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Charge density waves (CDWs) in two-dimensional materials have received great attention due to their
intriguing properties, yet the microscopic evolution process of CDW transition and its impact on charge transport
remain to be fully understood. Herein we employed density-functional theory calculations to ascertain the
richness of CDW phases in VX2 (X = S, Te) originated from electron-phonon coupling. Reversible transitions
between the normal and CDW phases are directly simulated with ab initio molecular dynamics, indicating that
the formation of CDW phase is a rapid nucleation process. The corresponding microscopic dynamic processes
involve the formation, flipping, translation, and aggregation of characteristic patterns, which are driven by the
soft phonon modes. Modifications of electrical conductivity in CDW phase transition are found to stem from
the varying orientation and location distributions of relevant wave functions. The revealed dynamic mechanism
opens an opportunity for the control of CDW phase transition that is crucial to its applications in logical circuits
and neural networks.

DOI: 10.1103/PhysRevB.109.L140105

Introduction. Charge density waves (CDWs) are impor-
tant broken-symmetry states widely existing in the rich phase
diagrams of correlated electron systems [1–4]. A variety of
commensurate and incommensurate CDW states have been
found in transition-metal dichalcogenides (TMDCs) [5–9].
Ultrafast and reversible phase transitions were observed in
TaS2 under femtosecond laser irradiation, which highlights
the potential of CDW in photodetection and high-speed non-
volatile memory devices [10–12]. Recently, the family of
vanadium dichalcogenides VX2 (X = S, Se, Te) attracted
much attention due to their intriguing properties, such as
the coexistence of multiple phases, ferromagnetic order, high
phase-transition temperature, and dimension-dependent phase
transition [13–18]. For monolayer (ML) VS2, 7×√

3, 9×√
3

[15], and
√

21×√
3 [19] CDW structures were detected by

scanning tunneling microscope, with the transition tempera-
ture estimated as 400 K [14]. In contrast, ML T-VTe2 has
a 4×4 CDW superlattice at low temperature, while the ML
H-VTe2 is found to exhibit a robust 2

√
3×2

√
3 CDW super-

lattice with a transition temperature above 450 K [20].
Extensive theoretical studies have been conducted to elu-

cidate the origin of CDWs. The analyses of electronic
structure and electron-phonon interactions demonstrated that
the CDWs in two-dimensional materials mainly arise from
the electron-phonon coupling (EPC) or Fermi-surface nest-
ing effects [21–25]. Through density-functional theory (DFT)
calculations, various energetically favorable CDW structures
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as well as critical phonon modes responsible for the phase
transitions were successfully predicted [26,27]. In addition,
the formation of multicenter bonds and the enhancement of
p-d orbital hybridization were analyzed from the perspective
of electronic origin to investigate the structural modulations
in TMDC systems [26,28–33]. While most of the existing
literature focused on investigating the electronic structure and
phonon spectrum, only a few theoretical works were devoted
to exploring the CDW-related phase-transition process, and all
of them considered system properties at several discrete tem-
peratures [34–36]. Specifically, ab initio molecular dynamics
(AIMD) were applied to determine the energetically favorable
microscopic structures [34] and the dynamics of adsorbed
atoms [35]. Joint AIMD and path-integral MD simulations
were performed to unveil the finite-temperature effects and
nuclear quantum effects [36].

