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Monolayer vanadium ditelluride (VTe2) exhibits a 2
√

3×2
√

3 charge-density-wave (CDW) order intertwined with a
Mott-insulating state. However, the physical mechanisms driving the emergence of the CDW order and the Mott-insulating
state are still not well understood. In this study, we systematically investigate the electronic band structure, phonon dis-
persion, and electron–phonon coupling (EPC) of monolayer VTe2 under applied biaxial strain. Our results reveal that the
2
√

3×2
√

3 CDW phase is metastable in free-standing monolayer VTe2 but becomes stabilized under compressive strain be-
low ε =−2%. The formation of the CDW order originates predominantly from strong EPC, rather than from Fermi-surface
nesting. The narrowing of the bandwidth due to the CDW order, combined with correlation effects associated with the V
3d orbitals, collectively drive the system into a Mott-insulating state. Furthermore, we find that tensile strain suppresses
the CDW order and induces a superconducting state above a critical strain threshold (ε = 2%). These findings enhance
our understanding of correlation physics in monolayer VTe2 and provide a pathway for strain-engineered manipulation of
quantum phases in two-dimensional transition-metal dichalcogenides.

Keywords: charge density wave, Mott-insulating state, superconductivity
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1. Introduction
Layered transition-metal dichalcogenides (TMDs) have

attracted significant attention due to their rich physical prop-
erties, including charge-density-wave (CDW) order, Mott
physics, and superconductivity (SC).[1–3] The question of
whether CDW and SC are competing or compatible re-
mains a long-standing enigma. For instance, in 1T -TaS2,
SC emerges within a textured CDW order, suggesting their
coexistence.[4,5] Conversely, in both 1T -TiSe2 and 2H-TaS2,
SC is enhanced when the CDW is suppressed.[6–8] Among
TMDs, only a select few exhibit Mott-insulating properties.
A prominent example is 1T -TaS2, where the Mott-insulating
state coexists with the so-called “star-of-David” CDW or-
der. Various methods to manipulate the CDW order and
induce the collapse of the Mott-insulating state in 1T -TaS2

have been extensively explored, including high pressure,[4,9]

doping,[10–13] and interlayer stacking.[14,15] The realization of
two-dimensional (2D) forms of TMDs has prompted a re-
newed investigation of CDW order and the Mott-insulating
state. For instance, monolayer (ML) 1T -TaSe2 has been iden-
tified as a strongly correlated 2D Mott insulator,[16,17] in con-
trast to its bulk counterpart, which exhibits metallic properties
due to weakened Coulomb interactions from increased elec-

tronic delocalization and screening.
Recently, ML VTe2 stabilized in the 1T phase has been

found to exhibit a coexistence of metallic 4× 4 CDW and
insulating 2

√
3× 2

√
3 CDW orders in different regions at

low temperatures.[18–20] In contrast, bulk VTe2 crystallizes
in a monoclinic 1T ′′ phase with 3× 1× 3 periodic lattice
distortions.[21] The emergence of the insulating state accom-
panied by the 2

√
3× 2

√
3 CDW order in ML VTe2 has been

attributed to strong V-3d electron correlations, which induce a
Mott-insulating state.[20] Furthermore, previous experiments
have also identified 4× 1 and 5× 1 CDW orders in ML
VTe2.[19,22–24] The experimentally observed different CDW
orders may be ascribed to their sensitivity to external sample
conditions. Since ML materials are typically prepared on sub-
strates, substrate-induced strain is an inevitable factor, provid-
ing opportunities for tuning the CDW state. To date, the phys-
ical mechanisms underlying CDW formation in ML VTe2 re-
main poorly understood, and a comprehensive understanding
of the interplay between CDW and the Mott state is still elu-
sive. Investigating how strain can modulate the CDW orders
and the Mott-insulating state in ML VTe2 could offer criti-
cal insights into controlling correlated quantum states in ML
VTe2.
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In the present work, we employ first-principles calcula-
tions to systematically investigate the electronic band struc-
ture, phonon dispersion, and electron–phonon coupling (EPC)
in ML VTe2 under biaxial strain. Our comprehensive study re-
veals that the emergence of diverse CDW orders in ML VTe2

can be primarily attributed to strong EPC. Furthermore, we
demonstrate that strain can significantly modulate the com-
petition between different CDW orders, resulting in distinct
electronic ground states. The 4×4 CDW phase is the ground
state in free-standing samples, whereas the 2

√
3×2

√
3 CDW

phase becomes more energetically favorable under compres-
sive strain. Our calculations show that CDW-induced band
narrowing, combined with strong correlation effects of the V
3d orbitals, leads to the Mott-insulating state. With increasing
tensile strain, the CDW order is gradually suppressed, conse-
quently reducing the Mott gap. Interestingly, once the Mott-
insulating state fully collapses, a superconducting state can be
induced, with the superconducting transition temperature Tc

reaching 8.5 K at 6% tensile strain. These findings not only
deepen our understanding of correlation physics in ML VTe2

but also open new avenues for strain engineering of quantum
phenomena in 2D TMDs.

