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PROGRESS AND POTENTIAL

Bilayer moiré superlattices formed

by stacking two van der Waals

single layers with a small twist

angle emerge as a prolific land to

explore a wide range of novel

electronic phases and devices.

The moiré potentials modulating

the interlayer interaction give rise

to new condensed matter physics,

and the understanding of their

origin from lattice deformation is

highly imperative in engineering

moiré devices.

The deformation tensor in a

condensed matter includes strain

tensor as the symmetric part and

vorticity tensor as the

antisymmetric part. Unlike in fluid,

external stress usually cannot

generate vorticity tensor in solids.

In twisted van der Waals bilayers,

the vorticity tensor emerges due

to moiré patterns. This study

reveals that it is mainly the

displacement vorticity that

generates moiré potentials in

WSe2/MoSe2 bilayers.

Exploration of vorticity tensor in

moiré systems could have

profound impact in moiré physics,

materials science, and

nanotechnologies for 2D systems.
SUMMARY

The moiré potential induced by nonuniform interlayer coupling in a
twisted van derWaals bilayer manifests itself in excitons, trions, and
many other exotic electronic and optical properties, yet its origin re-
mains elusive. Strains are generally believed to give rise to themoiré
potential in a complicated way through lattice deformation. Our
density functional theory calculations on twisted WSe2/MoSe2 het-
erobilayers (2:5� < qM <10�) confirm that lattice deformation plays
a dominant role but reveal that the marginal normal strain makes
only minor contributions, and that the shear strain is not correlated
directly to the moiré potential. It is found that the vorticity of atomic
displacements, that is, the local lattice rotation, rather than strains
in the moiré cells, determines, to a large extent, themoiré potential.
This discovery sheds new light on the understanding of the roles of
distortion in twistronics andwill be instructive in electronic structure
engineering of moiré materials.

INTRODUCTION

There are a vast variety of novel quantum phenomena in condensed mater physics,

such as such as Hofstadter’s spectra,1,2 moiré excitons,3–6 Wigner crystal states,7,8

and moiré trions9 in nanoscale moiré patterns, that are formed by small lattice

mismatch and/or twist angle in van der Waals (vdW) homo- or heterobilayers. Moiré

physics, or twistronics,10 has indeed emerged as one of the most rapidly developing

research fields in semiconductor physics in the past decade since the pioneering

work by Bistritzer and MacDonald.11 Moiré potentials, the spatial change of the en-

ergy level of valence and conduction bands and of the band gap, are fundamental

physical quantities of the interlayer coupling in a moiré pattern, the twist-angle

dependence of which governs the optical properties of the bilayer superlattice. Pre-

cise determination of moiré potentials present challenges to both measurements

and first-principles computational studies. The former require defect-free material

and highly accurate control of the small twist angles, and the latter are extremely

demanding in employing huge superlattices.12,13

In transition-metal dichalcogenide (TMDC) bilayer moiré cells larger than several

nanometers, the three regions with 3-fold symmetry have local atomic structure

very similar to the corresponding twist-free stackings, yet with a small twist angle.

First-principles calculations of the ideal high-symmetry TMDC stackings showed

that the variation of the valence band maximum (VBM) and conduction band mini-

mum (CBM) among these twist-free TMDC bilayers is only of the order of 0.01

eV.14 Recent experimental measurements by Shabani et al.12 demonstrate that the

moiré potentials in a WSe2/MoSe2 bilayer heterobilayer with a twist angle qMz

1:5� can reach 0.3 eV for the VBM and 0.15 eV for the CBM. It is quite clear that
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the lattice deformation resulting from nonuniform interlayer coupling, rather than

direct interlayer coupling, is the dominant factor in determining moiré potentials.

Nevertheless, we noticed that in Shabani et al.,12 the shear strain calculated by con-

tinuummechanics vanishes at the high-symmetry points, where the moiré potentials

take their extreme values. The normal strain, on the other hand, is negligibly small

throughout themoiré cell. This strongly indicates that shear strain does not influence

the moiré potentials in a direct way, as was found in TMDC monolayers.15–17

Inspired by the fact that 2D membranes embedded in 3D space have a tendency to

crumple18 and the ease of rippling in graphene,19 we propose to view a vdW mono-

layer as a fluid in a discussion of its lattice deformation. An essential part of fluid dy-

namics is vorticity,20 which stands for the antisymmetric part of deformation tensor.