The profound investigation of CDW-related phase-
transition processes is restricted by the insufficient temporal
resolution in experiment and the limited space–timescale ac-
cessed by AIMD simulations. Spatial inhomogeneity has been
detected by experiments, which demonstrated that the CDW
phase transition proceeds through a nucleation mode [13].
Although atomic-scale evolution can be probed with DFT
calculations, the continuous CDW nucleation process has
never been observed due to the insufficient simulation pe-
riod [37,38]. Recently, machine-learned force fields (MLFFs)
were developed to accelerate the AIMD simulations by or-
ders of magnitude [39,40], yet they have not been applied in
CDW phase-transition research. So far, the microscopic evo-
lution process of CDW transition and its correlation with soft
phonon modes remains to be fully understood. In addition, the
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FIG. 1. Electronic and phononic structures of VS2 and VTe2. The projected band structure of (a) VS2 and (b) VTe2. The electron orbits of
V 3d , S 3p, and Te 5p are presented in red, blue, and brown dots, respectively, with the dot size denoting the orbital weight. Atomic structures
of VS2 and VTe2 are shown in the inset. (c) Fermi-nesting function η(q) and (f) phonon linewidth γμ(q) of VS2 and VTe2 evaluated to probe
the electron-phonon interactions. The q vectors of unstable phonon modes are represented by the purple dashed lines. Phonon dispersions of
(d) VS2 and (e) VTe2. Harmonic phonon dispersions are represented with gray solid lines, while anharmonic phonon dispersions at different
temperatures are displayed with colored dotted lines.

order parameters to quantify the CDW phase transition and
the effects of structural change on charge-transport property
are still unclear. Nevertheless, such information would enable
the optimization of CDW phase transition and thus is essential
for the applications of logic circuits [41], nonvolatile memory
[42], and oscillatory neural networks [43].

In this work, we systemically investigated the underlying
physics of diverse CDW orders as well as the microscopic
dynamic process of CDW transition in ML 1T-VS2 and 1T-
VTe2 (abbreviated to VS2 and VTe2) by joint DFT and
AIMD methods. The calculated electronic and phononic
structures imply that electron-phonon coupling is the main
origin of CDW transitions. Cooling and heating simulations
with AIMD unveil the atomic-scale evolution during the re-
versible transition between normal and CDW phases. A rapid
nucleation mechanism strongly associated with phonon vibra-
tions is proposed to describe the formation of CDW phase.
This research advances the understanding of CDW transition
in two-dimensional materials and provides insights for the
development of electronic devices.

Results and Discussion. Electronic and phononic
properties. Electronic and phononic structures were
comprehensively investigated by DFT simulations to unveil
the origin of CDWs in VS2 and VTe2 monolayers (Fig. 1). Our
testing results (see Fig. S1) indicate that using the generalized
gradient approximation (GGA)+U (V 3d = 2.5 eV)

functional is more suitable for describing the CDW properties
of VX2 (X = S, Te) than the local density approximation
(LDA)+ U functional. The optimized structure of normal-
state (NS) VS2 and VTe2 possesses a P3̄m1 space group with
lattice parameters of a = b = 3.11 Å and a = b = 3.44 Å,
respectively. The projected band structure [Figs. 1(a) and
1(b)] indicates that both VS2 and VTe2 are metallic. For VS2,
two energy bands pass through the Fermi level (EF), with the
crossing near the � point and 2/5 along the M-K direction.
The VTe2 has an additional crossing point around 1/2 along
the �-K direction compared to the VS2. The energy bands near
EF in both VS2 and VTe2 are mainly contributed by the V 3d
orbitals, which justifies our focus on the V atoms in dynamic
analyses. The calculated harmonic phonon dispersion is dis-
played in Figs. 1(d) and 1(e). The three dominant instabilities
at wave vector q1 = 1/2�M, q2 = 3/5MK , and q3 ≈ 3/5�K
indicate the dynamical instability of NS. The q vectors
corresponding to the Kohn anomalies within the first Brillouin
zone (BZ) can be translated into the lattice vectors of the
potential CDW structures in real space [44,45]. For VS2, the
instability at q1 is associated with a 4×4 supercell (Fig. S2(f)
in the Supplemental Material (SM) [46]); Refs. [47–73],
while the combination of q2 and q3 may lead to a

√
7×√

3
modulation. Likewise, the soft phonon modes of VTe2 at
q4 = 1/2�M, q5 = 3/5�K , and q6 = 1/3�K are related to
the 4×4, 2

√
3×2

√
3, and 6×6 supercells (Fig. S3) [74].
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FIG. 2. Analyses of potential CDW phases in VS2 and VTe2. Two-dimensional Fermi surfaces of NS: (a) VS2 and (b) VTe2 on the (001)
surface plane, along with the CDW vectors indicated by red arrows. Schematic illustration of the relative atomic motion driven by soft phonon
modes associated with the (c) q1, q2, and q3 vectors for VS2 as well as the (d) q4, q5, and q6 vectors for VTe2. Formation energies �E of
the potential CDW structures in (e) VS2 and (h) VTe2. Schematic diagrams of CDW structures with the lowest �E : (f)

