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Reconstruction of moiré lattices in twisted transition metal dichalcogenide bilayers
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An important step in understanding the exotic electronic, vibrational, and optical properties of the moiré
lattices is the inclusion of the effects of structural relaxation of the unrelaxed moiré lattices. Here, we propose
novel structures for twisted bilayer of transition metal dichalcogenides. For θ � 58.4◦, we show a dramatic
reconstruction of the moiré lattices, leading to a trimerization of the unfavorable stackings. We show that
the development of curved domain walls due to the threefold symmetry of the stacking energy landscape is
responsible for such lattice reconstruction. Furthermore, we show that the lattice reconstruction notably changes
the electronic band structure. This includes the occurrence of flat bands near the edges of the conduction as well
as valence bands, with the valence band maximum, in particular, corresponding to localized states enclosed by
the trimer. We also find possibilities for other complicated, entropy stabilized, lattice reconstructed structures.
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The formation of flat bands in the electronic band structure
of moiré patterns of two-dimensional materials is central to
understanding the observed exotic electronic phases [1–4].
Twisted bilayer transition metal dichalcogenides (tBLTMDs)
can possess flat bands for a continuum of twist angles
[5–15]. To accurately calculate their electronic band struc-
ture, incorporation of structural relaxation effects is crucial
[5,6,16–21]. Typically, these relaxations are performed by
starting from a configuration and only allowing downhill
motion in the potential energy landscape using local search
algorithms (standard minimization). Since the number of
local minima in the potential energy landscape increases
exponentially with the number of atoms, standard minimiza-
tions are often insufficient for finding the stable structures
[22–24]. All the studies conducted on moiré materials to
date presume that the moiré lattice constant of the unre-
laxed twisted structure remains intact even after relaxation.
[1–10,16–20,25–28].

Here, from the structures obtained using simulated an-
nealing (SA), we demonstrate that a dramatic reconstruction
of moiré lattices of TMDs takes place for θ � 58.4◦. Thus,
the presumption that the moiré lattice constant of the rigidly
twisted structures continues to characterize the relaxed struc-
tures is not always valid. Such lattice reconstructions are not
accessible in standard minimization approaches. We use the
term lattice reconstruction restrictively, only in contexts where
the lattice constant of the relaxed moiré lattice is different
from the unrelaxed moiré lattice. We discuss below the de-
tails of the lattice reconstruction for tBL of MoS2. We have
also verified our conclusions for MoSe2, WSe2, WS2 (see
Supplemental Material, Sec. II [29]). We demonstrate that
the lattice reconstruction substantially changes the electronic
band structure.
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We use the TWISTER code [5] to construct tBLTMDs. We
relax the tBLTMDs in LAMMPS using standard minimization
[30,31], denoted as standard relaxation (SR). We also perform
classical molecular dynamics simulations using the canonical
ensemble at T = 1 K, cool down snapshots to 0 K, and
then carry out an energy minimization. We refer to this
second approach as SA. We use the Stillinger-Weber and
Kolmogorov-Crespi (KC) potential to capture the intralayer
and interlayer interaction of tBLTMDs, respectively [32,33].
The used KC parameters have been shown to accurately
capture the interlayer van der Waals interaction present in
the TMDs [33]. The phonon frequencies are calculated using
modified PHONOPY [34] code. We perform electronic structure
calculations using density functional theory [35] with SIESTA

[36–43] (see Supplemental Material, Sec. I for details [29]).
Due to the presence of different sublattice atoms (Mo/W,

S/Se) in TMD, the tBLTMD possesses distinct high-
symmetry stackings for θ near 0◦ (AA, AB, BA) and near
60◦ (AA′ , AB′, A′B) [44]. Nevertheless, the lattice constants
of the unrelaxed tBL are identical for θ and 60◦ − θ (e.g.,
1◦ and 59◦). Among the above-mentioned stackings, AB is
energetically the most favorable stacking as θ → 0◦ (EAB =
EBA < EAA, sixfold symmetric around AA) and AA′ for θ →
60◦ (EAA′ < EAB′ < EA′B, threefold symmetric around A′B)
[25,33].

In Fig. 1 we show the interlayer separation (ILS) landscape
for a 3 × 3 × 1 moiré supercell of tBLMoS2, obtained using
both SR and SA. The landscape for θ = 1◦ is a represen-
tative of θ → 0◦ [Fig. 1(a), top panel]. With SR we find
straight domain walls separating AB, BA stackings. On the
other hand, the ILS landscape computed with SA shows a
slight curling of the domain walls (DW) near AA stacking
[Fig. 1(a), bottom panel]. Although the number of clockwise
and counterclockwise curlings are equal, they do not always
form a checkerboardlike pattern. While the checkerboard pat-
tern is the lowest in energy, the energy difference between the
checkerboard pattern and a random distribution of curlings is
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FIG. 1. (a)–(d): Interlayer separation landscape of tBLMoS2 using SR (top panel) and SA (bottom panel). The smallest repetitive cell in
the top panel is a moiré unit cell. The scales of the color bar are in Å and correspond to interlayer separation. The curling of DWs near a
few AA, A′B stackings are marked. (e), (f): Schematics near the topological defects for tBLTMDs for θ = 1◦, 59◦, respectively. The order
parameter is shown with arrows.

small (a few meV per moiré lattice). Nevertheless, the AA
stackings always form a triangular lattice for any θ close to
0◦, consistent with experiments [9,27,28].

