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Evolution of the electronic structure of twisted bilayer MoSe2
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In this work we examine the evolution of the electronic structure in twisted bilayers of MoSe2, assuming the
moiré potential to be a small perturbation to the untwisted limit. Its role in modifying the electronic structure
is probed by mapping the calculated band structure for the moiré cell onto the primitive cell direction which
represents the untwisted limit. At large twist angles such as 19.03◦, we find that the moiré cell band structure is
identical to the primitive cell one in the low-energy window. There are, however, significant deviations for small
twist angles such as 3.48◦ which have large patches of high-symmetry regions of AA and AB′ stackings. These
lead to enhanced interlayer hopping interaction strengths in some regions, and hence stronger perturbations
leading to subband formation of the highest occupied band, which has a bandwidth of 19 meV and is found to
be localized both in real space as well as in momentum space.
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I. INTRODUCTION

The ability to isolate a single monolayer [1,2] out of lay-
ered materials has led to artificially created structures built
by placing these monolayers one on top of the other, some-
times with a small rotation of the upper layer with respect
to the layer beneath. This artificial Legoland of structures
created could involve similar monolayers [3–9] or dissimilar
monolayers [10–13] with stacking bringing in an additional
degree of freedom which is absent in the other popular tech-
niques of growing materials layer by layer. The resulting
unit cells could be much larger and even incommensurate
in some instances in contrast to their few atom building
blocks. One could also have physical properties very differ-
ent from the constituent layers [14,15], which has led to a
spurt of interest in these materials. This is especially spec-
tacular because while the building blocks are uncorrelated
materials, the twisted bilayers could have phenomena usu-
ally associated with the presence of strong electron-electron
interactions [4–9].

These phenomena associated with twisted bilayer graphene
were first suggested by the work of Bistritzer and MacDon-
ald [16]. Considering a continuum model to describe the
twisted structures, they calculated the electronic structure as
a function of twist angle. At certain twist angles they found
the Fermi velocity going to zero, implying flat bands and
the possibility of the divergence of the electronic suscep-
tibility which could drive some instabilities. These angles,
referred to as magic angles, were identified as those at which
superconductivity appeared [5,6]. More recently, they have
also been observed in experiments on twisted bilayers of
WSe2 [7]. While there have been suggestions of flat bands
in MoS2 [17], a viewpoint for the existence of flat bands has
been to associate them with the large moiré cells that one
has, consequently leading to a small Brillouin zone because
of zone folding.

In this work we reexamine the electronic structure of
twisted bilayers of MoSe2 considering certain angles that lead
to large commensurate unit cells. The unit cells we gener-
ate contain �1500 or more atoms while the primitive cell
contains just six atoms. Consequently, one would expect no
dispersional width for the bands here, with all bands folding
back to a significantly small Brillouin zone. This has been
the understanding of the formation of flat bands and the as-
sociated correlated electron physics that one finds. However,
these structures have been generated by considering a bilayer
with AA stacking and rotating the top layer with respect to
the lower one. Consequently, they are not perfect supercells,
but the fact that they are van der Waals materials implies a
weak coupling between the layers which emerges from weak
interlayer hopping interactions [18]. Even in the untwisted
limit these lead to small modifications in the band struc-
ture of the bilayer with respect to the monolayer. For the
twisted structures, in the limit of weak perturbation one ex-
pects the untwisted or unperturbed limit to be largely retained.
Therefore a measure of the perturbation with respect to the
untwisted limit could help us understand the modifications in
the electronic structure. With this aim we unfolded the band
structure onto the primitive cell direction. The effect of the
perturbing moiré potential would be to scatter the electrons
into a different momentum state connected by a reciprocal
lattice vector. Two similarly sized moiré cells were considered
for this purpose [19]. Surprisingly, one found that the low-
lying electronic structure for the large twist angle of 19.03◦
was very similar to the unperturbed primitive cell results.
This implied that the low-energy electronic structure for the
large twist angles could be described by the unrotated limit,
and most importantly flat bands were not a consequence of
the large moiré cell involved. Considering a smaller angle of
3.48◦, one found the emergence of bands which were localized
in both real space as well as k space, leading to split-off
bands. These were not restricted to only this choice of twist
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angle, but were found for other angles also. Examining the
origin of the flat band formation, we find that correlated bond
disorder emerging from large patches where the interlayer
interaction strengths are larger is responsible for the flat band
formation. Including spin orbit interactions keeps the VBM at
� for the twist angle of 3.48◦, while that at the K point is just
5 meV lower in energy. The presence of the split-off bands can
explain the observation of successive semiconductor-metal-
semiconductor transitions in twisted WSe2 bilayers [7].