√
7×√

3 and (g)
9×√

3 CDW in VS2; (i) 4×4 and (j) 8×8 CDW by AIMD in VTe2. Red, blue, and brown spheres denote the V, S, and Te atoms, respectively.
The black dashed parallelograms show periodicities of CDW structures. The cutoff lengths for the V–V bonds in VS2 and VTe2 are 3.11 and
3.44 Å, respectively.

The transition temperature between the normal and CDW
phases was estimated through looking into the phonon dis-
persion and identifying the temperature at which soft modes
vanish [75–77]. The harmonic phonon dispersions were at-
tained by the PHONOPY code [78], and the anharmonic phonon
dispersions at various temperatures were calculated by the
DYNAPHOPY code [79]. As the temperature increases, the
imaginary frequencies around all q vectors vanish above
TCDW ≈ 310 K [Fig. 1(d)], which is consistent with the ex-
perimental speculation of TCDW ≈ 400 K [14] and not far
above room temperature [15]. Likewise, the TCDW of VTe2

is estimated at 100 K based on the phonon spectra [Fig. 1(e)],
which is close to the experimental value of 135 K [80]. The
higher transition temperature of VS2 compared to VTe2 may

be explained by the stronger V–S bonds that stabilize the
CDW phase.

Formation mechanism of diverse CDW. To understand the
phase-transition mechanism, we comprehensively analyzed
the effects of Fermi-surface nesting and electron-phonon cou-
pling. There are six cigar-shaped electron pockets at the Fermi
surface of VS2, which are centered at M points as shown in
Fig. 2(a). Regarding VTe2, the Fermi surface includes six tri-
angle pockets centered at K points [Fig. 2(b)]. Partial nesting
characters are observed in both Fermi surfaces, as illustrated
by their connections with the soft phonon modes. To unveil the
impact of Fermi-surface nesting on stabilizing the CDW state,
the unfolded band structures were computed for representa-
tive CDWs in VS2 [Figs. S4(a)–S4(d)]. Multiple minor gap
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openings emerge in the
√

7×√
3 CDW compared to the NS,

while weak tearing effect appears only at the 2/5 along the M-
K direction in 2×√

3 CDW. The situation for VTe2 becomes
slightly different [Figs. S4(e)–S4(h)]. In the

√
7×√

3 CDW,
we observe three slight tears at �, 1/2 �M, and M points,
which give rise to sharp cone-shaped energy bands. Further-
more, the 4×1 and 4×4 CDWs exhibit the weak tearing
effects at the 2/5 position along the M-K direction. The results
indicate that the formation of CDW has a certain degree of
Fermi-surface nesting. In order to estimate the contributions
from Fermi-surface nesting and electron-phonon coupling, the
Fermi-nesting function η(q) and phonon linewidth γ (q) were
computed by the following equations [37,81]:

η(q) = 1

N

∑

nn′

1BZ∑

k

δ(εn,k+q − εF )δ(εnk − εF), (1)

γμ(q) = 2πwμ(q)

N

1BZ∑

nn′

∑

k

∣∣gμ

n,k+q,nk

∣∣2
δ(εn,k+q − εF )

× δ(εnk − εF), (2)

wherein εnk represents the energy of band n at wave vector
k, εF denotes the Fermi energy, N refers to the total num-
ber of k points summed over the first Brillouin zone (1BZ).
The nesting function peaks for q signify the connection of
nested regions in the Fermi surface, thereby serving as an
indicator of whether the instability arises solely from elec-
tronic factors. The equation for γμ(q) is constructed from the
nesting function by incorporating the weighting function of
electron-phonon matrix elements, which reflect the impact of
electron-phonon interactions on the system’s instability. As
shown in Fig. 1(c), the nesting function has local peaks at
around all q vectors (except q3) of soft phonon modes, but the
associated peak values are much lower than the highest peak at
� point. In contrast, the phonon linewidth reaches its peak at
these q vectors, with the peak value at q1(q4) much higher than
the value at � point [Fig. 1(f)]. Therefore, the intrinsic CDW
orders of VS2 and VTe2 are mainly driven by EPC rather than
Fermi-surface nesting, which is consistent with the previous
finding on VSe2 [27,82].