In contrast, the behavior of the ILS landscape shows very
different and intriguing features as θ → 60◦. We categorize
the θ dependence into two regions. Region I (θ < 58.3◦): With
SR both the AA′ and the AB′ stackings occupy comparable
areas of the supercell, with each forming an approximate
equilateral triangle [Fig. 1(b)]. Similar to θ → 0◦, the ILS
landscape obtained with SA shows curlings of DWs near A′B
stacking [Fig. 1(b), bottom panel]. Region II (θ � 58.4◦):
The most favorable (AA′) stacking increases in area signif-
icantly and evolves from Reuleaux triangles to approximate
hexagonal structures, as obtained with SR [Figs. 1(c) and
1(d), top panel], consistent with previous studies [25,26]. In
this case, the DWs connecting A′B stackings are significantly
curved and never straight lines. These latter structures show
notable reconstruction with SA. In particular, a triangular lat-
tice is formed with three A′B stackings trimerizing to form
a motif [Figs. 1(c) and 1(d), bottom panel). Moreover, the
DWs connecting different A′B stackings are almost straight
in the reconstructed structures. The reconstructed structures
obtained using SA are always energetically more stable than
those obtained using SR.

We characterize the DWs using the order parameter, de-
fined as the shortest displacement vector required to take any
stacking to the most unfavorable stacking [5,16,45]. Irrespec-
tive of θ , we find the DWs to be shear solitons (change in
order parameter is along the DW as we go from AB → BA
for θ → 0◦ to AA′ → AA′ for θ → 60◦). In Region II, two
DWs come close together and the effective width increases.
For θ → 0◦ (θ → 60◦), the calculated widths of the DWs are
: 2.9 (4.3) for tBLMoS2, 2.9 (3.8) for tBLMoSe2, 3.7 (4.7) for
tBLWSe2, and 3.5 (4.5) for tBLWS2(all in nm). Our estimated
DW widths are in good agreement with the experiment [27].
Moreover, the order parameter rotates by 2π at AA/A′B,
indicating it’s topological nature [Figs. 1(e) and 1(f)]. We do
not find any new creation or annihilation of the topological
defects and DWs in our simulations.

We investigate the structural long-range order by com-
puting the radial distribution function. In the tBL there are
two distinct length scales, one for the individual TMD layer
given by the lattice constant a and the other for the moiré
lattice given by the θ dependent moiré lattice constant, am =
a/[2 sin(θ/2)]. Therefore, we define two separate radial dis-
tribution functions, one for atoms of the individual layers
and another for stackings of the moiré lattice. We compute
the moiré-scale radial distribution function, gm(r) using the
AA/A′B stackings of tBLMoS2 [Fig. 2(a)]. Each AA/A′B
stacking represents a moiré lattice point (MLP).

For θ → 0◦, gm(r) obtained using SR and SA are sim-
ilar [Fig. 2(a)]. The average number of nearest neighbor
MLPs is always 6, calculated by integrating the first peak
of gm(r). This confirms the existence of the hexagonal net-
work formed by DWs [Fig. 1(a)]. Furthermore, the moiré
lattice constant calculated from gm(r) is identical to that of
unrelaxed tBLMoS2. Therefore, the long-range order of the
unrelaxed structures remains intact as θ → 0◦. As θ → 60◦

FIG. 2. (a) Radial distribution function, gm(r) computed with SR
and SA. The moiré lattice constants are marked (blue triangle point-
ing up for SR, red triangle pointing down for SA). (b) Schematics of
tBLMoS2 as θ → 60◦ with SR. (c) Change of p/am with am. Several
ideal geometric structures are marked with dashed lines.
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FIG. 3. (a) Change of total energy computed with respect to stable stacking, α using SR with am [corresponding θ are marked; blue (red) for
near 60◦ (0◦) for (a)–(c)]. (b) Change in DW length with SA compared to SR excluding (dashed lines) and including (solid lines) curling near
AA/A′B. The error bar denotes SD of the estimated change. (d) Total energy gain with SA compared to SR. (d), (e) Phonon dispersion with
SR for 1 × 1 × 1 moiré cell. The solid blue, dashed red, solid red lines represent the acoustic, phason, buckling mode localized at AA/A′B,
respectively.

