangular-lattice model of solely
the highest two moiré minibands.

Compared to the case of twisted bilayer graphene
near the magic angle, a low-energy description of the
partially-filled moiré band need only take into account
time-reversal symmetry as well as the C3 rotation sym-



metry of the lattice which is preserved in the twisted
bilayer. Furthermore, ab initio calculations of the spin
polarization of the bands along a high symmetry cut at a
finite displacement field indicate that the spin-flip contri-
butions to spin-orbit coupling is negligible. We therefore
start from a third-nearest-neighbor single-orbital tight-
binding model on the triangular lattice with solely spin-
conserving spin-orbit coupling, with dispersions

oo (k) = €0 + t(k) + oA(K) (1)

where € is a constant energy shift, ¢(k) are hopping ma-
trix elements, with

D €0 t1 tg t3 t4 ts t6

0.0 |-0.6818 -0.0155 -0.0034 0.0001 -0.0011 -0.0003 -0.0003
0.005]-0.6819 -0.0156 -0.0033 0.0002 -0.0012 -0.0003 -0.0003
0.01 |-0.6818 -0.0155 -0.0033 0  -0.0010 -0.0003 -0.0003
0.015]-0.6801 -0.0153 -0.0031 -0.0002 -0.0008 -0.0003 -0.0003
0.02 |-0.6796 -0.0153 -0.0029 -0.0005 -0.0007 -0.0003 -0.0003
0.025]-0.6775 -0.0150 -0.0027 -0.0006 -0.0006 -0.0004 -0.0004
0.03 |-0.6757 -0.0148 -0.0024 -0.0009 -0.0004 -0.0005 -0.0005
0.035]-0.6742 -0.0145 -0.0022 -0.0012 -0.0003 -0.0006 -0.0006
0.04 |-0.6726 -0.0142 -0.0019 -0.0015 -0.0002 -0.0007 -0.0007
0.045]-0.6709 -0.0139 -0.0017 -0.0018 0 -0.0008 -0.0008
0.05 [-0.6689 -0.0136 -0.0014 -0.0021 0  -0.0009 -0.0009
0.06 |-0.6649 -0.0129 -0.0009 -0.0027 0.0003 -0.0011 -0.0011
0.07 |-0.6607 -0.0123 -0.0005 -0.0033 0.0004 -0.0012 -0.0012
0.08 |-0.6564 -0.0118 -0.0002 -0.0039 0.0003 -0.0012 -0.0012
0.09 |-0.6520 -0.0114 0  -0.0044 0.0002 -0.0011 -0.0011

TABLE I. Tight-binding parameters of the low-energy
triangular-lattice moiré miniband model of equation (1), as
a function of displacement field.

t(k) = 1 [cos(ky1) + cos(ka) + cos(ka — k1) — 3]
+ to [cos(2k1) + cos(2ks) + cos(2ke — 2k1) — 3]
+ t3[cos(ky + ko) + cos(2ky — ka) + cos(ky — 2ks)
— 3]
+ t4 [cos(3k1) + cos(3ka) + cos(3ke — 3k1) — 3]
+ ts[cos(ky — 3ka) + cos(3k1 — 2ks) + cos(2ky + k2)

— 3]
+ tg[cos(2ky — 3k2) + cos(3ky — ko) + cos(k1 + 2k2)
-3 (2)

where k; = a; - k, and A(k) models spin-conserving spin-

D A1 A2 A3 Aq As g
0.0 |0.0006 0.0009 -0.0018 0.0002 -0.0010 -0.0002
0.005]0.0006 0.0009 -0.0018 0.0002 -0.0010 -0.0002
0.01 {0.0025 0.0007 -0.0019 0.0003 -0.0007 -0.0007
0.015]0.0038 0.0011 -0.0017 0.0004 -0.0006 -0.0005
0.02 {0.0051 0.0014 -0.0016 0.0006 -0.0006 -0.0005
0.025]0.0063 0.0018 -0.0015 0.0007 -0.0005 -0.0005
0.03 {0.0074 0.0021 -0.0014 0.0007 -0.0004 -0.0005
0.035]0.0085 0.0025 -0.0014 0.0009 -0.0003 -0.0005
0.04 {0.0095 0.0028 -0.0013 0.001 -0.0001 -0.0006
0.045]0.0106 0.0031 -0.0013 0.0011 -0.0001 -0.0006
0.05 {0.0116 0.0033 -0.0012 0.0011 0  -0.0006
0.06 {0.0133 0.0035 0.0012 0.001 0.0007 -0.0001
0.07 {0.0148 0.0034 -0.0011 0.0007 0.0003 -0.0008
0.08 |0.0161 0.0034 -0.0011 0.0004 0.0004 -0.0010
0.09 {0.0172 0.0034 -0.0011 0.0003 0.0006 -0.0011

TABLE II. Tight-binding parameters of the low-energy
triangular-lattice moiré miniband model of equation (1), as
a function of displacement field.

orbit coupling with

A(k) = Aq [sin(ky) — sin(ke) — sin(ky — k2)]
[sin(2k1) — sin(2k2) — sin(2k; — 2k9)]
[sin(ky — 2ko) — sin(2ky — ko) + sin(ky + k2)]
+ A4 [sin(3ky) — sin(3ks) — sin(3k; — 3k2)]
+ X5 [sin(ky — 3ko) — sin(3ky — 2ka) + sin(2ky + k2))
[sin(2k; — 3k2) — sin(3k; — ka) + sin(ky + 2/({2)]
3)

The tight-binding parameters t,, A, are determined by
fitting to the ab initio band structure.