The energetically favorable CDW orders in VS2 and VTe2

were determined by predicting the formation energies �E of
different possible CDW structures as summarized in Figs. 2(e)
and 2(h) (detailed structural information of various CDWs
including lattice constants, bond lengths, and bond angles
were documented in Table S1). The results suggest that the√

7×√
3, 7×√

3 [Fig. S2(g)], and 9×√
3 CDW are mostly

likely to form in VS2, which is consistent with previous
experiments [15]. Other CDW, such as the 2×√

3 structure,
will spontaneously aggregate and transform into the

√
7×√

3
structure in our AIMD simulation [Fig. S7(c)]. Compared
to the limited energetically favorable CDW structures in
VS2, all tested CDW structures in VTe2 possess large neg-
ative formation energies, indicating the potential existence
and mixture of various CDWs. Among them, 8×8, 4×4
[Fig. 2(i)], 4×1 [Fig. S3(i)], and 3×3 [Fig. S3(k)] stripes are
the most energetically favorable CDW structures, which have
lower �E than the Stars of David and 2

√
3×2

√
3 structures

[Fig. S3(f)]. The 8×8 CDW structure with lowest �E is

discovered by the following AIMD simulation. Since the sta-
bility of CDW is highly sensitive to substrate and doping, all
the above CDW structures may be observed in experiments
with appropriate environmental conditions [27,83–85]. Fur-
thermore, we performed the Integrated crystal orbital bond
index (ICOBI) analyses on all potential V–V–V bonds in both
VS2 and VTe2 CDW. The results revealed that the majority
of these bonds exhibit high ICOBI values, indicating the ex-
istence of three-center (3c) bonds, as shown in Fig. 3. Such
multicenter bonds stabilized the ribbon and zigzag chains of
the V ions through the σ interactions between in-plane t2g

orbitals, as explained by previous theoretical studies [86–88].
In addition, the enhancement of p-d hybridization within the
V–S(Te) bonds and p-p hybridization within the Te–Te bonds
play an important role in CDW stabilization, as evidenced by
the reduced ICOHP values in the CDW phases compared to
the normal phases. (See the S5 and S6 in the SM for more
detailed results and discussions.)

Microscopic dynamic process of CDW phase transition. To
elucidate the underlying microscopic evolution of the CDW
phase transition, we employed MLFFs-AIMD to simulate the
cooling (450 to 0 K) and heating (0 to 450 K) processes
[Figs. 4(a) and 4(b)]. Initially, a 5-ps equilibrium simulation
at 450 K was conducted to obtain a randomly perturbed con-
figuration. Subsequently, the structure was gradually cooled
down to 0 K with a rate of 5 ps/K. Finally, the 0 K structure
was further heated back up to 450 K using the same rate.
Note that the cooling and heating rates in our simulation are
sufficiently slow for the observation of crystalline process, but
still too fast for determining the phase-transition temperature.
Among the CDWs observed in experiments, the 9×√

3 and
4×4 structures possess the lowest calculated formation energy
in VS2 and VTe2, respectively. The 9×√

3 and 8×8 supercells
corresponding to these CDW structures were thus adopted for
VS2 and VTe2 in AIMD simulations.

