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Electronic localization in twisted bilayer MoS2 with small rotation angle
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Moiré patterns are known to confine electronic states in transition metal dichalcogenide bilayers, thus gener-
alizing the notion of magic angles discovered in twisted bilayer graphene to semiconductors. Here, we present
a revised Slater-Koster tight-binding model that facilitates the first reliable and systematic studies of such states
in twisted bilayer MoS2 for the whole range of rotation angles θ . We show that isolated bands appear at low
energy for θ . 5−6◦. Moreover, these bands become “flatbands”, characterized by a vanishing average velocity,
for the smallest angles θ . 2◦.

Introduction.– Electronic correlations, i.e., the Coulomb in-
teractions between electrons, can give rise to exotic states
of matter, with notable examples including Mott insulators
[1] and superconductors [2]. Some of the phenomena ob-
served, e.g., in the so-called high-temperature superconduc-
tors [3] continue to pose puzzles despite of decades of re-
search. The discovery of electronic localization by a moiré
pattern in twisted bilayer graphene [4–7] allows the realiza-
tion of such phenomena in intrinsically only weakly correlated
2D materials thanks to the emergence of flatbands at low en-
ergies that enhances the importance of interactions. Research
in this field has been boosted by the experimental discovery
of correlated insulators [8] and unconventional superconduct-
ing states [9]. In recent years, the broad family of transition
metal dichalcogenides (TMDs) [10–12], which offers a wide
variety of possible rotationally stacked bilayer systems, has
also prompted numerous experimental [13–22] and theoreti-
cal [23–37] studies to understand such confined moiré states
in semiconductor materials. Many of these studies analyze
the interlayer distances, the possible atomic relaxation, the
transition from a direct band gap in the monolayer system
to an indirect band gap in bilayer systems, and more gener-
ally the effect of interlayer coupling in those twisted 2D sys-
tems with various rotation angles θ . At small values of θ , the
emergence of flatbands has been established [30] from first-
principles density functional theory calculations in twisted bi-
layer MoS2 (tb-MoS2), and observed in a 3◦ twisted bilayer
WSe2 sample by using scanning tunneling spectroscopy [22].
Recently, it has been shown numerically [35] that Lithium in-
tercalation in tb-MoS2 increases interlayer coupling and thus
promotes flatbands around the gap. There is also experimental
evidence that moiré patterns may give rise to confined states
due to the mismatch of the lattice parameters in MoS2-WSe2
heterobilayers [21].

Most theoretical investigations of the electronic structure
of bilayer MoS2 are density-functional theory (DFT) studies
[13–18, 23–30, 38–41] with eventually a Wannier wavefunc-
tion analysis [24]. Those approaches provide interesting re-
sults, but they do not allow a systematic analysis of the elec-
tronic structure as a function of the rotation angle θ , in par-
ticular for small angles, i.e., very large moiré cells, for which
DFT calculations are not feasible. Several Tight-Binding (TB)
models, based on Slater-Koster (SK) parameters [42], have
been proposed for monolayer MoS2 [43–47] and multi-layer
MoS2 [23, 24, 43, 45]. Following these efforts, we propose
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FIG. 1. Atomic structure of bilayer MoS2 at a twist angle θ =
13.17◦. (a) side view. (b) top view.

here a Slater-Koster set of parameters that match correctly the
DFT bands around the gap of tb-MoS2 with rotation angles
θ > 7◦. This SK-TB model, with the same parameters, is
then used for smaller angles, in order to describe the confined
moiré states. We thus show that, for θ . 6◦, the valence band
with the highest energy is separated from the other valence
states by a minigap of a few meV. In addition, the width of
this band decreases as θ decreases so that the average veloc-
ity of these electronic states reaches 0 for θ . 2◦ such that
flatbands emerge at these angles. This is reminiscent of the
vanishing of the velocity at certain “magic” rotation angles in
bilayer graphene [4–7, 48] except that in the case of bilayer
MoS2 it arises for an interval of angles. Other minigaps and
flatbands are also found in the conduction band. The con-
fined states that are closest to the gap are localized in the AA
stacking regions of the moiré pattern, like in twisted bilayer
graphene.

Atomic structure.– The commensurate structure of tb-MoS2
can be defined in the same manner that is common for twisted
bilayer graphene (see for instance Refs. [49, 50]). Here we
use the same notation as in Refs. [5, 48]. A commensurate tb-
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MoS2 with rotation angle θ is defined by two integers n and
m, such that

cosθ =
n2 +4nm+m2

2(n2 +nm+m2)
, (1)

and its lattice vectors are~t = n~a1 +m~a2 and~t ′ =−m~a1 +(n+
m)~a2, where~a1 (a

√
3/2,−a/2,0) and~a2 (a

√
3/2,a/2,0) are

the lattice vectors of monolayer MoS2, with the lattice dis-
tance a = 0.318 nm. A unit cell of tb-MoS2 contains N =
6(n2 + nm + m2) atoms. Figure 1 shows a (n = 2, m = 3)
tb-MoS2 unit cell containing 114 atoms. The cell (~a1,~a2)
of monolayer MoS2 contains 3 atoms: Mo at (0,0,0), S at
(0,a/

√
3,0.49115a) and S at (0,a/

√
3,−0.49115a) [46, 51].

