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Strain-induced lateral heterostructures: Hole localization and the emergence of flat
bands in rippled MoS2 monolayers
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The formation of 2D lateral heterostructures in rippled MoS2 and similar transition metal dichalcogenides
(TMDs) is studied using density functional theory. Compression of rippled TMDs beyond a threshold compres-
sion leads to the formation of a flat valence band associated with strongly localized holes. The implications for
exciton manipulation and the emergence of one-dimensional heavy fermion behavior are discussed.
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The study of the electronic properties of van der Waals
(vdW) 2D materials remains a fruitful area for uncovering new
material behaviors [1]. A prime example is the discovery of
superconductivity in moiré-patterned bilayer graphene, driven
by the formation of flat bands near the Fermi level at a spe-
cific “magic” twist angle (∼1.1◦) [2]. These flat bands arise
from the unique stacking and specific rotational alignment
between the two layers, which creates a moiré superlattice—a
long-wavelength periodic pattern that profoundly modifies the
electronic band structure. The overlapping periodic poten-
tials from the slightly misaligned graphene layers cause the
electronic states to localize, effectively flattening the bands,
resulting in a high density of states and reduced kinetic en-
ergy of electrons. The slowed electron motion in these flat
bands enhances carrier correlations providing a fertile ground
for exploring exotic quantum phenomena such as supercon-
ductivity [3–13], magnetism [14–21], linear-in-temperature
resistivity [22–24], intrinsic quantized anomalous Hall ef-
fect [25–27], and correlated insulating phases [3,28–36]. The
direct visualization of these flat bands [37] has confirmed
their critical role in driving the rich phase diagram observed
in twisted bilayer graphene, making it a cornerstone in the
emerging field of “twistronics” [38].

Beyond bilayer graphene, moiré flat bands have also
been observed in other vdW 2D materials, notably in
γ -graphyne [39], hBN [40], and transition metal dichalco-
genides (TMDs) [41–45]. Nevertheless, the magic angle
phenomenon seems to be unique to twisted bilayer semimet-
als. Materials such as hBN, MoS2, and γ -graphyne do not
exhibit a critical angle-dependent transition. Instead, flat
bands in these materials emerge at under more relaxed condi-
tions. In particular, flat bands result at sufficiently small twist
angles, where the electronic bandwidth becomes comparable
to or smaller than the Coulomb interaction energy, leading to
similarly rich physics as in twisted bilayer graphene. For ex-
ample, twisted bilayer WSe2 exhibits flat bands at twist angles
between about 4◦ and 5◦ [46], and WSe2/WS2 shows different
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localization patterns depending on the angle, as confirmed
by scanning tunneling microscopy and spectroscopy [47].
Moreover, the study of flat band plasmons in twisted bilayer
MoS2 [48], as well as the role of spin-orbit coupling in TMD
heterobilayers [49] highlights the broader relevance of flat
bands across various TMDs and underscores the diverse elec-
tronic behaviors that flat bands can induce in these materials.

While the mechanical properties (including buckling) of
vdW 2D materials under strain have been extensively stud-
ied [50–54], the effects of periodic rippling on band structure
and transport have not been explored in detail. Shi et al. [55]
demonstrated that buckling of a MoSe2 monolayer leads to
formation of dipole moments (i.e., flexoelectricity). Qi et al.
predicted that the band gap of MoS2 could be tuned by the
combination of the compression and the application of an
electric field [56]. Presumably, the electric field couples to the
dipole moments that are induced by the bending, and this al-
ters the electronic structure. This work noted a direct/indirect
transition at a critical curvature for ripples described by a k
vector in the zig-zag direction, but did not observe a tran-
sition for the equivalent armchair ripples. The properties of
the carriers in the flat bands [57,58] were not discussed, nor
was the potential for heterostructure behavior explored in any
detail. More recent work, incorporating spin-orbit coupling,
finds that rippling can lead to dark excitons [59].

In the present study, the impact of uniaxial compres-
sion, including buckling, along the armchair direction on the
electronic structure of MoS2 and other TMD monolayers is
presented. This study is motivated by the fact that the band
gap of TMD monolayers depends on strain [60]. This implies
that spatial variations in strain will result in spatial variations
in the band gap, effectively creating a strain-determined het-
erostructure. We hypothesize that bending will similarly affect
the band gap, with spatial variations in bending stress leading
to the formation of a strain-defined lateral heterostructure.
Using ab initio density functional theory (DFT) calculations,
feasibility of creating strain-induced 2D heterostructures is
explored directly in MoS2, WS2, MoSe2, and WSe2. Notably,
in MoS2 and WS2, these heterostructures exhibit substantial
hole localization for compression in the armchair direction
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FIG. 1. Direct- and reciprocal-space lattices of 1H-MoS2.
(a) The crystal in real space. Dark and light gray circles represent
Mo and S atoms, respectively. The primitive cell is shown in light
gray, and the nonprimitive rectangular cell that forms the basis of
the rippled structures is shown in dark gray. (b) The Brillouin zone
for the primitive and nonprimitive unit cells of the 2D crystal. The
irreducible wedge of the nonprimitive zone is highlighted in dark
gray. (c) The irreducible wedge for the M×N supercell Brillouin
zone.

at compressions less than their Se-containing counterparts.
Therefore, the focus of this study is chosen to be MoS2.