During the cooling process, both the VS2 and VTe2 super-
cells gradually evolve from the disordered NS to the CDW
structures [Figs. 5(a)–5(h)]. The 0 K structures acquired from
the AIMD simulations are identical with those obtained by
DFT optimizations. During the heating process, the CDW
structures vanish and the disordered NS structures recover.
The above results indicate that the reversible transitions be-
tween the NS and CDW phases have been appropriately
captured by the AIMD simulations. For quantitatively de-
scribing the phase-transition process, order parameters may
be introduced to characterize the regulation of atomic struc-
ture. Nevertheless, traditional order parameters, such as radial
distribution function and coordination number, exhibit tiny
changes during CDW phase transition and thus cannot be
applied to our system. An alternative order parameter of the
maximum distance of V-V along the Z direction (dmax) was
introduced to trace the structural distortion evolution as shown
in Fig. 4(c). The dmax value exhibits a notable variation in
regions surpassing the threshold of TCDW. Conversely, in re-
gions below the TCDW, dmax demonstrates an approximately
linear decline, indicating a gradual reduction in the distortion
of the V-V layer towards the formation of CDW structure
[89,90]. In addition, special order parameters were defined to
measure the global pattern alignment, including the number
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FIG. 3. Schematic illustration of the multicenter bonding and the p-d hybridization in CDW. The atomic structure and corresponding
Integrated crystal orbital Hamilton population (ICOHP) in (a) VS2

√
7×√

3, (b) VS2 9×√
3 CDW, (c) VTe2 4×1, and (d) VTe2 4×4 CDW,

respectively. Note that in order to highlight the three-center bonds, the V-V cutoff is shrunk to 3.05 Å in VS2 and 3.25 Å in VTe2. The
three-center (3c) bonds with high values of ICOBI are highlighted with black dashed boxes.

of butterfly shapes in VS2 and the number of hexagons in
VTe2 [Figs. 4(d) and 4(e)]. Overall, the number of charac-
teristic structures gradually increases with decreasing temper-
ature, which demonstrates a continuous nature of the phase
transition.

To understand the principle that governs the atomic mo-
tion, we conducted a comprehensive analysis of the structural
changes during the AIMD cooling process, with the repre-
sentative structural evolutions shown in Fig. 5. Consistent
with previous experimental studies, the results suggest that
the formations of CDW in both VS2 and VTe2 are rapid
nucleation processes. Their initial nuclei are the butterfly
shape with five V atoms and the hexagon shape with seven
V atoms, respectively. The dynamic process in VS2 primarily
involves the formation, flipping, translation, and aggregation
of butterfly-shaped structures. According to the calculated
patterns of vibration modes [Fig. 2(c)], the soft phonon mode
q2 is responsible for the twisting of each V atom row, while
the phonon mode q3 is related to the relative motion between
neighboring V-atom rows. The combination of these soft
phonon modes may swiftly drive the flipping and translation
of butterfly-shaped structure as schematically illustrated in
Fig. 5. At the initial stage, the nuclei of a single butterfly
shape [Fig. 5(a)] gradually grow to an entire strip of neatly
aligned butterfly shapes [Fig. 5(b)]. Subsequently, another
butterfly strip parallel to the first one appears, and the first
strip flips as a whole to adjust the distance between the two

strips [Fig. 5(c)]. Eventually, the two butterfly strips and the
intermediate V-shaped structure merge into a unified CDW
pattern [Fig. 5(d)].

Regarding the phase transition in VTe2, the nucleation
initializes from a hexagonal pattern with the highest coordi-
nation number [Fig. 5(e)]. Fast translation and expansion of
hexagonal pattern may be driven by the soft phonon mode
q4, which leads to distance fluctuation between neighboring
V-atom rows [Fig. 5(f)]. As the temperature decreases, some
hexagons agglomerate to form stripe patterns, while the re-
verse process can also occur to generate hexagons at different
locations. With further reduction in temperature, the triangular
agglomerates become more stable. These triangular patterns
agglomerate can flip and move through the V-V connection
exchanged with the neighboring hexagonal patterns, as facil-
itated by the soft phonon mode [Fig. 5(g)]. Once the stripe
regions at the top and bottom of the triangle form, the system
reaches a stable state such that the structure undergoes no
further significant changes [Fig. 5(h)]. The cooling process
is simulated with different initial structures to verify the ro-
bustness of the above dynamic process (Fig. S8). Furthermore,
the CDW dynamics of VS2 under mechanical strain were ex-
amined by simulations as illustrated in Fig. S9. Compressive
strain makes it more challenging for periodic atomic displace-
ment to occur and ultimately inhibits the transformation into a
CDW structure at low temperature. Conversely, the impact of
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FIG. 4. Microscopic evolutions of CDW phase transitions revealed by AIMD simulations. The variations of atomic structure during the
AIMD cooling and heating processes for (a) VS2 and (b) VTe2. (c) The maximum distances of V-V along the Z direction during the AIMD
cooling processes as a function of temperature for VS2 and VTe2. Custom order parameters as a function of temperature for (d) VS2 and (e)
VTe2. The red and blue dotted lines represent the AIMD heating and cooling processes, respectively. Each dot represents the average value of
adjacent 100 structures during AIMD.