Note that in tb-MoS2 different types of moiré cells can be
built, as the atoms of a monolayer unit cell are not equiva-
lent by symmetry (see Supplemental Material [52], section I).
For simplicity, we consider only moiré patterns constructed as
follows in the main text. Starting from an AA stacked bi-
layer (where Mo atoms of a layer lie above the Mo atoms
of the other layer, and S atoms of a layer lie above the S
atoms of the other layer), the layer 2 is rotated with respect
to the layer 1 by the angle θ around a rotation axis going
through two Mo atoms. We have checked that the qualitative
results presented here are also found in tb-MoS2 built from an
AB stacked bilayer before rotation (see Supplemental Mate-
rial [52]). The interlayer distance between layers containing
Mo atoms is fixed to dMo−Mo = 0.68 nm which is the DFT-
optimized interlayer distance for AA stacked bilayer MoS2.
The atomic relaxation probably has an important effect on the
electronic structure in tb-MoS2 [30, 32], like in twisted bilayer
graphene [53]. However in this work, our aim is to provide a
simple tight-binding (TB) scheme using Slater-Koster param-
eters that can be used for tb-MoS2 at all angles in order to
analyze qualitatively the electronic states that are confined by
the moiré pattern. Indeed, as was the case for twisted bilayer
graphene, the study of the non-relaxed structure should make
it possible to identify generic properties that will persist with
relaxation. Therefore, our numerical results hould be qualita-
tively relevant even if they may not be quantitatively accurate.

DFT calculations.– The DFT [54, 55] calculations were
carried out with the ABINIT software [56–58] within the
Monkhorst-Pack scheme [59] (more details are given in the
Supplemental Material [52]). LDA [60] and GGA + Van der
Waals [61] exchange-correlation functionals yield very simi-
lar results (see Fig. S4 in the Supplemental Material [52]), so
all the results presented here are based on LDA calculations,
which require less computation time for large systems.

Figure 2 shows DFT bands of tb-MoS2 along symmetric
lines of the first Brillouin zone for four values of the rotation
angle θ . Note that the size of the Brillouin zones depends on
the size of a unit cell of the moiré pattern such that the scale of
the horizontal axis varies with θ . These bands should be com-
pared with the monolayer bands plotted in the same first Bril-
louin zone as follows. On the one hand, some bands are not
affected by the value of θ . Indeed, as shown in Fig. S5 of the
Supplemental Material [52], the parabolic band that emanates
for the point S0 is not affected by θ . Therefore, we always
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FIG. 2. DFT conduction and valence bands in tb-MoS2: (1,2)
θ = 21.79◦, (2,3) θ = 13.17◦, (3,4) θ = 9.43◦, and (4,5) θ = 7.34◦.
For every rotation angle, the origin of energy is fixed at the energy of
the state S0.

set the energy of S0 to zero. Similarly, for the angles shown
in Fig. 2, the curvature of the parabola at the lowest conduc-
tion band energy at K is not affected by θ . On the other hand,
many bands are modified with respect to the monolayer case.
Like for simple stacking bilayers (AA, AB, AB’, . . . ) [38–
40], the highest valence energy at Γ, E(S1), increases with
respect to the monolayer such that the gap becomes indirect.
However, E(S1) does not vary significantly with θ . In par-
ticular for the angles presented in Fig. 2, the curvature of the
parabola at S1 is not affected by θ and remains close to that
of the monolayer.

Finally, considering the valence band, the most spectacular
effect of decreasing θ is the increase of the energies of some
bands, thus gradually filling the gap. This is, for instance,
clearly seen in Fig. 2 when considering the energy variation
of the states S2 and S3 when θ decreases. Similarly, some
energies of certain conduction bands decrease as θ decreases.
Such a θ dependence of bands has already been observed for
some values of the rotation angle in previous DFT calculations
[30]. In order to analyze it systematically, it is necessary to
perform calculation for smaller angles which is difficult using
DFT calculations. This is the reason why we have developed
a TB model that can be used for every value of θ .