Here, in a solid monolayer, the analog of vorticity is the local rotation of the primitive

lattice in the moiré cell. We speculate that it is the local rotation, i.e., the vorticity of

atomic displacements, rather than strain (the symmetric part of deformation tensor),

that mostly controls the moiré potentials.
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RESULTS

Figure 1A displays the optimized atomic structure of a WSe2/MoSe2 bilayer twisted

by 2.65� from the H-type stacking. Zoomed in are the three local atomic configura-

tions with 3-fold rotational symmetry, denoted as HW ;Se
Se;Mo, H

W
Mo, and HSe

Se, respectively.

Twisting modifies the electronic structure of a WSe2/MoSe2 bilayer and gives rise to

moiré potentials. That is, the energy level of valence conduction bands will now vary

with location in the moiré cell. With the knowledge that both the valence and con-

duction bands near the fermi level are contributed mainly by transition-metal ions

in TMDC monolayers or bilayers, we have examined the local density of states

(LDOSs) at the W and Mo atoms in the moiré cell. We have followed Carr et al.10

in making use of the logarithm of LDOS to evaluate the VBM and CBM to make

the displacement of LDOS curves more visible, as we did in our previous works.21

We plot in Figure S1 the LDOS at 3-fold symmetry points HW ;Se
Se;Mo, H

W
Mo, and HSe

Se in

the moiré cell for qM = 2.65�. It is found that at each high-symmetry point, the

VBM is mainly contributed by W in the WSe2 layer and the CBM by Mo in the

MoSe2 layer. This is also demonstrated clearly in the species-projected band struc-

ture in Figure S2. The calculated energy levels of valence top and conduction bot-

tom located at W and Mo atoms in the fully relaxed bilayer are shown in Figure 1B

in the top and middle panels, respectively. In the bottom panel, we display their

values along the diagonal of the moiré cell. The spatial variation of VBM and CBM

defines the valence and conduction band moiré potentials. It is found that both of

them reach a maximum at HW ;Se
Se;Mo and a minimum at HW

Mo with depths of 0.124 and

0.084 eV, comparable to the measured values, which were estimated to be about

0.2 and 0.1 eV.12

To illustrate the effect of lattice deformation on the band structure of single layers,

we separated the fully relaxed bilayer into two isolated single layers and kept their

atomic structure fixed. The calculated spatial distribution of the VBM at W atoms

in the WSe2 layer and CBM at Mo atoms in the MoSe2 layer is shown in Figure 1C.

Interestingly, we find that the lattice deformation induced by interlayer coupling in

the moiré structure produces strong spatial variation of both VBM and CBM in single

layers to an extent quite comparable to that in the bilayer. To further clarify the effect

of lattice corrugation, we have performed a set of calculations for a flat WSe2/MoSe2
bilayer. That is, we have fixed the vertical positions of all the atoms and allowed only

2D relaxation. The interlayer distance was fixed at 6.74 Å, the average of the fully
494 Matter 6, 493–505, February 1, 2023
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Figure 1. Moiré potentials in the 2.65� twisted H-stacking WSe2/MoSe2 bilayer

(A) The geometry of H-stacking WSe2/MoSe2 bilayer, and the high-symmetry points.