II. METHODOLOGY

First-principle electronic structure calculations were car-
ried out using density functional theory (DFT) within a
Projector augmented plane wave method [20] as implemented
in the Vienna Ab initio Simulation Package [21,22]. For
the exchange-correlation functional we used Perdew-Burke-
Ernzerhof potentials [23,24]. Lattice parameters were kept
fixed at the experimental value of 3.289 Å [25], while the
internal atomic positions were relaxed in each case through
a total energy minimization which involved a minimization
of the forces on each atom to a value less than 10−3 eV/Å.
To minimize the interactions among the periodic images we
introduced a vacuum of 20 Å along the c direction, perpendic-
ular to the plane of the bilayer for all structures. Weak van der
Waals interactions were included using the DFT-D2 method
of Grimme [26] to calculate the total energy in each case.
A cutoff energy of 224 eV for the plane wave basis states
is used for all the calculations. The electronic structure was
solved self-consistently at the � point of the supercell. The
numerical convergence of the results has been checked (see
the Appendix).

The bilayers can have several arrangements of the second
layer over the first, all leading to the same sized primitive
cells. These lead to high-symmetry stackings for which we use
the notation of Ref. [27]. The tear-and-stack technique used
to make the bilayers allows the degree of freedom of forming
structures that don’t grow naturally. In our case we considered
the atom on atom (AA stacking) for the bilayer and rotated the
top layer with respect to the lower layer counterclockwise by
an angle θ . The choice of rotation angles were dictated by the
computational effort involved. The calculated band structure
for the large moiré cells was then projected onto the primitive
cell symmetry directions by using a band unfolding technique
as outlined in Ref. [28–30].

III. RESULTS AND DISCUSSION

Before we examine the electronic structure of the twisted
bilayers, we first consider the untwisted limit. Each monolayer
(1H) has hexagonal planes of Se atoms on either side of
a hexagonal plane of Mo atoms. As mentioned earlier, our
starting point is a bilayer of MoSe2 in which each atom of
the upper layer sits on top of the same atom belonging to the
lower layer. This leads to large repulsions between electrons
belonging to the Se atoms in adjacent layers, leading to an
increase in the interlayer separation to 3.79 Å in contrast to
3.19 Å found in the theoretically optimised calculations for
the bulk-derived 2H structures. In spite of the variations in the
interlayer separations, one finds that the shortest Se-Se bond

FIG. 1. Unit cell for twist angle (a) 19.03◦ and (b) 3.48◦. The
Mo/Se atoms are shown by violet/green spheres. Regions with high-
symmetry stackings have been indicated.

length between atoms in the two layers is 3.79 Å. This is not
very different from that found in the bulk-derived 2H stacking,
where it is found to be 3.71 Å. It has been seen that the dz2

orbitals belonging to the two layers interact via the pz orbitals
on Se, resulting in a bonding-antibonding splitting which is as
large as 0.64 eV for bilayers of MoSe2 at the � point for 2H
stacking. As a combination of the in-plane dx2−y2/dxy orbitals
contribute at the K point, the interlayer hopping interaction
strength at K is small between the two layers, leading to a
splitting of just 0.094 eV there. Hence the monolayer band
structure is hardly modified when one goes from monolayer to
the bilayer [18]. This suggests that interlayer interactions may
be treated as a perturbation. Varying the type of stacking leads
to small changes in the electronic structure, with the general
features discussed earlier present in all. While these stackings
have a high symmetry associated with them which leads to
small unit cells of six atoms, a small rotation of the upper
layer with respect to the lower one leads to very large moiré
cells. The unusual physics observed in the twisted bilayers
has been associated with the large moiré cells. These lead to
small Brillouin zones in reciprocal space. Consequently the
length of vectors along the symmetry directions is short, and
one expects flat bands.