TB calculations.– In a first step, one needs to describe
monolayer MoS2 correctly. The states around the gap at the
Fermi energy EF are mainly 4d states of Mo [51]. However,
to describe valence and conduction bands correctly, it is not
sufficient to restrict an effective Hamiltonian to 4d Mo or-
bitals. Indeed, the ligand field (S atoms) splits the 4d lev-
els of the transition metal (Mo) atoms, and thus creates a
direct gap at the K point [51]. Therefore, all TB models
proposed in the literature include at least 3p S orbitals [43–
47]. Roughly speaking the valence band has mainly d0 = 4dz2

Mo character, whereas the conduction band has d0 character
mixed with d2 = 4dx2−y2 , 4dxy Mo character near the gap, and
d1 = 4dxz, 4dyz Mo character for higher energies [43]. It seems
that 3p S orbitals, which have lower on-site energies, act as a
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FIG. 3. TB and DFT bands around the gap in tb-MoS2: (left) (1,2)
θ = 21.79◦ and (right) (3,4) θ = 9.43◦.

perturbation of the 4d Mo bands. For this reason, several TB
models [43, 46, 47] fit rather well to the DFT band structure,
while they propose very different parameters (on-site energies
and Slater-Koster parameters). Our TB model for monolayer
MoS2 (Fig. S3 in the Supplemental Material [52]) is an adap-
tation of the model proposed in Ref. [46] for monolayers, and
is presented in detail in the Supplemental Material [52]. Each
unit cell of the monolayer contains 11 orbitals: 5 d Mo orbitals
(d0 = 4dz2 , d1 = 4dxz, 4dyz, d2 = 4dx2−y2 , 4dxy of 1 Mo atom)
and 6 p S orbitals (3px, 3py and 3pz of 2 S atoms). Since the
precise model may differ for valence and conduction states
[46], we have decided to focus on reproducing the valence
band accurately. Note that our TB model has been adapted to
simulate not only the DFT monolayer bands, but also the DFT
bands of twisted bilayers (mainly valence bands), as shown in
the following.

In a second step, we consider the coupling between two lay-
ers of MoS2. Most previous studies [23, 24, 43, 45] include
only pS− pS interlayer coupling terms, but d Mo− pS and
d Mo−d Mo terms may also be important because we do not
limit the interlayer coupling to first-neighbor hopping. There-
fore, we include pS− pS, d Mo− pS, and d Mo− d Mo in-
terlayer terms in our Slater-Koster scheme. It turns out that
the latter two are indeed important to reproduce the DFT va-
lence band correctly. An exponential decay with inter-atomic
distance [24] and a cutoff function [62] are applied to of these
interlayer terms, like in twisted bilayer graphene [48]. Figure
3 shows the comparison between DFT and TB bands for tb-
MoS2 with θ = 21.79◦ and 9.43◦. The agreement is excellent
for the highest energy valence bands and qualitatively correct
for the conduction bands. All parameters of our TB model are
given in the Supplemental Material [52].

Effect of the rotation angle on bands.– We now analyze the
evolution of the bands around the main gap with θ . Figure
4 shows this evolution for the top of the valence bands with
a focus on the states labeled S1, S2, S3, and S4. Both DFT
and TB results show that the energies E(S2) and E(S3) vary
almost linearly with θ 2 (Fig. 4(b)), which is a strong indica-
tion that this phenomenon is a direct consequence of the moiré
structure. Indeed, in the MoS2 monolayer, the states around
the gap are close to the Γ and K points in reciprocal space,
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FIG. 4. Dependence of valence bands on rotation angle θ : (a)
Valence band dispersion of (4,5) tb-MoS2, θ = 7.34◦. (b) Energy
E(S2) of the state S2 (see panel (a)) versus θ 2. (c) Energy difference
between the states S4 and S2, ∆E24 = E(S4)−E(S2), versus θ . A
negative value of ∆E24 means that a gap |∆E24| exists between the
band below the gap and the other valence bands. (d) Average slope
of E(~k) of the band between states S2 and S3.

with a parabolic dispersion. In the twisted bilayer, the points
Γ1 and Γ2 of the 2 monolayers (layer 1 and layer 2) coincide,
while K1 and K2 are separated by a small distance K1K2 pro-
portional to the angle θ for small θ . As the monolayer band
dispersion is parabolic, the energy of the crossing of the bands
of the two layers varies with θ 2, and so do the changes in en-
ergy induced by the moiré pattern. Similarly, many studies
have shown that the changes of energy due to the moiré pat-
tern in twisted graphene bilayer varies linearly with θ because
the low-energy bands of a graphene monolayer are linear in
‖~K−~k‖ (see, e.g., Ref. [63]).

Furthermore, our TB computations show that the high-
est energy valence band is isolated from the remainder of
the valence bands by a minigap for sufficiently small val-
ues of θ (Fig. 5). This is illustrated by Fig. 4(c), showing
that E(S4)−E(S2) < 0, i.e., the presence of a minigap, for
θ < θC ≈ 6◦. This isolated band is not degenerate, thus it cor-
responds to one state per moiré cell. Figure 5 shows that such
isolated bands are also present among the conduction bands
with different values of θC. Finally, for the smallest angles,
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FIG. 5. TB band dispersion and local density of states (LDOS) of
d0 = dz2 Mo atoms at the center of the AA stacking region and the
center of the AB region: (a) for (10,11) tb-MoS2 θ = 3.15◦, and
(b) for (20,21) tb-MoS2 θ = 1.61◦. In a moiré cell, two symmet-
rically equivalent AB stacking regions are located at 1/3 and 2/3
of the longest diagonal of the cell (see Sec. I A of the Supplemental
Material [52]). Each AB stacking region contains two types of Mo
atoms: (AB-A) Mo atom of a layer lying above an S atom of the
other layer, (AB-B) Mo atom of a layer not lying above an atom of
the other layer.

several isolated bands appear both among the valence and con-
duction bands.