(B–E) Variations of conduction band minimum at Mo atoms (top) and valence band maximum at W atoms (middle) and their values along the diagonal in

the moiré cell (bottom) of the fully relaxed, corrugated bilayer (B), isolated monolayers rigidly separated from the fully (3D) relaxed bilayer (C) and the 2D

relaxed (flat) bilayer (D), and isolated monolayers rigidly separated from the 2D relaxed bilayer (E). The fermi level is set to zero.
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relaxed bilayer. The results are displayed in Figure 1D. A comparison with Figure 1B

shows that the lattice corrugation changes the shape remarkably rather than the

depth of the moiré potentials. The impact is more significant on the MoSe2 layer

than the WSe2 layer. In fact, the lattice corrugation raises the energy level of CBM

at HSe
Se almost up to the level at HW ;Se

Se;Mo, but its effect on WSe2 is less significant. As

for the fully relaxed bilayer, we also calculated themoiré potentials in the rigid single

layers isolated from this 2D relaxed bilayer. Again, we find in Figure 1E that the lat-

tice deformation has a strong influence on the electronic structure of the component

single layers.

Figure 2A presents the calculated moiré potential depth of the valence (down trian-

gles) and conduction (up triangles) bands for a WSe2/MoSe2 bilayer with a variety of
Matter 6, 493–505, February 1, 2023 495



Figure 2. Twist-angle dependence of moiré potential

(A) Dependence of the valence and conduction bands moiré potential well depth in twisted WSe2/

MoSe2 bilayer on the twist angle.

(B) Change of the interlayer binding strength and interlayer overlapping degree over the twist

angle. Solid lines are a guide for the eye.
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twist angles (2:5� < qM < 10�), in rigid and 2D- and 3D-optimized configurations.

Clearly, the moiré potentials (MPs) for both VB and CB in the rigid bilayers are negli-

gibly small compared with those in the 2D and 3D relaxed structures. This is strong

first-principles support for the conclusion drawn from continuum mechanical calcu-

lations12 that, other than direct interlayer coupling, the internal strain dominates the

MPs in twisted TMDC bilayers. For both VB and CB, the MP increases with the

decreasing twist angle (increasing moiré wavelength). We note that limited by

computational capacity, the smallest twist angle explored in the present study

(2.65�) is not small enough (z1�) for lattice reconstruction to take place, which leads

to the formation of commensurate stacking domains separated by a network of

domain walls bearing large strains.22,23 Therefore, it is very interesting to discover

that even without reconstruction, the local lattice-deformation-inducedMP is bound

to reach its maximum at a certain small twist angle before diminishing down to zero

at qM = 0.

To examine the effect of lattice deformation on the interlayer binding, we have

calculated the interlayer binding energy of an H-stacking WSe2/MoSe2 bilayer as

a function of the twist angle for fixed and 2D- and 3D-optimized configurations.

The interlayer binding strength is defined as the lowering of the total free energy

when two freestanding monolayers (WSe2 and MoSe2) are brought together to

form a heterobilayer. The numerical results are displayed in Figure 2B (red
496 Matter 6, 493–505, February 1, 2023
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symbols). It turns out that without relaxation, the interlayer binding energy is nearly

independent of the twist angle, strongly indicating that twisting has only marginal

impact on the direct interlayer coupling. Upon relaxation, however, the binding

strength reduces markedly with the increase of the twist angle, which can be un-

derstood by virtue of the concept of interlayer overlapping degree (IOD). IOD

is a geometric quantity we recently proposed to describe the steric effect

resulting from repulsive forces between overlapping electron clouds of the two

contacting atomic layers across the interface.21 These two layers in the present

heterobilayer are the bottom Se layer in WSe2 and the top Se layer in MoSe2.

In analog to graphene, we define the atomic radius of Se as ð ffiffiffi
3

p
=6Þa of its respec-

tive primitive cell. Then, the IOD of the WSe2/MoSe2 heterobilayer can be calcu-

lated as the ratio of the total overlapping area of Se atoms across the interface

to the total area covered by Se in the moiré cell. One Se atom covers
ffiffiffi
3

p
p= 18

of a primitive cell. The calculated IOD for both fixed and optimized heterobilayers

with different twisting is displayed in Figure 2B (blue symbols). Clearly, the IOD in-

creases with increasing twist angles, just opposite to the binding strength. Lattice

deformation tends to decrease the IOD to reduce repulsive interactions but, in the

meantime, suffers elastic energy cost. In the optimized geometry, an equilibrium is

reached.