2. Methods
The first-principles calculations based on density func-

tional theory (DFT) were performed using the Vienna ab initio
simulation package (VASP).[25,26] The exchange–correlation
functional was approximated using the generalized gradient
approximation (GGA) formulated by Perdew, Burke, and
Ernzerhof (PBE).[27] To simulate the ML, a 16 Å vacuum
layer was introduced to avoid interactions between neighbor-
ing slabs. The Coulomb repulsion of V-3d electrons was ac-
counted for using the DFT + U method with a Hubbard U
parameter of 2 eV, consistent with previous studies.[20] The
kinetic-energy cutoff was set to 500 eV, and the Brillouin
zone (BZ) was sampled using a Γ -centered grid with a reso-
lution of 0.02 Å−1 for self-consistent calculations. Transition-
state energy differences were calculated using the nudged elas-
tic band (NEB) method,[28,29] as implemented in the VTST
code.[30] The phonon dispersion spectrum for the 1T structure
was calculated using the Quantum ESPRESSO package[31]

within density functional perturbation theory (DFPT).[32] A
10× 10× 1 q-point grid and a 20× 20× 1 k-point grid were
employed to sample the BZ. The wave-function and charge-
density energy cutoffs were set to 100 Ry and 700 Ry, respec-
tively. The biaxial strain was simulated by adjusting the lattice
parameters along the ab axes. The strain magnitude ε is de-
fined as (a−a0)/a0×100%, where positive (negative) values
of ε denote biaxial tensile (compressive) strain applied to the
system.

3. Results and discussion
At room temperature, ML VTe2 crystallizes in a high-

symmetry octahedral 1T structure (Fig. 1(a)), where hexago-
nally arranged V atoms are sandwiched between two layers of
Te atoms in an octahedral coordination. Upon cooling to lower
temperatures, ML VTe2 exhibits two distinct CDW states: a
metallic 4×4 CDW order and an insulating 2

√
3×2

√
3 CDW

order.[18,20] The low-symmetry CDW superstructure typically
evolves from the high-symmetry phase, with distortions intro-
duced by underlying instability. When the temperature drops
below the CDW transition temperature, the material undergoes
lattice distortion, leading to atomic rearrangement and clus-
ter formation. To investigate the characteristics of ML VTe2,
we simulated the superstructures of the 4×4 and 2

√
3×2

√
3

CDW orders. In the 4× 4 superstructure, 13 V atoms are ar-
ranged in a “star of David” cluster (Fig. 1(c)). Conversely, in
the 2
√

3×2
√

3 superstructure, 12 V atoms are arranged into a
truncated triangle-shaped cluster (Fig. 1(d)). The lattice distor-
tion is attributed to the dimerization of V atoms accompanied
by the vertical bulge of the Te atoms.

(c) (d)

(a)

a b

c

Te

V 

(b) ky

kx

M′

M
K′

K

Γ

Te (top) V Te (bottom) Te (top) V Te (bottom)

Fig. 1. (a) Crystal structure of bulk 1T -VTe2. Red and brown spheres rep-
resent V and Te atoms, respectively. (b) BZs of monolayer 1T -VTe2 unit
cell (solid line) and 2

√
3×2
√

3 superstructure (dashed line), in which the
high-symmetry k-points are labeled by red and blue points, respectively.
Superstructures of the (c) 4× 4 and (d) 2

√
3× 2

√
3 CDW orders. Red

lines indicate atomic bonds whose lengths change due to the CDW dis-
tortions. Here, the V–V bond lengths decrease by ∼ 6% compared with
those in the high-symmetry 1T phase.