We also consider the average slope of the highest valence
band between the points K and M, i.e., between the states S2
and S3 (Fig. 4(a)). This quantity is proportional to the av-
erage Boltzmann velocity (intra-band velocity). As shown
in Fig. 4(d), this velocity tends towards zero for small an-
gles, θ = θ0 ≈ 2◦. This demonstrates an electronic confine-
ment corresponding to a “flatband”, like it has been found for
twisted bilayer graphene for specific angles, so-called magic
angles [4–7, 48]. However, in tb-MoS2, this velocity vanishes
not only for discrete values of θ , but flatbands emerge for a
continuous range of θ , θ . θ0.

Confined state in the AA region of the moiré pattern.– Like
for the monolayer, the electronic states of tb-MoS2 closest to
the gap have mainly 4dz2 Mo character. This is still true for
small angles, but states of the isolated bands are mainly lo-
calized in the AA stacking region. Consequently, the local
density of states (LDOS) for 4dz2 Mo at the center of AA

region contains sharp peaks around the gap (Fig. 5). Note
that in the LDOS (Fig. 5), the minigap discussed in the pre-
vious paragraph is not seen clearly because of the numerical
Gaussian broadening used to calculate the LDOS. Other fig-
ures, presented in the Supplemental Material [52], show that
the sharp peaks closest to the main gap are found neither in
the LDOS of the other 4d Mo orbitals, nor in the LDOS of
the Mo atoms that are not located in the AA stacking re-
gions. Thus, the flatband states are confined in AA stacking
regions, like in twisted bilayer graphene for small rotation an-
gles [5, 7, 48, 64, 65]. The lowest-energy flatbands (closest to
the gap in the valence and conduction bands) are localized at
the center of the AA regions, as is also reflected by a strong
enhancement of the local density of states in the correspond-
ing regions (Fig. 5), whereas the next flatbands are localized
in a ring in the AA regions rather than at the their center (see
Fig. S9 in the Supplemental Material [52]).

Conclusion.– We have revisited the tight-binding descrip-
tion of twisted MoS2 bilayers starting from DFT compu-
tations. Particular attention was paid to inerlayer Slater-
Koster parameters and we confirmed that not only the closest
pS− pS interlayer coupling terms, but also d Mo− pS and
d Mo− d Mo coupling needs to be taken into account for an
accurate description. We then used this tight-binding model to
investigate the band structure of MoS2 bilayers at smaller ro-
tation angles θ where the moiré unit cell becomes too large for
DFT computations. We found that isolated bands appear in the
valence and conduction bands close to the gap for θ . 5−6◦.
For even smaller angles θ . 2◦, the average velocity vanishes.
The emergence of the corresponding flatbands is reflected by
sharp peaks in the density of states. This phenomenon is ac-
companied by a localization of the wave function mainly in
AA stacking regions. Depending on the flatband, this real-
space confinement can occur at the center of AA region and
also in a ring around the center of the AA region.

In the present discussion, we have focused on rotated MoS2
bilayers that are constructed from AA stacking, but we have
checked [52] that qualitatively the same behavior is found
when one starts from AB stacking instead.

The vanishing velocity and related emergence of flatbands
identifies weakly doped MoS2 bilayers as good candidates for
the observation of strong correlation effects. Beyond first the-
oretical efforts in this direction [36], we offer our DFT-based
tight-binding model as a solid starting point for more detailed
studies of correlation effects in twisted MoS2 bilayers.

Note added. Recently, we were alerted of two closely re-
lated preprints [66, 67].
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“Reconstruction of moiré lattices in twisted transition metal
dichalcogenide bilayers,” (2019), arXiv:1912.08702 [cond-
mat.mtrl-sci].

[33] Y. Tang, L. Li, T. Li, Y. Xu, S. Liu, K. Barmak, K. Watanabe,
T. Taniguchi, A. H. MacDonald, J. Shan, and K. F. Mak, “Sim-
ulation of Hubbard model physics in WSe2/WS2 moiré super-
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S. Yuan, “Multi-ultraflatbands tunability and effect of spin-orbit

coupling in twisted bilayer transition metal dichalcogenides,”
(2020), arXiv:2005.13868 [cond-mat.mes-hall].