DISCUSSION

Having confirmed that it is the lattice deformation that yields the significant MP in

twistedWSe2/MoSe2 bilayers, we now explore its effect in detail. In Figure 3, we pre-

sent the deformation specifics of the twisted WSe2/MoSe2 bilayer with a twist angle

of 2.65�. Figure 3A reveals the displacement of all W and Mo atoms upon geometry

optimization in reference to those in the rigidly twisted bilayer. The displacement

vectors are the 2D projection of the 3D ones.

Figure 3B shows the corrugation of the bilayer along the diagonal of the moiré cell.

Points with 3-fold rotational symmetry are all at extrema of heights, and W and Mo

are always corrugating in an opposite direction, as expected. Clearly, it takes the

largest value at HSe
Se (7.05 Å), the smallest at HW ;Se

Se;Mo (6.52 Å), and a slightly higher local

minimum at HW
Mo (6.64 Å). In an analog-to-chemical bonding, the moiré effect of the

vdW interactions at these high-symmetry points is in nonbonding, antibonding, and

bonding states. Compared with that for twist-free stackings HSe
Se (6.77 Å), HW ;Se

Se;Mo

(6.51 Å), and HW
Mo (6.50 Å), the interlayer distance in a slightly twisted WSe2/

MoSe2 bilayer is notably larger due to lattice deformation. Interestingly, we find

that the difference at HW ;Se
Se;Mo and HW

Mo, which is responsible for the MPs, comes to

be much more significant.

We learn from Figure 1 that the corrugation of the bilayer does not much affect the

MP; this means that the 2D atomic displacements dominate the MP. The deforma-

tion tensor in a condensed matter system can be expressed as

Dij =
vui

vxj
=
1

2

�
vui

vxj
+
vuj

vxi

�
+
1

2

�
vui

vxj
� vuj

vxi

�
; (Equation 1)

where u
.

=
�
ui uj uk

�
= r

. � r
.

0 is the displacement vector field before and after

deformation at point r
.

m = 1
2 ð r

. � r
.

0Þ. The symmetric parts are the strain tensor, of

which the diagonal terms

eij =
1

2

�
vui

vxj
+
vuj

vxi

�
(Equation 2)
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Figure 3. Lattice deformation

(A) Atomic displacements upon relaxation colored with moiré potential, represented by W and Mo atoms, of a WSe2/MoSe2 bilayer with a twist angle of

2.65�.
(B–E) Lattice corrugation (B), normal strain (C), magnitude of shear strain (D), and vorticity (in radian) of atomic displacements (E); numerical values along

the diagonal of the moiré cell. Anticlockwise rotation in (E) is defined as being positive.
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are the normal strain responsible for the rate of volume dilation and the off-diagonal

parts are the shear strain, representing the change of shape of primitive atomic

structure unit. The antisymmetric parts are the vorticity tensor,

Uij =
1

2

�
vui

vxj
� vuj

vxi

�
; (Equation 3)

which describes the rotation of the local atomic structure represented by primitive unit

cells. Figures 3C–3E present the calculated normal strain, shear strain, and vorticity of

the lattice deformation in WSe2 and MoSe2 layers, respectively. The normal strain is

rather small in both layers, about�0.05%, and 0.05% atHW ;Se
Se;Mo andHW

Mo. Our first-prin-

ciples calculations show that such strains will introduce a shift of �0.01 eV, 0.01 eV to

the VBM, and 0.00 eV,�0.01 eV to the CBM, for twist-free HW ;Se
Se;Mo andHW

Mo -type stack-

ing WSe2/MoSe2 heterobilayers (Figure S3). Thus, the spatial variation of VBM and
498 Matter 6, 493–505, February 1, 2023
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CBM is within 0.01 eV, an order smaller than the moiré well depths. Therefore, it is

conclusive that normal strain has only a minor impact on the MPs at qM = 2.65�. The
calculated shear strain shown in Figure 3D, like normal strain, is also in good agree-

ment with the result of continuum mechanical calculations.12

We emphasize that the shear strain has vanishing value at the high-symmetry points

where MPs reach their extrema. This strongly suggests that, other than normal strain

and shear strain, there must be another quantity of the lattice deformation that is

responsible for the generation of MPs. It is the vorticity of the atomic displacements

that remind us to study the rotation, aside from the strain, in order to understand

the origin of MPs. Vorticity serves as a descriptor of the rate of rotation of primitive

unit cells in WSe2 and MoSe2 layers with respect to its original position in the rigidly

twisted bilayer. The vorticity of lattice deformation displayed in Figure 3E, u
.
, is

defined as

u
.