We first considered a large twist angle of 19.03◦, which led
to a moiré cell that had 1482 atoms as shown in Fig. 1(a).
While the rotation can lead to high-symmetry stackings in
certain regions, for this large angle of rotation, we do not find
any evidence of this. This leads to the interlayer separations
showing small variations about a distance of 3.44 Å that
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FIG. 2. Unfolded bandstructure for twist angle 19.03◦ projected
along the primitive cell � to K direction. The thickness of each
band represents its weight at that k point. The primitive cell band
structure for AA stacking at an interlayer separation of 3.49 Å has
been superposed for comparison.

we found earlier [29]. As each lattice vector in real space
has a length of 51.69 Å, this leads to the reciprocal lattice
vectors that are approximately a sixteenth of the length of
the vectors for the primitive cell. The electronic structure for
the supercell was calculated, and then in order to examine the
extent of perturbation from the untwisted case, one found the
projection at each k point along the primitive cell direction
as shown in Fig. 2. The thickness of each band was chosen
to be proportional to its weight at the k point. Indeed, if
there was no perturbation as in a perfect supercell one would
have 100% weight at each point and recover the primitive
cell band structure. This is not the case, and the variations
in the interlayer interaction strengths in each region lead to
only a fraction of the weight in this direction. In order to
examine the deviation, the primitive cell band structure for
AA stacking calculated at the interlayer separation of 3.49 Å
has also been plotted in black solid line. This represents the
shortest Se-Se distance between atoms belonging to the two
layers that one has for 19.03◦. One finds hardly any deviation
in the prominent low-energy bands comprising the valence
band, suggesting that the moiré potential-induced perturbation
is weak and the untwisted limit low-energy band structure
is retained, with even the same magnitude of the bonding-
antibonding splitting at � point, in contrast to what one finds
for heterobilayers [31].

This behavior was observed at several large twist angles
that were explored [29]. This raised the question whether this
should be what is expected at all twist angles. In order to
address this we considered a small twist angle where unusual
deviations in the electronic structure were seen earlier in other
transition metal dichalcogenides. The moiré cell that we have
for a rotation angle of 3.48◦ had 1626 atoms as shown in
Fig. 1(b). Here the length of each lattice vector in real space is
54.14 Å. In contrast to what we have for 19.03◦, here we can
identify regions which have AA as well as AB′ stackings. On
carrying out a minimization of the forces on each atom, we
find that analogous to the high-symmetry stacking involving
only the primitive cell, one finds the interlayer separations

FIG. 3. Unfolded band structure for twist angles 3.48◦ along the
primitive cell � to K direction. The thickness of each band represents
it’s weight at that k point. An expanded view of the band structure in
panel (b) is shown in panel (a) with the points belonging to the band
labeled A to I.

to have a minimum value of 3.19 Å in the regions with
AB′ stacking and a maximum value 3.74 Å in the regions
where the stacking is AA. This large variation in the interlayer
separation is not found for the 19.03◦ twist. This is because
for this large twist angle, the regions that one could identify
with the high-symmetry stackings were small. Consequently
any variations in the interlayer distance as seen for a twist of
3.48◦would have a large strain energy cost associated with it.
Hence we don’t see it. However, when the regions are larger,
the strain energy cost is overcome by the gain in overcoming
Coulomb interactions between electrons in the two layers by
an increased interlayer separation.