[67] Y. Zhang, Z. Zhan, F. Guinea, J. Á. Silva-Guillén, and
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Supplemental Material
In this Supplemental Material, we first (section I) present

the commensurate moiré structures of twisted bilayer MoS2
(tb-MoS2) that have been used in the present work. Section II
gives some details and complementary results on our DFT cal-
culations. Section III provides the Tight-Binding (TB) Slater-
Koster parameters for tb-MoS2. Complementary TB results
(bands, local density of states, and eigenstates) are presented
in section IV.

I. TB-MOS2 COMMENSURATE STRUCTURES

The atomic structure of commensurate twisted bilayer
MoS2 (tb-MoS2) is explained in the main text. The structures
of tb-MoS2 that have been used in the present work are listed
table S1.

In tb-MoS2, different types of moiré patterns can be built
since the atoms of a monolayer unit cell are not equivalent
by symmetry. For our study we consider two kinds of moiré
patterns:

• Patterns from AA: Starting from an AA stacked bi-
layer (where Mo atoms of a layer lie above a Mo atom
of the other layer, and S atoms of a layer lie above an S
atom of the other layer), the layer 2 is rotated with re-
spect to layer 1 by the angle θ around an axis containing
two Mo atoms.

• Patterns from AB: Starting from an AB stacked bi-
layer (were Mo atoms of layer 1 lie above a Mo atom of
layer 2, and S atoms of each layer do not lie above an
atom of the other layer), layer 2 is rotated with respect
to layer 1 by the angle θ around an axis containing two
Mo atoms.

For simplicity, in the main text we discussed only moiré pat-
terns built from AA stacking, but results for moiré patterns
built from AB stacking yield similar results, as shown here.

A. Moiré pattern from AA

Figure S1 shows a top view of the atomic structure of (6,7)
tb-MoS2 built from AA stacking. One can identify several
specific types of stacking regions:

• AA stacking regions are regions where Mo atoms of
a layer lie above a Mo atom of the other layer, and S
atoms of a layer lie above an S atom of the other layer.

• AB’ stacking regions are regions where Mo atoms of
layer 1 lie above an S atom of layer 2, and S atoms of
layer 1 (Mo atoms of layer 2) do not lie above an atom
of layer 2 (layer 1).

• BA’ stacking regions are regions where S atoms of layer
1 atoms lie above a Mo atom of layer 2, and Mo atoms

TABLE S1. (n,m) twisted bilayer MoS2 (tb-MoS2) structures that
have been used in the present work. θ is the rotation angle between
the two layers and N the number of atoms in a unit cell.

(n,m) θ [deg.] N

(1,2) 21.787 42
(2,3) 13.174 114
(3,4) 9.430 222
(4,5) 7.341 366
(5,6) 6.009 546
(6,7) 5.086 762
(7,8) 4.408 1014
(10,11) 3.150 1986
(15,16) 2.134 4326
(16,17) 2.004 4902
(18,19) 1.788 6162
(19,20) 1.696 6846
(20,21) 1.614 7566
(22,23) 1.470 9114
(25,26) 1.297 11706
(27,28) 1.203 13614
(30,31) 1.085 16746
(33,34) 0.987 20202
(36,37) 0.906 23982

Mo layer 1
S layer 1

Mo layer 2
S layer 2

FIG. S1. Atomic structure of (6,7) tb-MoS2 built from AA stacked
bilayers. Black lines show the unit cell. AA stacking regions are at
the corners of this cell, BA’ and AB’ stacking regions are at 1/3 and
2/3 of its longest diagonal, respectively.

of layer 1 (S atoms layer 2) do not lie above an atom of
layer 2 (layer 1).

In Fig. S1, AA stacking regions are located at the corners of
the moiré cell. BA’ and AB’ stacking regions are located at
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Mo layer 1
S layer 1

Mo layer 2
S layer 2

FIG. S2. Atomic structure of (6,7) tb-MoS2 built from AB stacked
bilayers. Black lines show the unit cell. AB stacking regions are at
the corners of this cell, AA’ and BA stacking regions are at 1/3 and
2/3 of the longest diagonal, respectively.

1/3 and 2/3 of its long diagonal, respectively.

B. Moiré pattern from AB

Figure S2 shows a top view of the atomic structure of (6,7)
tb-MoS2 built from AB stacking. Here one can identify sev-
eral specific types of stacking regions:

• AA’ stacking regions are regions where Mo atoms (S
atoms) of one layer lie above an S atom (Mo atom) of
the other layer.

• AB stacking regions are regions where Mo atoms of
layer 1 lie above a Mo atom of layer 2, and S atoms of
each layer do not lie above an atom of the other layer.

• BA stacking regions are regions where S atoms of layer
1 lie above an S atom of layer 2, and Mo atoms each
layer do not lie above an atom of the other layer.

In Fig. S2, AB stacking regions are located at the corners of
the moiré cell. AA’ and BA stacking regions are located at
1/3 and 2/3 of its long diagonal, respectively.