= V3 u
.

=

�
v

vxi
;

v

vxj
;

v

vxk

�
3

�
ui; uj; uk

�
: (Equation 4)

We can obtain a vorticity, which is the curl of the displacement of the atomic posi-

tions, as

curl u
.
�
r
.

a

�
, n

.
= lim

DSn

1

jDSnj #Pn
u
.
,d l

.

; (Equation 5)

where Pn is the integration path with a surface n
.
, Sn is the area of the integration sur-

face, and d l
.
is the unit vector along the path. Here, in this case, the integration path

is along the displacement vector field u
.
of the nearest neighbors of six atoms, so the

path integral can be expressed by a summation of the neighbor’s contribution. For

each neighbor, a sphere with radius

				 r.nb

				 = 			 r.m � r
.

a

			 is the integral path, so Equa-

tion 5 can be expressed as

curl u
.
�
r
.

a

�
, n

.
=

XN
nb

1

jDSnbj

�
r
.

nb 3 u
.

�
,bn		 r.nb

		 qnb

				 r.nb

				 = XN
nb

1

3
		 r.nb

		2
�
r
.

nb 3 u
.

�
,bn;

(Equation 6)

where DSnb = p
		 r.nb

		2 and qnb is p
3, the radian contribution for each neighbor.

Interestingly, we find that the vorticity takes its local maximum and minimum at the

high-symmetry points where MPs also reach their extrema. This is a strong indication

that vorticity plays a dominant role in the generation of MPs. In addition, it is re-

vealed that the distribution of vorticity has a pattern quite similar to that of the lattice

corrugation. AtHSe
Se, the bilayer bulges the most, and the vorticity of atomic displace-

ments is also the largest; at HW ;Se
Se;Mo and HW

Mo, the interlayer distance reaches the local

minimum, as does the vorticity. Therefore, vorticity can serve as an ideal quantity to

measure the moiré lattice deformation.

Having shown that it is the vorticity of lattice deformation at HW ;Se
Se;Mo and HW

Mo that

dominates the MPs, we now investigate the dependence of u on the twist angle

of the WSe2/MoSe2 bilayer. Results for the W (up triangles) and Mo (down triangles)

sublattices from first-principles calculations are demonstrated in Figure 4. We see

that the vorticity of displacement of W and Mo at both HW ;Se
Se;Mo (solid symbols) and
Matter 6, 493–505, February 1, 2023 499



Figure 4. Vorticity of atomic displacement

(A) Vorticity of atomic displacements ofW andMo atoms at high-symmetry points in twistedWSe2/MoSe2
heterobilayers. Dashed lines are rough estimates of the vorticity variation at small twist angles.

(B) Comparison of the valence band (WSe2) and conduction band (MoSe2) moiré potential depth in

monolayers rigidly separated from twisted WSe2/MoSe2 heterobilayers, obtained by first-

principles calculations (solid symbols) and estimated from vorticity of atomic displacements upon

structure relaxation (empty symbols).
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HW
Mo (empty symbols) increase monotonically with the decreasing twist angle, and

their difference shows a similar feature. Our first-principles calculations thus strongly

suggest that the vorticity of atomic displacements, rather than strain, of the lattice

deformation plays dominant roles in the emergence of MPs for 2:5� < qM < 10�. As
shown in Figure 4A, the vorticity of lattice deformation is zero in the twist-free

WSe2/MoSe2 bilayer, that is, if qM = 0, then u = 0. There must exist a critical twist

angle at which the vorticity takes its maximum value, which probably falls in the re-

gion 1�–2�, as MPs do, before lattice reconstruction occurs. It is noteworthy that u,

by definition, is two times as large as the rotation angle of the hexagon centered at

the W or Mo atom of concern. Since the local lattice rotation in one monolayer is a

kind of resistance to the increase of the IOD (steric effect) induced by the global rota-

tion qM in reference to the other monolayer, we should have u% qM. As for the flat,