Our calculations show that the structural optimization of
the 2

√
3× 2

√
3 superstructure, incorporating a Hubbard U

value of 2 eV, revealed a ∼ 6% reduction in the bond length
between neighboring V atoms compared to the ideal 1T struc-
ture. The result is consistent with previous scanning tunnel-
ing spectroscopy experimental observations.[20] We calculated
the electronic band structures of prototype 1T , 4× 4 CDW,
and 2

√
3× 2

√
3 CDW phases of ML VTe2. As shown in

Figs. 2(a)–2(c), both the prototype 1T and the 4× 4 CDW
phases exhibit metallic behavior, while a full gap opens for
the 2

√
3× 2

√
3 CDW phase. The electron bands near the
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Fermi level are contributed mainly by the V-3d orbitals. For
the 2

√
3× 2

√
3 CDW phase, the CDW order narrows the

bandwidth, allowing the strong correlation effects of the V-
3d orbitals to open a Mott gap and induce an insulating
state, in agreement with previous experimental results.[18,20]

This physical mechanism can be captured in supplemental
Fig. S2(f). For the CDW state, the Mott gap opens between
the upper and lower Hubbard bands (UHB and LHB), due to
the electron–electron interaction. Therefore, this indicates that
the CDW distortion and the strong electron–electron interac-

tion play an essential role in initiating the Mott gap opening.
The Mott physics in the 2

√
3×2

√
3 CDW phase of ML VTe2

is different from other widely explored TMDs, such as ML
1T -TaS2, 1T -TaSe2, and 1T -NbSe2.[16,33–36] In those materi-
als, the “star of David” cluster hosts an odd number (13) of
d-electrons per CDW superstructure and an isolated half-filled
narrow band. In contrast, ML VTe2 nominally hosts an even
number (12) of d-electrons. The distinction suggests that the
above-mentioned Mott-insulating model may not directly ap-
ply to VTe2.
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Fig. 2. Calculated band structures of ML VTe2 in the (a) prototype 1T , (b) 4× 4 CDW, and (c) 2
√

3× 2
√

3 CDW phases using the DFT+U
method with U = 2 eV. (d) Phonon dispersion spectrum of ML VTe2 with the high-symmetry 1T structure, where Q1, Q2, and Q3 denote three
distinct soft phonon modes, indicated by blue arrows. (e) The real and (f) imaginary parts of the electron susceptibility cross-section of ML VTe2
in the qz = 0 plane, where Q1 and Q2 are indicated by pink arrows, while Q3 is marked by a gray point. (g) shows the phonon linewidth of the
lowest phonon mode of ML VTe2 in the qz = 0 plane.

To investigate the physical origin of the CDW in ML
VTe2, we first calculated the phonon spectrum of its high-
temperature 1T structure. For materials exhibiting CDW or-
ders at low temperatures, the phonon spectrum of the high-
temperature phase typically displays an instability near the
CDW wave vector QCDW.[37] In real space, the corresponding
atomic displacements give rise to the low-temperature CDW
superstructure. In Table S1 of the supplemental material, we
list the QCDW values of various CDW superstructures. The
calculated phonon spectrum in Fig. 2(d) shows three distinct
soft phonon modes, labeled Q1, Q2, and Q3. The phonon in-
stability at the wave vector Q1 ∼ 1

2Γ M is related to the 4× 4
CDW order, while the instability at Q2 ∼ 1

2Γ K is associated
with the 2

√
3× 2

√
3 CDW order. In contrast, the instability

at Q3 ∼ 1
3Γ K can be attributed to the

√
19×

√
19 CDW or-

der (see supplemental Fig. S2), which has previously been ob-
served experimentally in 1T -NbTe2 and 1T -TaTe2,[38–40] both
of which are structurally analogous to 1T -VTe2.

Since the EPC plays an important role in the formation
of CDW,[41,42] we calculate the phonon linewidth γ , which is

directly related to the strength of the EPC. The q- and phonon
mode ν-resolved linewidth γqν is defined as

γqν = 2πωqν ∑
i j

∫ d3k
ΩBZ

∣∣gqν(k, i, j)
∣∣2

×δ (εq,i− εF)δ (εk+q,i− εF). (1)

Here gqν(k, i, j) is the EPC matrix element, given by

gqν(k, i, j) =
(

}
2Mωqν

)1/2 〈
ψi,k
∣∣ dVSCF

dûqν

ξ̂qν

∣∣ψ j,k+q
〉
, (2)

where ψ is the electronic wave function, VSCF is the Kohn–
Sham potential, û is the atomic displacement, and ξ̂ is the
phonon eigenvector. The results shown in Fig. 2(g) indicate
that the maxima of γ occur at Q1 and Q2, but not at Q3. This
suggests that EPC interactions play a dominant role in the for-
mation of the 4×4 and 2

√
3×2

√
3 CDW orders in ML VTe2.