II. DFT TB-MOS2 BANDS

Density functional theory (DFT) [54, 55] calculations
based on first-principle calculations were carried out with
the ABINIT code [56–58], using the local density ap-
proximation (LDA) exchange-correlation functional [60] and
the Perdew-Burke-Ernzerhof (PBE) parametrized generalized
gradient approximation (GGA) exchange-correlation func-
tional [61]. We considered fourteen valence electrons of Mo
(4s2,4p6,4d5,5s1), six valence electrons of S (3s2,3p4) in the

-1
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FIG. S3. DFT and TB bands in monolayer MoS2. The origin of the
energy is chosen at the maximum energy of the valence band, i.e., at
the energy of the states labeled S0, E(S0) = 0. Since E(S1)< E(S0)
the gap is direct at K. The first Brillouin zone is sketched in the insert.
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FIG. S4. DFT bands around the gap in (1,2) θ = 21.79◦ tb-MoS2
(built from AA stacking, see Sec. I A): Comparison between LDA
and the PBE-GGA + Van der Waals exchange-correlation functional.

PAW-PBE pseudopotential. The Brillouin zone was sampled
by a k-point mesh of 0.8 nm−1 separation in reciprocal space
within the Monkhorst-Pack scheme [59], and the kinetic en-
ergy cutoff was chosen to be 544.22 eV. A vacuum region of
2 nm was inserted between the MoS2 bilayers to avoid spuri-
ous interactions between periodic images.

Figure S3 shows our DFT results for the band structure of
monolayer MoS2. The highest energy of the valence band
(state S0 at the point K) is fixed to zero, E(S0) = 0. Since the
highest valence energy at the point Γ (state S1) has a lower
energy, the gap is direct, as expected [51].

Figure S4 shows that LDA and GGA + Van der Waals ap-
proximations yield very similar results, so all further result are
based on LDA calculations.

In Fig. S5, we compare the bands around the gap of (1,2)
and (2,3) tb-MoS2 with the monolayer case. For the purpose
of comparison, the monolayer unit cell has been mapped to
the bilayer one.
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FIG. S5. DFT bands around the gap in tb-MoS2 (built from AA
stacking, see Sec. I A): (a) (1,2) θ = 21.79◦, (b) (2,3) θ = 13.17◦.
(red color) bilayer, (black color) monolayer represented in the bilayer
unit cell.

III. TIGHT-BINDING (TB) MODEL

In this section, we present details of our Tight-Binding (TB)
Hamiltonian for monolayer MoS2 and twisted bilayer MoS2.
We use a Slater-Koster scheme [42] in order to describe all the
studied structures by a single set of parameters.

A. TB model for monolayer MoS2

We start by describing a single layer of 2H-MoS2. The
lattice vectors of monolayer MoS2 are ~a1 (a

√
3/2,−a/2,0)

and ~a2 (a
√

3/2,a/2,0), with the lattice parameter a =
0.318 nm. A unit cell contains 3 atoms: Mo at (0,0,0), S at
(0,a/

√
3,0.49115a) and S at (0,a/

√
3,−0.49115a) [46, 51].

Our TB model includes 11 orbitals per unit cell of the
monolayer: 5 d Mo orbitals (d0 = 4dz2 , d1 = 4dxz, 4dyz,
d2 = 4dx2−y2 , 4dxy of 1 Mo atom) and 6 p S orbitals (3px, 3py
and 3pz of 2 S atoms). By symmetry, the 2 d1 (d2) orbitals of
each Mo are equivalent as well as the 3px and 3py of each S.

Our TB model for monolayer MoS2 is an adaptation of the
model proposed in Ref. [46] to our DFT results (Fig. S3). The
pS− pS , d Mo− d Mo and d Mo− pS hopping terms are
calculated using a Slater-Koster formula with the parameters
Vppσ , Vppπ , Vddσ , Vddπ , Vddδ , Vd pσ , Vd pπ . For the monolayer,

TABLE S2. Tight-binding (TB) Slater-Koster parameters for mono-
layer MoS2, and pairs of neighbors for which the hopping term is
nonzero. The lattice parameter of monolayer MoS2 is a = 0.318 nm.

Atom Orbitals On-site energy (eV)
Mo d0 = 4dz2 E0

0 = 0.1356
d1 = 4dxz, 4dyz E0

1 =−0.4204
d2 = 4dx2−y2 , 4dxy E0

2 = 0.0149

S 3px, 3py E0
x,y =−38.71

3pz E0
z =−29.45

Atom Neighbor Number Inter-atomic Slater-Koster
distance (nm) parameters (eV)

Mo Mo 3 0.318 Vddσ =−0.9035
Vddπ = 0.7027
Vddδ = 0.0897

S 6 0.241 Vd pσ =−7.193
Vd pπ = 3.267

S S 1 0.312 Vppσ = 8.079
Vppπ =−2.678

6 0.318 Vppσ = 7.336
Vppπ =−2.432

TABLE S3. TB Slater-Koster parameters for interlayer hopping
terms in tb-MoS2. d0 is the interlayer distance; for the definition of
dMo−Mo, dMo−S, and dS−S, see Fig. 1.