2D-optimized bilayer, similar results are obtained (Figure S4). Although the

maximum vorticity (at HSe
Se) in the 2D-optimized WSe2/MoSe2 bilayer is even slightly

higher than in the corrugated, 3D-optimized case, the vorticity difference at HW ;Se
Se;Mo
500 Matter 6, 493–505, February 1, 2023
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and HW
Mo is a bit smaller than in the latter geometry. The reason 2D and 3D optimi-

zation yield vorticity of lattice deformation in a similar scale is that in the restricted

2D deformation, the tendency of the bilayer to corrugate is suppressed and

compensated for by enhanced planar atomic displacements.

Keeping in mind that the MP is induced by nonuniform interlayer coupling and that it

varies in the moiré cell in a similar manner to the vorticity of atomic displacements,

we attempt to correlate the moiré well depth with the difference of vorticity at high-

symmetry pointsHW ;Se
Se;Mo andHW

Mo andmake a connection between the band energy of

electrons and elastic energy density in the local lattice of distorted WSe2 and MoSe2
monolayers. This idea is inspired by previous study investigating the relationship be-

tween strain and band gap on a strained vdW black phosphorus monolayer.24 We

assume that the band energy E at a lattice point depends on the elastic energy

per unit area at this point, Ee , in the form of

E = E0 +G,Ee; (Equation 7)

where E0 is the band energy in a distortion-free monolayer and G is the local

enhancement coefficient, which is band dependent. E0 does not change over the

moiré cell, thus the difference in the electric potential at two lattice points ða;bÞ
can be written as

DEða;bÞ = Ga,EeðaÞ � Gb,EeðbÞ; (Equation 8)

in which a and b stand for antibonding HW ;Se
Se;Mo and bonding HW

Mo lattice points,

respectively. At the high-symmetry lattice points, i.e., the centers of the vortices

of atomic displacements, both normal and shear strains are negligibly small

(Figures 3C and 3D). It is found that the elastic energy has the following relationship

between the vorticity (u) and the twisted angle (qM):

Ee =
1

2
ku2fa2Mu

2fðu=qMÞ2 : (Equation 9)

Here, the elastic coefficient k is material dependent and assumed to be proportional

to the area of the vortex of atomic displacements
� ffiffi

3
p
6 a

2
M

�
. Therefore, the difference

in band energy between the two vortex centers can be estimated as

DEða;bÞyCa,ðua=qMÞ2 � Cb,
�
ub



qM

�2
; (Equation 10)

where Ca and Cb are functions of both G and k and hence are all band- and material-

dependent coefficients. For both VB and CB, which are contributed mainly by cat-

ions, the value of C is found to be large in the vortex centered at Mo or W (HW
Mo),

rather small in those centered at the hollow sites (HW ;Se
Se;Mo), and even smaller in those

at the anions (HSe
Se) (see Figure S5). In Figure 4B, the fitting of MPs for both VB inWSe2

and CB in MoSe2 monolayers from vorticity of atomic displacements (empty sym-

bols) agrees well with the results of first-principles calculations (solid symbols).

According to fluid dynamics, the vortices in a 2D system have a tendency to merge

and form larger vortices, and those in a 3D system are prone to be torn apart into

smaller ones by the vertical motions to release kinetic energies.20 Although vdW bi-

layers are not strictly 2D, as they have the freedom to corrugate, the strong in-plane

chemical bonds hold the corrugation slope to be rather limited, and the z compo-

nent of the vorticity vector is predominant over x and y components. Thus, it is

reasonable to expect that the vortices of atomistic displacements are inclined to
Matter 6, 493–505, February 1, 2023 501
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coalesce to reduce elastic energies, which leads to the reconstruction of the moiré

cell at very small twist angles.22,23

The formation of commensurate stacking domains separated by a network of

domain walls in a twisted TMDC bilayer upon lattice reconstruction results in the