Physically, the ripples break the threefold symmetry of the
flat monolayer, and will thus impact all of the tensor properties
of the material. In particular, one expects that both the thermal
and electrical conductivity will become anisotropic in the
rippled monolayer. In the case of electronic conductivity, it is
shown in the following that rippling can lead to the formation
of a strain-induced lateral heterostructure, with holes localized
at the strongly curved troughs and peaks of the sinusoidal
buckling pattern.

Interestingly, the valence bands in these heterostructures
become remarkably flat. The ability to induce flat bands
through controlled compression adds to the diverse toolkit
available for band engineering, expanding the range of ma-
terials and structures where such phenomena can be studied.
By exploring strain as a means to achieve flat band effects,
we aim to contribute to the broader understanding of quantum
phenomena in 2D materials, building on the exciting develop-
ments already achieved through other methods like twisting
bilayers.

MoS2 consists of repeating vdW bonded two-layer units,
where each layer is made up of covalently bonded S-Mo-S
sandwiches. The monolayer in its most naturally abundant
hexagonal polytype (1H-MoS2) is depicted in Fig. 1. For this

paper, we focus on compression applied parallel to the arm-
chair direction, which corresponds to the y axis in our case.
To study the impact of uniaxial compression, we generated
buckled cells using the LAMMPS code [61], employing the
reactive empirical bond order (REBO) potential [62,63]. The
monolayer was subjected to incremental compression along
the armchair direction (y axis). We define the compression
in percent to be C = −100 �L

L0
= 1, 2, . . . , 20%. Here �L is

nominal change in length of the compressed structure, and L0

is the equilibrium length of the flat structure (at zero temper-
ature). Structural relaxation is carried out at each step using
a conjugate gradient algorithm. A vacuum region greater than
20 Å was employed in all calculations to eliminate spurious
interactions between periodically repeated cells.

The buckled cells obtained from LAMMPS were then used
as starting points for DFT studies using the SIESTA pack-
age [64]. The generalized gradient approximation (GGA) with
the Perdew-Burke-Ernzerhof (PBE) parametrization was used
to treat exchange-correlation effects [65]. Norm-conserving
pseudopotentials and a double-zeta polarized basis set were
employed to describe the electron-ion interactions. Structures
are fully relaxed until the force on each atom is less than
0.01 eV/Å. For the self-consistent field (SCF) cycle, conver-
gence criteria of �ρ̂ = 10−5 and �Ĥ = 10−4 eV were used
for density and Hamiltonian matrices, respectively. A finite
electronic smearing temperature of Te = 300 K was used for
the Fermi-Dirac occupation function to aid in convergence in
the case the system became metallic. The real-space grid en-
ergy cutoff was set to 300 Ry. A �-centered Monkhorst-Pack
k-point mesh was used to sample the 2D Brillouin zone (BZ),
employing a minimum of an 8×6 k-point mesh. The elec-
tronic band structures and density of states were calculated
to analyze the effects of periodic wrinkling on the electronic
properties of the MoS2 monolayers. We studied the properties
of 1×10 and 1×20 rippled structures. The structure of the
1×N unit cells is defined in Fig. 1(a).

Figure 1(b) shows the Brillouin zone for the 1×1 unit
cell is embedded within the Brillouin zone for the primi-
tive unit cell. Figure 1(c) shows the irreducible wedge of
the Brillouin zone for the M×N rippled structure, labeling
the high-symmetry points. Note that for 1×N structures, the
width of this wedge remains fixed at π

a , and the height de-
creased with increasing N . Band structures for the 1×10 case
are plotted in Fig. 2 for six compressions chosen to highlight
notable features of the electronic structure as described below.

First, the material undergoes direct-to-indirect transition
(Fig. 2). Under zero compression, the band gap is predicted
to be direct and located at the K point. Initially, the gap
increases with increasing compression. Upon buckling, how-
ever, the gap starts to decrease with increasing compression.
As the structures compress further and buckle, the valence
band along � → K begins to flatten and increases in energy
relative to the valence band maximum (VBM). At a compres-
sion between 7% and 8%, the valence band maximum shifts
to �, rendering the material indirect.