tensile strain is relatively weak, and the CDW structures can
establish under 4% tensile strain with slight change of periodic
pattern.

The impact of CDW phase transition on charge trans-
port is explored via estimating the electrical conductivities
of representative CDW structures by the BOLTZTRAP2 [91]
code. Consistent with previous experiments [14,80,92], the
predicted conductivities of CDWs in both VS2 and VTe2 are
substantially lower than those of the normal phases [Figs. 5(i)
and 5(j)]. To understand the distinct conductivities of different
CDW and normal phases, we calculated the relevant projected
density of states (PDOS) of V 3d orbitals (Fig. S11) and
partial charge density distribution (PCDD) within the energy
range of (EF−0.1 eV, EF). Only slight differences of the PDOS
around the EF are observed between the normal and CDW
phases, while complex patterns stemming from the periodic
structural modulation merge in the PCDD of CDW phases
[Figs. 5(k) and 5(l)]. Considering that the states near the
EF of VS2 and VTe2 are dominantly contributed by the dz2

and dx2 − y2 orbitals, the PCDD illustrates the alignment of
these orbitals for all V atoms in normal phase (Fig. S10).
Such neat arrangement is broken in the

√
7×√

3 CDW phases
of VS2. Within any butterfly pattern, each pair of diagonal

V atoms exhibits aligned dz2 orbitals, whereas each pair of
neighboring V atoms possesses dz2 orbitals with different ori-
entations. In contrast, the orbital alignment is preserved in the
4×4 CDW phase of VTe2, whereas the wave-function overlap
between atoms in different strips is tiny due to the large
distance [Fig. 5(l) and Table S1]. The above analyses indicate
that the distinctions in conductivities mainly arise from the
varying orientation and location distributions of relevant wave
functions.

Conclusions. In conclusion, the fundamental mechanism
of CDW phase transitions in VS2 and VTe2 monolayers was
elucidated by DFT and machine-learning accelerated AIMD
simulations. Electron-phonon coupling is demonstrated to be
the main driving force of CDW transition, with the predicted
TCDW consistent with previous experiments. The presence of
three-center bonds and enhanced p-d hybridization play a
crucial role in the stability of CDW. Reversible transitions
between the normal and CDW phases are observed during
the cooling and heating processes with AIMD. The formation
of CDW phase exhibits a rapid nucleation process involv-
ing the formation, flipping, translation, and aggregation of
characteristic patterns. The fast structural evolution towards
the CDW phase is strongly correlated with the soft phonon
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FIG. 5. Schematic illustration of CDW formation and its impact on transport property. Critical structural evolution during the AIMD
cooling processes for (a)–(d) VS2 and (e)–(h) VTe2. Colored dashed shapes highlight the parts with significant structural changes. Comparison
of electric conductivity at 300 K between the CDW and NS phases for (i) VS2 and (j) VTe2. Partial charge density distributions of (k)

√
7×√

3
CDW in VS2 and (l) 4×4 CDW structures in VTe2 within the energy range of (EF−0.1 eV, EF). The value of the isosurface is set to 0.003 eÅ−3.

modes. The distinct charge-transport property between normal
and CDW phases is likely to arise from the varying orientation
and location distributions of relevant wave functions. The
microscopic dynamic analyses performed in this study can
be generalized to any CDW transitions, which may provide
valuable insights to the applications in logical circuits and
neural networks.
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