Another perspective on the driving force of CDW
formation is Fermi surface (FS) nesting, which can
be evaluated quantitatively by calculating the electron
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susceptibility.[40,43,44] The real part of the electron suscepti-
bility, χ ′, is defined as

χ
′(q) = ∑

k

f (εk)− f (εk+q)

εk− εk+q
, (3)

where f (εk) is the Fermi–Dirac distribution function. The
imaginary part of the electron susceptibility, χ ′′, is given by

χ
′′(q) = ∑

k
δ (εk− εF)δ (εk+q− εF). (4)

Here, χ ′ reflects the stability of the electronic subsystem,
while χ ′′ is referred to as the “nesting function.” If the CDW
order arises from FS nesting, both χ ′ and χ ′′ should exhibit
maxima at QCDW. However, our calculations for ML VTe2,
shown in Figs. 2(e) and 2(f), reveal that neither χ ′ nor χ ′′ dis-
plays maxima at the wave vectors Q1, Q2, or Q3. This ob-
servation suggests that FS nesting does not play a significant
role in the formation of the CDW orders in ML VTe2. Our
calculations of the phonon linewidth γ obtained from DFPT,
combined with the electron susceptibility, indicate that EPC
rather than FS nesting governs CDW formation in ML VTe2.

To further evaluate the stability of potential CDW phases
from an energetic perspective, we investigate how biaxial
strain affects the formation energy of the 4× 4, 2

√
3× 2

√
3,

and
√

19×
√

19 superstructures. The CDW formation energy
is defined as the total energy of a CDW phase relative to that
of the high-symmetry 1T phase, i.e., ECDW−E1T . A negative
CDW formation energy indicates that the CDW structure is en-
ergetically favorable, with more negative values corresponding
to greater stability. As shown in Fig. 3(a), under compres-
sive strain, the CDW formation energy becomes negative, and
its absolute value progressively increases, indicating enhanced
stability of the CDW phases. In contrast, under tensile strain,
the formation energy approaches zero or even becomes posi-
tive, suggesting that the CDW order is suppressed. This con-
clusion is further supported by analyzing the displacements
of V atoms in potential CDW phases under different biaxial
strains, as shown in supplemental Fig. S2. The distortion of
V atoms decreases under tensile strain, correlating with an in-
hibitory effect on CDW formation. Collectively, these findings
demonstrate that compressive strain promotes CDW formation
in ML VTe2, while tensile strain suppresses it.

In free-standing ML VTe2 without strain, the 4×4 CDW
phase exhibits the largest absolute formation energy, while
that of the 2

√
3× 2

√
3 CDW phase shows the smallest. This

implies that the 4× 4 CDW phase is the most stable in free-
standing ML VTe2 and that the

√
19×

√
19 CDW phase may

be unstable. The absence of experimental observations of the√
19×

√
19 CDW phase until now could be attributed to this

instability. Furthermore, the 2
√

3×2
√

3 superstructure likely
represents a metastable phase. However, under compressive

strain exceeding 2%, a notable transition occurs: The abso-
lute formation energy of the 2

√
3× 2

√
3 CDW phase sur-

passes that of the 4× 4 CDW phase, indicating a shift in
ground state stability. This suggests that the experimentally
observed 2

√
3× 2

√
3 CDW phase in strained ML VTe2 sam-

ples could be attributed to such compressive strain effects.
To further explore the transition dynamics between the CDW
phases, we employed the NEB method to evaluate the en-
ergy barrier from the initial 2

√
3× 2

√
3 CDW phase to the

final 4× 4 CDW phase. The energy difference is defined as
∆E = E2

√
3×2
√

3 −Etransition. As shown in Fig. 3(b), though
the 4× 4 CDW phase is energetically favorable, the system
may remain locked in the metastable 2

√
3×2

√
3 CDW phase

in free-standing ML VTe2 without strain due to the high acti-
vation barrier (∼ 8 meV). Transition to the more stable 4× 4
CDW phase requires sufficient energy to overcome the hill in
the free energy space and stabilize the system in a new local
valley.

−5 −4 −3 −2 −1 0 1 2 3 4 5

−100

−80

−60

−40

−20

0

20

40

Strain (%)

Compressive strain Tensile strain

−12

−8

−4

0

4

8

12

→→ Transition state →→

E
C

D
W

-
E

1
T
 (

m
e
V

/
f.
u
.)

2√3 Τ 2√3

2√3 Τ 2√3

2√19 Τ 2√19

4 Τ 4

4 Τ 4

D
E

 (
m

e
V

/
f.
u
.)