We then calculated the electronic structure for the moiré
cell and the projection of each band along the primitive cell
�-K direction as shown in Fig. 3. One finds the highest occu-
pied band at � is energetically separated from the next highest
band by 46 meV. In addition to being localized in real space
(see the Appendix), one finds the band is localized in k space
also. The band is identified to follow the path labeled A to G
in Fig. 3(a) by following the character of the wave function,
which should be continuous (see the Appendix). This places
a dispersional width of 19 meV associated with the band.
This behavior is not restricted to only this twist angle but
is found at other small twist angles also. Similar subband
formation has been seen in twisted bilayer graphene from
angle-resolved photoemission experiments, split off from a
strongly dispersing valence band [32]. Experiments on twisted
bilayers of WSe2 had found simultaneous semiconductor-
metal-semiconductor transitions as holes were injected into
the valence band [7]. The presence of subbands will capture
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FIG. 4. Unfolded band structure for twist angle 3.48◦ along the
primitive cell � to the K direction. The thickness of each band
represents its weight at that k point. The interlayer separation has
been kept fixed at 3.44 Å.

these transitions found when there were two holes per moiré
cell introduced by gating in twisted bilayers of WSe2, and the
picture may be valid for the entire MX 2 (M = Mo, W; X = S,
Se, Te) family.

These results raise the question of the origin of the subband
formation here and its absence at larger twist angles. As one
difference that we had found in the structures was the large
variations in the interlayer separations, we first examined if
this was what was responsible. Earlier work for large twist
angles had found that the interlayer separation was 3.44 Å.
We therefore fixed the interlayer separation at this value and
carried out a similar analysis of the moiré cell band structure.
Here again we find the formation of a split-off band, shown
in Fig. 4, indicating that the modulation in the interlayer
separation is not responsible.

As discussed earlier [18], interlayer hopping interactions
govern the changes in the electronic structure when an addi-
tional layer is added to a monolayer. The interlayer hopping
interactions are primarily determined by the Se p interac-
tions of atoms on both layers. The distance (r) dependence
of the hopping interaction strengths is given by an empir-
ical law [33] and varies as 1

rl+l′+1 , where l and l ′ are the
angular momenta of the orbitals involved. So we went on
to examine the variations in the interlayer Se-Se distances
because these determine the relevant hopping interaction
strengths. A distance profile giving the number of occur-
rences of pairs of Se atoms at a given distance has been
given in Figs. 5(a)–5(c). One finds that the profile is quite
similar for the 19.03◦ twist shown in Fig. 5(a) and the 3.48◦
twist with a fixed interlayer separation shown in Fig. 5(b).
Hence the differences cannot emerge from variations in the
Se-Se distance profile, which look quite similar in these
two cases. The distance profile has also been given for the
3.48◦ twist for which the atomic positions were relaxed to
the minimum energy position. One finds the distance profile
to be drastically different with the shortest interlayer Se-Se
distance being at least 3.6 Å in contrast to the other cases.
Additionally the number of Se-Se bonds with distances less

FIG. 5. Profile of Se-Se distances between the two layers for
twist angles (a) 19.03◦, (b) 3.48◦ at fixed interlayer separation, and
(c) 3.48◦ (optimized structure). Spatial profile of interlayer Se-Se
distances less than 3.8 Å for twist angles (d) 19.03◦, (e) 3.48◦ at fixed
interlayer separation, and (f) 3.48◦ (optimized structure).

than 3.8 Å is significantly higher here. As the distance profile
cannot explain the differences in electronic structure, we went
on to examine the spatial distribution of the Se atoms in the
cell with Se-Se distances less than 3.8 Å. This would give
us an idea of where the perturbation to the monolayer band
structure from the interlayer hopping interactions would be
the strongest. This distribution was found to be random for
the 19.03◦ twist, while both cases for the 3.48◦ twist revealed
similarities. One found a concentration of these bond lengths
in some regions, although the distributions were not identical.
This implied that a concentrated disorder arising from inter-
layer hopping interaction strengths was responsible for the
subband formation. This arose from the large regions where
we had the high-symmetry stackings which result in large
perturbations to the electronic structure leading to subband
formation. This should be present at other small twist an-
gles also (see the Appendix). As discussed earlier, for larger
twist angles the regions of high-symmetry stackings are too
small, and hence the perturbation is weaker with no subband
formation.