Atom Neighbor d0 (nm) q Slater-Koster
parameters (eV)

Mo Mo 0.6800 11.6496 V 0
ddσ

=−0.1416
V 0

ddπ
=−0.4254

V 0
ddδ

=−0.1237

S 0.5238 8.9738 V 0
d pσ

=−1.4793

V 0
d pπ

= 0.52431

S S 0.3676 6.2981 V 0
ppσ = 6.2782

V 0
ppπ =−8.9733

only first neighbor S-S, Mo-Mo and S-Mo hopping terms are
taken into account. On-site energy values, number of neigh-
bors taken into account, and values of Slater-Koster parame-
ters are listed table S2.

B. TB model of twisted bilayer MoS2 (tb-MoS2)

Now we move to tb-MoS2 where we take the monolayer
MoS2 hopping terms of table S2 as the intralayer hopping
terms. Most previous studies [23, 24, 43, 45] include only
pS− pS interlayer hopping terms. At first sight, this may
appear justified since these correspond to the shortest inter-
layer distance, see Fig. 1. However, dMo−Mo and in partic-
ular dMo−S are not that much bigger than dS−S such that a
sharp cutoff at the shortest distance may not be appropriate.
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Indeed, d Mo− pS terms and d Mo− d Mo terms may also
be important because we do not limit the interlayer coupling
to first-neighbor hopping. Therefore, we include pS− pS,
d Mo− pS, and d Mo−d Mo interlayer hopping terms in our
Slater-Koster scheme. Following other studies of twisted bi-
layer TMDCs [24] and twisted bilayer graphene [5, 48], each
interlayer Slater-Koster parameter Vi is assumed to decrease
exponentially as a function of the distance d between orbitals:

Vi(d) =V 0
i exp

(
−qi

d−d0

d0

)
Fc(d) , (2)

where the V 0
i is S-S V 0

ppσ , S-S V 0
ppπ , Mo-Mo V 0

ddσ
, Mo-Mo

V 0
ddπ

, Mo-Mo V 0
ddδ

, Mo-S V 0
d pσ

, Mo-S V 0
d pπ

, respectively; d0
i

is the corresponding interlayer distance dS−S, dMo−Mo, and
dMo−S, respectively (see Fig. 1). The coefficients qi are fixed,
like in twisted bilayer graphene [48], to have a reduction by a
factor 10 between first neighbor hopping and second neighbor
hopping terms,

qi =

√
3 ln(10)d0

i

(
√

3−1)a
. (3)

Numerical values of V 0
i , d0

i and qi are listed table S3.
In equation (2) a smooth cutoff function [62] is used,

Fc(d) =

(
1+ exp

(
d− rc

lc

))−1

, (4)

with rc the cutoff distance and lc = 0.0265 nm [62]. For r�
rc, Fc(r)' 1; and for r� rc, Fc(r)' 0. All results presented
in the present Rapid Communication are calculated with rc =
2.5a = 0.795 nm.

IV. TB ELECTRONIC STRUCTURE OF TB-MOS2

A. Analysis of the bands in tb-MoS2 built from AB stacking

In the main text we showed only results for tb-MoS2 built
from AA stacking (see section I A). However, other types
of moiré patterns exist in this system as well; in particular,
one can start from AB stacking (see section I B). Figure S6
presents a comparison of the θ -dependence of the band struc-
ture between tb-MoS2 between bilayers built from AA stack-
ing and from AB stacking. The results are qualitatively very
similar, which shows that the main results of our study do not
depend on the type of moiré pattern. The main quantitative
differences with respect to the results discussed in the main
text are the values of θC and θ0: θC ≈ 6◦ versus θC ≈ 4.5◦

for tb-MoS2 built from AA and AB stacking, respectively;
θ0 ≈ 2◦ versus θ0 ≈ 1.8◦ for tb-MoS2 built from AA and AB
stacking, respectively.

B. Local density of states (LDOS)

The TB density of states (DOS) is calculated employing a
Gaussian broadening with a standard deviation σ = 2 meV.
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FIG. S6. Dependence of valence bands on rotation angle θ : Com-
parison between tb-MoS2 built from AA stacking (TB-AA, see sec-
tion I A) and tb-Mos2 built from AB stacking (TB-AB, see section
I B). The TB-AA curves coincide with those of Fig. 4. (a) valence-
band dispersion of (4,5) tb-MoS2, θ = 7.34◦. (b) Energy E(S2) of
state S2 (see panel (a)) versus θ 2. (c) Energy difference between
states S4 and S2, ∆E24 = E(S4)−E(S2), versus θ . A negative ∆E24
value means that a gap |∆E24| exists between the band below the gap
and the other valence bands. (d) Average slope of E(~k) of the band
between states S2 and S3. For every rotation angle, the origin of
energy is fixed at the energy E(S0) of the state S0 (see Figs. 2 and
S5).