Second, compression can be used to tune the band gap.
Figure 3(a) shows the band gap as a function of compression
1×10 and 1×20 structures. The gap decreases more rapidly
with compression for the shorter wavelength buckled struc-
ture, suggesting that the gap is correlated with the maximum
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FIG. 2. The structure and band structures for the 1×10 structures plotted for different compressions: (a) 0%, (b) 3%, (c) 7%, (d) 8%, (e)
10%, and (f) 15%. The open symbols indicate the computed VBM (valence band maximum) and CBM (conduction band minimum). The
rippled structure undergoes a direct-indirect transition between 7% and 8% compression. At this transition, the holes become localized, as
evidenced by the flat band at �.

curvature of the structures. The maximum curvature was cal-
culated by fitting a smooth curve through the positions of the
Mo atoms, and then obtaining the maximum curvature from
the resulting curve. Figure 3(b) plots the maximum bending
curvature (κ) for the structures as a function of compression.
Like the gap, the maximum bending curvature increases with
compression more rapidly in the 1×10 structure than in the
1×20 structure, indicating a correlation between the gap and
the maximum bending curvature.

Figures 3(c)–3(f) plot the effective masses for the VBM
and the conduction band minimum (CBM). At lower com-
pressions, the effective masses gradually change with com-
pression. However, between 7% and 8% compression for the
1×10 case (and between 12% and 13% for the 1×20 case),
there is a dramatic increase in the magnitude of the effective
mass of the holes. This increase is triggered by the direct-
to-indirect band transition in which the VBM switches to
the � point. As compression continues, the maximum shifts
off of �, but the relevant band remains very flat, making
the computation of the effective mass difficult, as the bands
have nearly zero curvature. Interestingly, the mass of the
holes increases in both principal directions, but the magni-
tude of the yy component of the mass is always larger than
the magnitude of the xx component (See the Supplemental
Material [66]).

The band crossing transition is associated with the lo-
calization of the holes. Figure 4 shows the electron density
probability distributions for the states at the VBM and CBM
for compressions of the 1×10 MoS2 cell. For compressions
below the direct-to-indirect transition, the VBM and CBM
states are distributed nearly uniformly throughout the struc-
ture. However, for compressions greater than that associated
with the direct-to-indirect transition, the VBM states are
clearly localized to the regions with the highest bending cur-
vature. Moreover, inspection of the figures for MoS2 suggests
that the holes are localized to a mixture of the 3dz2 orbital of
the Mo and the 3p orbitals of the S atoms on the tensile side
of the bent film. However, the CBM states remain distributed
throughout the film at all compressions studied. The buckled
structure, in this sense, has become a lateral heterostructure
with the different materials defined by the local bending
curvature—highly curved regions are the material confining
the holes, and the flat regions near the inflection points of
the buckled structures becomes the second material of the
heterostructure.

In the plot of the electron density distribution, the states
are localized at the peaks and valleys of the rippled struc-
ture. However, this plot includes contributions from multiple
k points. If one considers the contribution from a single k
point, one finds that the states are either localized at the peaks
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(a)

(c)

(b)

(d)

(e) (f)

FIG. 3. (a) The band gap as a function of compression for both the 1×10 and 1×20 structures. (b) The maximum curvature in the film
plotted as a function of compression for both the 1×10 and 1×20 structures. (c) The effective mass of the electrons at the CBM plotted as
a function of compression for the 1×10 structure. (d) The effective mass of the electrons at the CBM plotted as a function of compression
for the 1×20 structure. (e) The effective mass of the holes at the VBM plotted as a function of compression for the 1×10 structure. At the
direct-indirect transition, the magnitude of the hole mass increases dramatically in both the x and y directions, though the holes are more
massive in the y direction. (f) The effective mass of the holes at the VBM plotted as a function of compression for the 1×20 structure. At
the direct-indirect transition, the magnitude of the hole mass increases dramatically in both the x and y directions, though the holes are more
massive in the y direction.

or at the valleys of the ripples, but not both. Specifically,
there are degenerate states occupying either the valleys or the
peaks alone that, when considered as a whole, maintain the
peak/valley symmetry in the charge density.

To explore whether or not hole localization upon sufficient
bending is a general feature of TMDs, we computed the band
structures and probability densities of the states at the VBM
and CBM for 1×10 WS2, MoSe2, and WSe2 under compres-
sion. (See the Supplemental Material [66] for band structures
and probability density plots). The band structures all display
a similar compression driven band-crossing transition, though
the two S containing compounds show the band crossing tran-
sition at lower compressions. The bands of the S-containing
compounds also appear flatter than those for the Se-containing
compounds. The probability densities all show similar hole
localization after the band-crossing transition. The impli-

cation is that buckling induced lateral heterostructures are
possible in all four materials.