within Region I, the moiré lattice constants are again iden-
tical for unrelaxed and relaxed structures, am = aSR

m = aSA
m

[Fig. 2(a)], and the number of nearest neighbor MLP is always
6. In contrast, the lattice reconstruction in Region II leads to
the formation of a triangular lattice with a modified lattice
constant, aSA

m = √
3am [Fig. 2(a)]. The first peak in the gm(r)

(≈7.5 nm) corresponds to the motif of the triangular lattice.
The motif consists of 3 A′B stackings. We find that the number
of the nearest neighbor of A′B is 2. We also examine the
atomic radial distribution function for individual MoS2 layers.
Irrespective of θ , the long-range order is preserved at the
unit-cell MoS2 scale. This establishes that the aforementioned
reconstruction in Region II is an emergent phenomenon aris-
ing at the moiré scale.

To pinpoint the onset of the lattice reconstruction geomet-
rically, we consider the ratio of the perpendicular bisector,
p, to am of tBLMoS2 obtained using SR [Fig. 2(b)]. Inter-
estingly, we find lattice reconstruction as p/am becomes �1
[Fig. 2(c)]. When p/am = 1 (θ ∼ 58.5◦), the AA′ stacking
represents a Reuleaux triangle with the DWs occupying its
perimeter. When one considers the perimeter2 to area ratio,
the Reuleaux triangle is a local maximum [46]. Since the
DWs are energetically unfavorable compared to AA′, the
Reuleaux triangle is expected to undergo rearrangements to
minimize the total energy. The shortest distance between two
A′B stackings is ≈dA′B + dAB′ ≈ 3.3 + 4.5 = 7.8 nm, where
dA′B, dAB′

denote the sizes of the corresponding stackings.
This explains the occurrence of first peak in gm(r) in Region
II at ≈7.5 nm.

Next, we investigate the origin of these reconstructions
from energetics. The total energy of the tBLMoS2 is a sum
of the intralayer energy, which is a combination of strain and
bending energy [47], and the interlayer energy. For θ → 60◦,
the interlayer energy per MLP can be approximated as,

Einter − EAA′
inter = δEA′B

interS
A′B + δEDW

interS
DW + δEAB′

interS
AB′

. (1)

Here, δEα
inter represents the interlayer energy of stacking α,

evaluated with respect to AA′ and Sα denotes the occupied
area. For small θ , SA′B, SAB′

, and the width of the domain
wall (DW), w, become constant (SDW = wl). Therefore, the
interlayer energy as in Eq.(1) becomes linear with the DW
length, l , and is repulsive. Moreover, the intralayer strain en-
ergies are concentrated on the DWs and scales as l/w [45,48].
Thus, the minimization of l will minimize both the interlayer

and the intralayer energies. In Fig. 3(a) we show the scaling
of the total energy with am using SR. The DWs obtained
with SR are always significantly curved for θ > 58.4◦. The
lengths of these curved DWs can be minimized by lattice
reconstruction such that the DWs become straightlines [as in
Figs. 1(c) and 1(d), bottom panel]. On the other hand, the
DWs are straightlines for the corresponding set of θ near
0◦ with SR. Thus, l per moiré lattice is already minimized.
As a result, we do not find lattice reconstruction with SA
as θ → 0◦. However, the DWs obtained with SA are always
curled near the AA, A′B stackings, irrespective of lattice
reconstruction. This originates from a buckling instability,
primarily localized at AA, A′B (see below). Taking these into
account, lSA is expected to be greater than lSR in the absence
of lattice reconstruction. In Fig. 3(b), we show the estimate of
(lSA − lSR) per MLP as θ → 0◦, → 60◦ (see Supplemental
Material, Sec. III for details). For θ � 58.4◦, the difference
becomes negative, indicating a reduction in the DW length for
the reconstructed lattice. The reduction in l , disregarding the
curling of the DWs with SA, is large in Region II [Fig. 3(b)].
Figure 3(c) shows the gain in total energy with SA relative to
SR, which is significantly greater in Region II than that for a
corresponding θ near 0◦. The energy gain near 0◦ arises from
curling of the DWs near AA, whereas the gain in Region II
arises predominantly from lattice reconstruction.

We also compare the low-frequency vibrational modes of
1.5◦ and 58.5◦ tBLMoS2. One of the phason modes [49]
softens significantly and becomes nearly dispersionless with
attributes of a zero mode for 58.5◦ [Figs. 3(d) and 3(e)].
Such a mode is expected to cause reconstruction of lattices
[50]. Furthermore, with SR we find a soft mode with imagi-
nary frequency for both 1.5◦ and 58.5◦ [Figs. 3(d) and 3(e)].
The corresponding eigenvector at �, which is localized on
AA/A′B, denotes a buckling instability and can be removed
without lattice reconstruction.