For the k-integration we use a grid with Nkx×Nky points in
the reciprocal unit cell, with Nkx =Nky large enough to obtain
a DOS that is independent of these parameters. Due to this
broadening, the minigaps found in the band structure are not
always seen clearly in the DOS.

Figure S7 shows the LDOS for the d0 = dz2 orbital of an Mo
atom at the center of the AA stacking region for several rota-
tion angles θ . Figure S8 (top panel) shows the local density
of states (LDOS) of the d0 = dz2 Mo orbital for the selected
rotation angle θ = 5.09◦, but for Mo atoms located at different
stacking regions of the moiré pattern (see section I). Confined
states (“flat bands”) lead to sharp peaks in the LDOS (Fig. S7).
These states have dz2 Mo character (Fig. S8 (bottom panel)),
and a very small weight for the other d Mo orbitals. The flat
bands are mainly located in the AA stacking region (Figs. S8
(top panel) and S9). Figure S9 shows that the lowest-energy
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FIG. S7. TB local density of states (LDOS) of the 4dz2 Mo orbital at
the center of the AA stacking region for different rotation angles of
tb-MoS2. The LDOS is calculated employing a Gaussian broadening
with a standard deviation σ = 2 meV.

 0

 0.5

 1

 1.5

 0  0.1  0.2  0.3
...

...

Energy E - E(S0)  (eV)

LD
O

S 
(s

ta
te

s/(
eV

 o
rb

ita
l))  AA

 BA'
 AB'

 1.7  1.8
 0

 0.5

 1

 1.5

 0

 0.5

 1

 1.5

 0  0.1  0.2  0.3
...

...

Energy E - E(S0)  (eV)

LD
O

S 
(s

ta
te

s/(
eV

 o
rb

ita
l))  d0

d1
 d2

 1.7  1.8
 0

 0.5

 1

 1.5

FIG. S8. TB local density of states (LDOS) of the Mo orbital around
the main gap in (6,7) θ = 5.09◦ tb-MoS2 (built from AA stacking,
see Sec. I A): (Top panel) LDOS of the d0 = dZ2 Mo orbital at the
center of AA, BA’, and AB’ stacking regions (Sec. I A). (Bottom
panel) LDOS of d0, d1 = 4dxz, 4dyz and d2 = 4dx2−y2 , 4dxy Mo or-
bitals at the center of the AA stacking region. The LDOS is calcu-
lated employing a Gaussian broadening with the standard deviation
σ = 2 meV.

flat bands in the conduction and valence bands correspond to
Mo atoms that are located at the center of the AA stacking

regions, and that the next flat band in the conduction and va-
lence bands corresponds to states located in a ring in the AA
stacking regions.

C. Eigenstates corresponding to flat bands in tb-MoS2

Analysis of the band dispersion (Fig. 5) shows that the first
isolated flat band below the main gap (valence band) is non-
degenerate and thus contains one state per moiré cell. By con-
trast, the two first isolated flat bands above the gap (conduc-
tion bands) are two-fold quasi degenerate. The weight of the
eigenstates corresponding to these flat bands is mainly con-
centrated on d0 = dz2 Mo orbitals (more than 98% and 95%,
respectively) located at the center of AA stacking regions.
This is shown in Fig. S9(b,c) for eigenstates at the points Γ,
K, and M of the flat band above and below the main gap, re-
spectively.

For small enough angles, the next isolated flat bands
(Fig. 5(b)) are four-fold quasi degenerate in the conduction
band and two-fold quasi degenerate in the valence band. The
weight of the eigenstates, corresponding to these flat bands
at the points Γ, K, and M, is mainly located in a ring in AA
stacking regions (Fig. S9(a,d)).
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FIG. S9. Average weight of the eigenstates at Γ, K, and M, of the flat band around the gap in real space in (20,21) tb-MoS2 (built from
AA stacking, see Sec. I A) with a rotation angle θ = 1.61◦: Conduction band: (a) Average of the four-fold quasi-degenerate band at energy
E ' E(S0)+ 1.686± 0.002 eV and (b) average of the two-fold quasi-degenerate band at energy E ' E(S0)+ 1.6626± 0.0002 eV. Valance
band: (c) non-degenerate bands at energy E ' E(S0)+0.26249±0.00001 eV, and (d) average of the two-fold quasi-degenerate band at energy
E ' E(S0)+0.2518±0.0003 eV. The corresponding bands are shown in Fig. 5(b). The color scale shows the weight of the eigenstate on each
d0 = 4dz2 orbital of the Mo atoms. The sum of these weights is more than 98% and 95% of each state for the valence and conduction band,
respectively. Black lines show the unit cell containing 2522 Mo atoms. AA stacking regions are at the corners of this cell.