(a)

(b)

Fig. 3. (a) CDW formation energies of potential CDW superstructures in
ML VTe2 as a function of biaxial strain. (b) Energy difference for the
transition from the initial 2

√
3×2

√
3 CDW phase to the final 4×4 CDW

phase. Insets show schematic illustrations of the 2
√

3× 2
√

3 and 4× 4
superstructures.

Further analysis of the electronic states under strain re-
veals significant differences. For the 2

√
3×2

√
3 CDW phase,

the Mott gap increases upon compressive strain (Figs. 4(a)–
4(c)). We find that applying compressive strain reduces the lat-
tice parameters and enhances the atomic displacement, thereby
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enhancing the CDW distortion. Consequently, the bandwidth
narrows and the Mott gap gradually widens. Conversely, ten-
sile strain suppresses the CDW distortion, leading to a reduc-
tion in the Mott gap. Notably, when tensile strain exceeds 3%,
the energy gap disappears completely (Fig. 4(e)), indicating

the collapse of the Mott-insulating state. In contrast to the
2
√

3×2
√

3 CDW phase, the metal-characteristic energy band
of the 4×4 CDW phase remains relatively insensitive to strain
variation (supplemental Fig. S3), demonstrating its robustness
against external mechanical perturbations.
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3 CDW phase under biaxial strain: (a) and (b) for compressive strain, (c) at zero strain, and
(d)–(f) for tensile strain. The top of the valence band is set to zero. Red dashed lines in (a)–(d) indicate the energy gap ∆ , which systematically
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strain, and (d)–(f) for tensile strain, where Q1, Q2, and Q3 denote three distinct soft phonon modes, indicated by blue arrows.

Next, we calculate the phonon spectrum to evaluate the
stability of the high-symmetry 1T structure under various bi-
axial strains. It is well-established that imaginary phonon fre-
quencies at a specific wave vector QCDW indicate lattice re-
structuring associated with a CDW superstructure character-
ized by QCDW. Conversely, the absence of imaginary frequen-

cies in the phonon spectrum implies structural stability relative
to the CDW superstructure. Figure 5 shows the phonon disper-
sion spectra of ML VTe2 with undistorted 1T structure under
different strains. Compared to the strain-free case (Fig. 5(c)),
the acoustic branches at wave vectors Q1, Q2, and Q3 exhibit
increased softening and become less stable as compressive
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strain increases. Under tensile strain, however, these softened
acoustic branches become more stable, suggesting that CDW
distortions are suppressed as tensile strain increases. The
phonon spectrum of the 2

√
3× 2

√
3 CDW supercell exhibits

no imaginary frequencies under compression (ε =−3%), fur-
ther reinforcing the above conclusion (supplemental Fig. S5).
Interestingly, our findings align with those observations in 1H-
TaSe2,[45] yet they present a contrasting scenario to previous
studies on 1T -TaS2

[9] and 1T -TiSe2.[46] This divergence un-
derscores the unique mechanical and electronic properties of
ML VTe2 under strain. Additionally, we also find that phonon
spectra exhibit small imaginary frequencies near the Γ point

under compressive and moderate tensile strains. Such a phe-

nomenon is similar to the case of the long-wavelength rip-

pling triggered by light-induced electron–hole excitation in 2D

boron nitride (BN) as previously reported by Liu et al.[47] As

can be seen in Fig. S6 of supplemental material, our calcula-

tions of the hole-doped phonon spectra under different external

strains exhibit inconsistent trends, which complicates the de-

termination of an analogous mechanism in ML VTe2. Further

theoretical and experimental investigations are needed to clar-

ify the physical mechanism of the small imaginary frequencies

near the Γ point in ML VTe2.
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SC typically emerges after the suppression of CDW or
Mott-insulating states, as observed in most TMDs.[4,48,49]

Here, we investigate the possibility of a superconducting state
in ML VTe2 under large tensile strain, where both CDW and
Mott-insulating states are completely suppressed. To evaluate
SC, we calculated the Eliashberg spectral function α2F(ω)

and EPC strength λ (ω) using the following expressions:

α
2F(ω) =

1
2πN(EF)

∑
qv

δ (ω−ωqv)
γqv

}ωqv
, (5)

λ (ω) = ∑
qv

λqv = 2
∫

α2F(ω)

ω
dω. (6)