During our simulations we find transient structures, such
as distorted hexagon, kagome, etc, which evolve to form
the structures shown in Figs. 1(c) and 1(d) (Supplemental
Material, Sec. IV). To investigate entropic effects, we also
simulate a supercell with 100 moiré lattices allowing signif-
icantly large degrees of freedom for lattice reconstruction. We
find that lattice reconstructed structures with motifs of >3A′B
stackings, nonuniform hexagons with parallel DWs, are also
possible (Supplemental Material, Sec. IV). These structures

L121102-3



MAITY, MAITI, KRISHNAMURTHY, AND JAIN PHYSICAL REVIEW B 103, L121102 (2021)

FIG. 4. (a) and (b) Electronic band structures near the band edges
of a

√
3 × √

3 × 1 supercell of tBLMoS2 for 58.47◦ with SR and
SA, respectively. The supercell is marked with black dashed lines.
(c) Colors used to denote stackings in (e), (f), (h), and (l). (d) and
(g) ILS landscape for 58.47◦ with SR and SA, respectively. |ψ� (�r)|2
averaged in the out-of-plane direction of the states near VBM, and
near CBM for structures obtained with SR [(e) and (f)] and with
SA [(h) and (l)] with the corresponding color bar shown in (j). A
linear combination is shown in (l) as C1 corresponding to bands
marked in (b).

can be metastable due to the presence of a substrate, strain,
etc. in an experiment. These external effects can modify the
characteristic angle for the onset of lattice reconstruction.
Our study suggests that the highly nonuniform hexagons with
complex DW structures found in the experiments [27,28] are
closely connected to the intrinsic lattice reconstruction. The
“breathing” of hexagons in a hexagonal network of DWs can
give rise to distorted hexagons and carry large entropy [51].
Our calculations suggest that these effects are realized for a
general class of DW networks in moiré materials (Reuleaux
triangle to hexagons).

In Figs. 4(a) and 4(b) we compare the electronic band
structures of tBLMoS2 obtained for 58.47◦, which contains
24,966 atoms. The lattice reconstruction leads to an incre-
ment in the band-gap by ∼20 meV and significant changes

in the spacing of energy levels near the band edges. Inter-
estingly, we find the bands are ultraflat (bandwidth �1 meV
within DFT) near the band edges for both the structures
obtained with SR and SA. However, the wave-function lo-
calizations corresponding to these flat bands are strikingly
different. To illustrate this, we show the density associated
with the first few bands near the band edges. With SR, the
states near the valence band maximum (VBM) resemble the
states of a particle confined in a two-dimensional equilat-
eral triangular well and are localized on AA′ [Figs. 4(c)
and 4(e)] [6]. In the reconstructed lattice, the degeneracies
associated with the equilateral triangular well are lifted, as
triangles of various shapes and depths are realized. In par-
ticular, the wave functions corresponding to the first three
bands near the VBM are localized on the AA′ stacking en-
closed by the trimer [Figs. 4(h) and 4(j)], whereas for the
fourth band, the wave function is localized on the larger AA′
stackings [Fig. 4(k)]. Since the area enclosed by the trimer
in the reconstructed lattice [Fig. 4(g)] is θ independent, the
spatial extension of the localized VBM is expected to be
θ independent. The states near the conduction band mini-
mum (CBM) are localized on the AB′ stacking [Figs. 4(f)
and 4(l)], whose size is also θ independent. This explains
the experimentally observed large tunneling current at AB′
[27,28]. The distinct spatial localizations of electrons and
holes originate from an in-plane strain-driven moiré poten-
tial [6]. For the unreconstructed lattice, the height of the
moiré potential is identical at all AA′ stackings (≈132 meV).
After lattice reconstruction, the height of the moiré potential
at AA′ enclosed by the trimer is maximal (≈171 meV) and
at other AA′ stackings is unmistakably smaller (≈98 meV)
(Supplemental Material, Sec. V for details). The depth of
the moiré potential at AB′ also changes after lattice recon-
struction (≈ −306 meV with SR and ≈ −255 meV with SA,
in meV). Furthermore, we have also obtained fully relaxed
structures with SR and SA using DFT calculations for a√

3 × √
3 × 1 supercell of 58.47◦ tBLMoS2. After applying a

small (s > 1.5%)compressive strain, we show that the lattice
reconstructed structures obtained from SA are more stable
(Supplemental Material, Sec. VI).

We have demonstrated reconstruction of the moiré lattices
of TMDs for θ > 58.5◦. These structures can be probed using
electron microscopy, optical imaging, etc., and are expected to
be generic for tBLs with different sublattice atoms, including
TMD heterostructures [17,27,28,45,52–60].
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