The emergence of flat bands in compressed and buckled
MoS2 monolayers is an intriguing phenomenon resulting from
the strain-induced modulation of the electronic band structure.
By comparing the behaviors of the 1×10 and 1×20 struc-
tures, one can identify two key factors that appear to govern
the compression at which localization occurs. First, the local
curvature at the peaks and valleys alters the electronic states
at these points compared to their properties within the flat
structure. The more sharply bent, the more significant the
alteration in the electronic structure. Second, the changes in
the electronic structure lead to localization of the states within
the structure. The associated localization length appears to
decrease with increasing curvature. True localization of the
states occurs when the localization length is shorter than the
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FIG. 4. The probability density arising from the states near (top) CBM and bottom (VBM) for compressions (a) 0%, (b) 3%, (c) 7%, (d) 8%,
(e) 10%, and (f) 15%. From the figures it is clear that the holes become localized to the regions of maximum curvature, and in particular on
the Mo 3dz2 and the S 2p states. In contrast, the electrons remain essentially delocalized through the compression range shown.

wavelength of the buckled state. Thus, localization occurs at
a smaller curvature for the 1×20 structure than for the 1×10
structure because the distance between valleys and peaks is
larger in the 1×20 structure.

The flat bands observed in these rippled structures are anal-
ogous to those found in moiré-patterned bilayer graphene and
twisted bilayer TMDs, where the interplay between electronic
bandwidth and Coulomb interactions gives rise to strongly
correlated electronic states. However, in the case of rippled
MoS2, the flat bands are induced by buckling and the bend-
ing of the films rather than stacking or twisting, potentially
providing an alternative route to engineering exotic electronic
phases. The resulting electronic structure of the rippled states
resembles that of a lateral heterostructure, where the localized
holes are confined to the peaks and valleys of the ripples,
effectively forming quantum wells. Indeed, localization of
holes might also lead to exciton trapping, a phenomenon
that could be tuned using strain and exploited for device
development.

Periodic rippling in TMD monolayers induces a systematic
symmetry reduction, transitioning from the high-symmetry
p3m1 plane group and 6̄2m (D3h) point group in the flat
state to the cm plane group and 2m (C2v) point group un-
der compression, and ultimately to the pm plane group and
m (Cs) point group in the buckled state. This reduction
eliminates a sixfold rotoinversion axis, and may introduce
a glide operation (for even N). The result is a dramatically
altered Brillouin zone. Specifically, the buckling introduces
a long wavelength periodicity that reorganizes the electronic
structure into minibands. The curvature modulation local-
izes electronic states at high-curvature regions, producing flat
bands driven entirely by intralayer strain and bending. Unlike
twisted bilayer graphene, where flat bands arise from inter-
layer moiré patterns that partially retain hexagonal symmetry
(e.g., D6 or D3 depending on the twist angle), rippled TMDs

achieve flat bands through complete loss of hexagonal sym-
metry and more pronounced Brillouin zone folding. These
unique intralayer effects create tunable electronic and thermal
anisotropies, with the compressed crystal exhibiting distinct
properties along and perpendicular to the ripple axis, transi-
tioning from isotropic 2D to quasi-1D behavior.

In particular, the localization is accompanied by a strongly
anisotropic hole mass. The magnitudes of the hole mass at the
band crossing transition are nearly three times larger in the y
direction than they are in the x direction (see the Supplemental
Material [66]). The implication is that the holes are confined
more strongly in the y direction than they are in the x direc-
tion. This suggests that the peaks and valleys of the rippled
structures become, effectively, 1D heavy fermion conductors
if sufficiently (p type) doped [67]. If so, rippled TMDs may
serve as model tunable systems for the study of 1D highly
correlated materials.

In conclusion, we have studied the electronic properties
of rippled TMDs using density functional theory. We find
that the symmetry breaking due to the ripples leads to the
formation of strain-determined 2D lateral heterostructures.
These heterostructures are characterized by holes localized
near the regions of maximum bending curvature, while elec-
trons remain itinerant. This suggests that strain engineering
using ripples can be a powerful tool for tailoring the electronic
properties of 2D materials, offering new possibilities for ad-
vanced electronic and optoelectronic devices. These findings
also suggest the rippled TMDs might serve as a model system
for the study of 1D heavy fermion materials.

The authors acknowledge the support of the US Depart-
ment of Energy, Office of Science, Office of Basic Energy
Sciences, Materials Sciences and Engineering Division un-
der Contract No. DE-AC02-05Ch11231 (Electronic Materials
program).
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