The calculated α2F(ω) and integrated λ (ω) are plotted on

the right side of phonon spectra in Figs. 6(a)–6(c). Ad-
ditionally, we present the calculated EPC strength at each
wave vector and phonon mode, λqv. Notably, the phonon
branch with the CDW-type softening mode exhibits the largest
electron–phonon coupling. Next, we calculate the super-
conducting transition temperature Tc using the Allen–Dynes-
modified McMillan formula[50]

Tc =
ωlog

1.2
exp
(
− 1.04(1+λ )

λ −µ∗−0.62λ µ∗

)
, (7)

where the Coulomb pseudopotential µ∗ is set to a typical value
of 0.1.[42,51] We estimated the Tc and λ of ML VTe2 under
varying tensile strain and show the results in Figs. 6(d) and
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6(e). Both Tc and λ exhibit a monotonic increase with in-
creasing tensile strain. Specifically, at ε = 3%, we determine
Tc = 7 K and λ = 1.1. These values reach their maximum at
ε = 6% with Tc = 8.5 K and λ = 1.6. However, we should
note that further strain (ε ≥ 7%) triggers pronounced imag-
inary phonon branches along high-symmetry paths (Γ → K)
(see Fig. S7 of supplemental material), indicating a structural
phase transition or lattice collapse. Our results indicate that
tensile stress suppresses the CDW order and Mott gap in the
2
√

3× 2
√

3 CDW state, while simultaneously enhancing su-
perconducting properties. In contrast, compressive strain no-
tably strengthens the CDW state. These results demonstrate
that biaxial strain provides an effective method of manipulat-
ing the CDW, Mott-insulating, and superconducting states in
ML VTe2, as summarized schematically in Fig. 6(f). This
strain-dependent behavior underscores the potential of me-
chanical deformation as a flexible tool for controlling the elec-
tronic properties of ML VTe2 with correlated electron states.

4. Conclusion

In conclusion, we have systematically investigated the
physical origins of CDW orders and the effects of biaxial
strain on CDW phases and electronic states in ML VTe2. Our
results reveal the critical role of EPC in driving the forma-
tion of CDW in ML VTe2. The 4× 4 CDW phase repre-
sents the ground state in free-standing ML VTe2, while the
2
√

3× 2
√

3 CDW phase becomes more energetically favor-
able under compressive strain. The narrowing of the band-
width due to the CDW order, together with the strong corre-
lation effect of the V-3d orbital, results in the opening of a
Mott gap in the 2

√
3× 2

√
3 CDW phase. Our calculations

of the band structure and phonon spectra under various biax-
ial strains indicate the profound effects of strain on the elec-
tronic properties. Compressive strain significantly enhances
the CDW order and the associated Mott-insulating state, while
tensile strain suppresses the CDW order, thereby facilitating
the emergence of a potential SC state. Our work highlights
the potential of strain engineering as a powerful tool for ma-
nipulating phase transitions in ML VTe2. The coexistence of
the CDW, Mott-insulating states, and strain-induced supercon-
ducting state in ML VTe2 presents promising opportunities
for exploring the intricate interplay between distinct quantum
states.
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21 7005

[36] Nakata Y, Sugawara K, Chainani A, Oka H, Bao C, Zhou S, Chuang P
Y, Cheng C M, Kawakami T, Saruta Y, Fukumura T, Zhou S, Takahashi
T and Sato T 2021 Nat. Commun. 12 5873

[37] Si J G, Lu W J, Wu H Y, Lv H Y, Liang X, Li Q J and Sun Y P 2020
Phys. Rev. B 101 235405

[38] Hwang J, Jin Y, Zhang C, Zhu T, Kim K, Zhong Y, Lee J E, Shen Z,
Chen Y, Ruan W, Ryu H, Hwang C, Lee J, Crommie M F, Mo S K and
Shen Z X 2022 Adv. Mater. 34 2204579

[39] Bai Y S, Jian T, Pan Z M, Deng J H, Lin X Y, Zhu C, Huo D, Cheng Z
B, Liu Y, Cui P, Zhang Z Y, Zou Q and Zhang C D 2023 Nano Lett. 23
2107

[40] Taguchi T, Sugawara K, Oka H, Kawakami T, Saruta Y, Kato T,
Nakayama K, Souma S, Takahashi T, Fukumura T and Sato T 2023
Phys. Rev. B 107 L041105

[41] Liu A Y 2009 Phys. Rev. B 79 220515
[42] Calandra M and Mauri F 2011 Phys. Rev. Lett. 106 196406
[43] Battaglia C, Cercellier H, Clerc F, Despont L, Garnier M G, Koitzsch
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