To treat the correlated insulating state, we consider a
minimal model with a local Hubbard interaction

H=7 (k) &b, +U Y feiqrflo_q bty (4)
ko Kk'q

and study the behavior as a function of the displacement
field dependence of the tight-binding parameters.

While the strength of the effective screened Coulomb
repulsion as well as its dependence on the displacement
field cannot be reliably determined from ab initio cal-
culations of the moiré supercell, an order-of-magnitude
estimate readily follows from the experimental observa-
tions. The dependence of the insulating state on the dis-
placement field rules out the strong coupling limit with
U > W with W ~ 100meV the non-interacting band-
width of (1). In this scenario, the opening of a charge
gap is associated with an energy/temperature scale o< U
that remains insensitive to weak displacement-field per-
turbations of the band structure and spin-orbit coupling
matrix elements. Conversely, at infinitesimal coupling
U < W the insulating state would be determined by



the location of the van Hove singularity and hence be ex-
pected to shift to filling fractions away from half filling as
a function of displacement field, which is not observed in
experiment. These considerations place the interaction
strength in an intermediate coupling regime.

While the intermediate-coupling regime on a frustrated
lattice poses significant challenges to a quantitative the-
oretical treatment, we instead qualitatively model the
trend of the insulating phase as a function of displace-
ment field via a mean field theory calculation as a func-
tion of the displacement field dependent tight-binding
parameters. In mean field theory, the appearance of a
charge gap is tied to the formation of magnetic or charge
order. To this end, in single-orbital triangular lattice
Mott insulators with short-ranged effective spin-exchange
interactions, the ground state has previously been shown
to be a v/3 x v/3 Néel state. We therefore adopt a Néel
state with ordering vector q = (47/3,0) for the purpose
of a mean field theory calculation and furthermore pin
the chemical potential as a function of displacement field
to enforce half filling of the moiré band as expected for
an intermediate coupling regime. We emphasize that the
choice of magnetic order, while motivated by previous
studies of triangular-lattice Mott insulators, is in princi-
ple arbitrary — since Fermi surface nesting is largely ab-
sent in the moiré miniband model for the displacement
fields studied here, the enhancement and suppression of
the correlated state in weak coupling follows solely from
the shifting of the van Hove singularity across the Fermi
surface as a function of displacement field and can in
principle be reproduced via other and possibly incom-
mensurate magnetic orders.

Under these assumptions, we calculate the density of
states on a 100 x 100 momentum-space grid to deter-
mine the half-filling point, and solve the mean field self-
consistency equations which are parameterized by the
displacement field dependence. As a function of interac-
tion strength, the critical temperature, and equivalently
the gap size of the insulating state, develop a dome-like
shape at weak interactions, with a peak at the displace-
ment field value at which the van Hove singularity lies
on the Fermi surface. Upon increasing U, the dome sat-
urates to a plateau that spans from zero displacement
field up to a critical value, beyond which the system be-
comes metallic. The experimental observation of the dis-

placement field dependent metal insulator transition is
therefore well-modelled by choosing a Hubbard interac-
tion ~ 0.5 — 0.7meV'.
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FIG. 1. Mean-field calculation. Left: Gap size versus
displacement field and assumed strength of the Coulomb in-
teraction in a false color plot. Right: Line cuts for the gap
size as a function of displacement field for a select interaction
strengths. At relatively weak interaction strength there is a
pronounced dome structure (in agreement with the experi-
mental reports) that saturates as the interaction is increased.
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corresponding line-cuts along different temperatures (c) show two zero resistance pockets flanking the insulator. b, R vs T
shows zero resistance onsets below about 2K, similar to the behavior of 5.1° sample. d, The IV curve along one of the pocket
at different temperatures, showing non-linearity below 7' = 2 K.
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FIG. 18. Device structure and characterization of twist angle from SHG. a, Device and measurement schematics. b,
Optical image of a device with bottom graphite gate and top metal gate. ¢, Second harmonic generation (SHG) setup. d, SHG
data (dotted) and fit (solid) of WSez monolayers twisted by a small angle.
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FIG. 19. Comparison of the results calculated by TB model and calculations with DFT. a, Band structures of
twisted bilayer WSey at 3.89° calculated by DFT (black solid lines) and TB model (red circles). b, Band width of the top of
the valence bands at different twist angles calculated with DFT (black crosses) and TB model (red solid lines).