The above results are for calculations without spin-orbit
interactions being considered. On including them, we found
that the valence band maximum remained at � point. Ear-
lier work [34] has shown strain to be a handle to shift the
valence band maximum from � to K in transition metal
dichalcogenides. We therefore explored the nature of the high-
est occupied band at the K point also. This is just 5 meV
lower in energy than the valence band maximum at �. We
find subband formation here also; however, here the subbands
are not separated from each other as seen at �. This could be
because of a weaker interlayer coupling strength at K .
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IV. CONCLUSION

In this work we have examined the perturbation in the
electronic structure of twisted bilayers of MoSe2 arising from
spatially varying interlayer hopping interactions. Large twist
angles lead to the low-lying electronic structure that is very
similar to the primitive cell limit. At small twist angles the
structures reveal patches with high-symmetry AA and AB′

stackings. These lead to regions where the interlayer hopping
interaction strengths are enhanced and consequently a larger
perturbation of the electronic structure. One finds a split-off
band at the top of the valence band which has a dispersional
width of 19 meV. This is localized in both real space and
k space and is separated from the next band at the � point
by 46 meV. These features in the electronic structure could
explain the unusual electronic structure seen in WSe2 and hint
at similar behavior in the entire family of Mo- and W-based
dichalcogenides.
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APPENDIX

A. Charge density of valence band maximum

The charge density shown in Fig. 6 is for the valence band
maximum located at � of the band structure shown in Fig. 3.

FIG. 6. Charge density associated with the valence band maxi-
mum at � for twist angle 3.48◦.

B. Character of states labeled in the unfolded band structure
for twist angle 3.48◦

Integrated charge density within a sphere of radius 1.262 Å
(half the Mo-Se bond length) around one Mo atom for points
A to I labeled in Fig. 3, have been shown in Table I. The
character is found to change gradually along the path A to

G, while it is drastically different for points H and I labeled in
Fig. 3.

TABLE I. Integrated charge density over a sphere of radius
1.262 Å (half the Mo-Se bond length) around one Mo atom for points
A to I in Fig. 3. The normalization is arbitrary.

Integrated charge density over
Labeled point a sphere around one Mo atom

A 58.639
B 60.185
C 66.331
D 67.727
E 69.181
F 81.844
G 73.195
H 5.021
I 5.012

C. Unfolded band structure for twist angle 5.36◦

Unfolded band structure for another small twist angle
(5.36◦) has been shown in Fig. 7.

FIG. 7. Unfolded band structure for twist angle 5.36◦ along � to
K of the primitive cell direction.

D. Density of states:

Density of states (DOS) as a function of energy is shown
(Figs. 8 and 9) for both the twist angle 19.03◦and 3.48◦. In
each case, a 4 × 4 × 1 k mesh is used for the calculation.
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FIG. 8. Density of states as a function of energy for twist angle
19.03◦.

E. Convergence tests:

The convergence test for the vacuum as well as the cutoff
energy for the plane wave basis set used in the calculations
are shown in Figs. 10 and 11. The convergence of the eigen-
values as a function of the k points mesh used in the ab initio
calculation is given in Table II.

FIG. 9. Density of states as a function of energy for twist angle
3.48◦.

FIG. 10. Superposed band structure (along � to K of supercell)
with vacuum 16 Å and 20 Å for twist angle 21.8◦.

FIG. 11. Superposed band structure (along � to K of supercell)
with cutoff energies of 224 eV and 280 eV for twist angle 21.8◦.

TABLE II. Energies of the top few valence bands starting from
the valence band maximum for twist angle 3.48◦shown for a k-point
mesh of 4 × 4 × 1 and 1 × 1 × 1 to compare the energies.

Eigenvalue (eV) for k-point Eigenvalue (eV) for k-point
mesh 4 × 4 × 1 mesh 1 × 1 × 1

−0.9453 −0.9455
−0.9649 −0.9651
−0.9919 −0.9921
−0.9922 −0.9923
−1.0149 −1.0149
−1.0150 −1.0150
−1.0468 −1.0467
−1.0468 −1.0467
−1.0588 −1.0588
−1.0623 −1.0622
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