concentration and enhancement of lattice strains at domain walls, and large normal

strains bring about significant MPs. In a newly reported computational work, Enal-

diev et al. applied a multiscale modeling approach23 to study the effect of normal

strain on the shift of valence and conduction band edges and electron/hole confine-

ment in such domains using density functional theory (DFT) parametrized interpola-

tion formulae for interlayer adhesion energies of TMDC monolayers and the elastic-

ity theory for strain-related elastic energies. Excitingly, they found that the normal

strain in a marginally twisted WSe2/MoSe2 heterobilayer can be as large as 0.06

and that theMPs can reach 1 eV.25 Such strongMPs could lead to significant red shift

of the electron-hole recombination line, making single photon emitters broadly

tunable and hence enabling the manipulation of nanoscale commensurate domains

in moiré patterns as effective quantum dots.

For qM = 1.0�, Enaldiev et al. predicted a moiré depth of 0.1 eV for the VBM and 0.2

eV for the CBM. The experimental results in Shabani et al.12 are about 0.3 and 0.15

eV, respectively. At qM = 1.5�, Shabani et al.12 found a maximum of MPs for both

VBM and CBM; Enaldiev et al.,25 on the other hand, did not reproduce this phenom-

enon. For qM = 2.65�, our first-principles DFT calculations give a band-gap modula-

tion of 0.06 eV, significantly smaller than the estimation in Enaldiev et al.,25 which is

about 0.3 eV; as for the magnitude of normal strain, our prediction is about 0.0005,

10 times smaller than the result in Enaldiev et al.25 Therefore, it appears that the mul-

tiscale modeling approach used by Enaldiev et al. to evaluate the lattice strain may

not be as accurate for qM R 1.0� as for marginally small angles (0� < qM <1�), which
correspond to huge moiré supercells and justify ideally the application of elasticity

theory in continuum mechanics. The effect of the vorticity of atomic displacements

on the shift of band edges, which is predicted to be significant for (1� < qM <4�) in
the present work, has not been explored in Enaldiev et al.25

For TMDC bilayers that have large lattice mismatch, such as MoS2/WSe2 and WS2/

WSe2,
26,27 moiré patterns can be formed at a zero twist angle. The vorticity of atomic

displacements in these systems is expected to be negligible, so the origin of MPs

from lattice deformation is predominantly the normal strain. To make a comparison

of normal strain and vorticity about their efficiency in generating MPs, we have per-

formed DFT calculations on the structural and electronic properties of twist-free

MoS2/MoSe2 and MoSe2/MoTe2 bilayers. The supercells used to model these two

systems are MoS2(24 3 24)/MoSe2(23 3 23) and MoSe2(15 3 15)/MoTe2(14 3 14),

respectively. The former moiré cell, which contains 3,315 atoms, is displayed in Fig-

ure S6A together with its high-symmetry local structures AA, AB, and BA.

Different from the twistedWSe2/MoSe2 bilayer case, the VBM and CBMMPs in these

twist-free bilayers vary in antiphase (Figures S6B–S6E). That is, when the VBM shifts

up, the CBM shifts down (and vice versa). This is because the direction of the local

lattice rotation vector in one layer is always opposite to that in the other layer and

has no absolute meaning, but positive and negative strains (Figure S7) represent

opposite lattice dilation (enlargement and reduction), respectively. Interestingly,

we find the MPs in the twist-free MoS2(24 3 24)/MoSe2(23 3 23) bilayer have similar

strength (�0.1 eV) to those in the twisted WSe2/MoSe2 bilayer at qM = 2.65�. For the
MoSe2 layer, the maximum normal strain in the former bilayer is about 0.006,
502 Matter 6, 493–505, February 1, 2023



Table 1. Size dependence of twist angle to the model H-stacking WSe2/MoSe2 heterobilayers

qM (�) 2.65� 3.48� 4.41� 6.01� 9.43�

Natom 2,814 1,626 1,014 546 222

aM (Å) 71.27 54.18 42.78 31.39 20.02

The moiré wavelength aM , twist angle qM , and total number of atoms Natom used in the supercells.

ll
Article
whereas the vorticity in the latter is about 0.03, seemingly indicating that normal

strain is more efficient in prompting MPs. Nevertheless, a slightly weaker normal-

strain field in the MoSe2 layer in the twist-free MoSe2(15 3 15)/MoTe2(14 3 14)

bilayer gives rise to much smaller MP (�0.01 eV). Such a disparity is probably orig-

inated from the dissimilarity of the two bilayers in interlayer charge transfer. We

note that the electronegativities of S (2.58) and Se (2.55) are quite similar, but it is

weaker for Te (2.10). A more detailed analysis of the twist-free case and a more gen-

eral model to consider normal strain and vorticity altogether are desirable but are

beyond the scope of the present work.

Our first-principles DFT calculations on twisted WSe2/MoSe2 heterobilayers reveal

that the MPs of both valence and conduction bands increase with decreasing twist

angle, reaching values significantly larger than that of unstrained twist-free bilayers.

Comparison between fixed and fully relaxed configurations demonstrates that the

direct interlayer binding has only a marginal effect on the MP and that the lattice

deformation plays a dominant role. The normal strain is too small to have strong

impact to the MP. The shear strain, on the other hand, is not correlated directly to

the MP. Our striking discovery is that the vorticity of atomic displacements, i.e.,

the rotation of primitive unit cells in the moiré cell, dominates the MPs. This finding

could open up new avenues in band-structure engineering of vdW heterostructures

via lattice deformation. Description of atomistic displacement vectors in framework

of fluid dynamics might be fruitful in exploring novel phenomena in twistronics.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to and will be ful-

filled by the lead contact, Wen Tong Geng (geng@hainanu.edu.cn).

Materials availability

This study was purely computational and did not generate new unique reagents.

Data and code availability

All data are available in the main text or the supplemental information.

Computational methods

We have investigated five twist angles starting from the H-type (antiparallel) WSe2/

MoSe2 bilayer. The total number of atoms and the 2D length (moiré wavelength) of

these supercells are listed in Table 1. In each moiré cell, the length in the c axis was

set to 30 Å. The vacuum region in such a supercell is about 20 Å, large enough to

minimize the bilayer-bilayer interactions between neighboring supercells. The lat-

tice mismatch of WSe2 (3.303 Å) and MoSe2 (3.297 Å) is very small (0.2%) and is ne-

glected in this study. Since the interlayer charge transfer is extremely small

(2.23 10�4 e per formula unit WSe2/MoSe2), there is no need to double the supercell

size and include both a MoSe2/WSe2 and a WSe2/MoSe2 bilayer as is the case for

MoTe2/MoS2 heterobilayers.
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The DFT calculations were performed using the Vienna Ab initio Simulation Pack-

age.28 We described the electron-ion interactions with the projector augmented-

wave (PAW) method,29 the exchange correlation between electrons within the

generalized gradient approximation (GGA) in the Perdew-Burke-Ernzerhof (PBE)

form,30 and the nonbonding vdW interactions using a semi-empirical correction

scheme of the DFT-D3 method.31 An energy cutoff of 400 eV was employed for

the plane-wave basis set for all systems to ensure. We made the Brillouin-zone inte-

gration within the Monkhorst-Pack scheme32 using k meshes of (1 3 1 3 1) for twist

angles 2.65� and 3.48�, (23 23 1) for 4.41� and 6.01�, and (33 33 1) for 9.43�. The
dimensions of the supercell were fixed, and the internal freedoms of all atoms were

fully optimized. In structural optimization, the self-consistency criterion for the total

energy of the supercell and forces on all the atoms were set to be 10�4 eV/cell and

23 10�2 eV Å�1, respectively. To make the computation affordable, we did not take

into account spin-orbit coupling. In generating the initial atomic structure and plot-

ting the band structure of supercells, we have used the VASPKIT code.33

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.matt.
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WSe2/WS2 moiré superlattices. Nature 579,
353–358. https://doi.org/10.1038/s41586-020-
2085-3.
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