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Charge density wave (CDW), a symmetry-breaking collective phenomenon in condensed matter systems,
exhibits periodic modulations of electron density coupled with lattice distortions, where the lattice plays a critical
role via electron-phonon coupling. In transition metal dichalcogenides (TMDs) 17-TaS,/TaSe,, experiments
reveal rich temperature- and pressure-dependent CDW phase behaviors, along with metastable CDW states
induced by ultrafast optical excitation. Nevertheless, the underlying mechanisms governing thermal/pressure-
driven transitions and particularly the microscopic evolution of CDW phases remain incompletely understood.
Here, we perform first-principles anharmonic phonon calculations and machine-learning force-field molecular
dynamics at finite temperatures/pressures to investigate the CDW transitions in 17°-TaS,/TaSe,. The calculated
CDW transition temperature Tcpw and critical pressure P, are in quantitative agreement with experimental
values. Our results demonstrate that the melting of CDW originates from phonon anharmonicity, with ionic
fluctuations dominating the transition dynamics. We observe the microscopic evolution of CDW under varying
temperature/pressure, revealing an ultrafast nucleation process of CDW (~3 ps). Our results emphasize the
essential role of phonon anharmonicity in elucidating CDW transition mechanisms underlying, and advance

fundamental understanding of CDW-related phenomena in TMDs.
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I. INTRODUCTION

Charge density wave (CDW) refers to a periodic modu-
lation of the electron density accompanied by a distortion
of the crystal lattice, which has been extensively studied in
layered transition metal dichalcogenides (TMDs) owing to
their unique physical properties [1-3]. Different CDWs have
been observed: 17-VSe, exhibits V7 x /3 and 4 x 4 CDW
superlattices [4], 1T-TiSe; displays a 2 x 2 CDW superlattice
[5], 1T-TaS,/TaSe, adopt /13 x +/13 CDW superlattices [6],
while most TMDs with 2H structures are known to exhibit
3 x 3 CDW superlattices [7]. Among the various TMDs,
1T-TaS,/TaSe, have attracted significant interest for their
exceptionally rich CDW phase diagrams as a function of
temperature and pressure: A low-temperature commensurate
CDW (CCDW) phase with “star-of-David” (SoD) super-
structure evolves through nearly-commensurate (NCCDW,
180K) and incommensurate (ICCDW, 350K) phases be-
fore restoring hexagonal symmetry above 550 K in 17-TaS,
[8,9]. In contrast, 17-TaSe, undergoes a direct CCDW to
ICCDW (473 K) transition without NCCDW intermediates
[10]. Hydrostatic pressure can suppress CDW orders, collaps-
ing the CCDW phases at 2.5 GPa (17-TaS;) and 6.5 GPa
(1T-TaSe,) [11-13], respectively. Moreover, ultrafast optical
melting and switching CDW phases have been demonstrated
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in 17-TaS,/TaSe; and 1T-TiSe, [14-20], accessing a range of
dynamical pathways and timescales. Despite these advances,
fully elucidating the microscopic mechanisms governing ther-
mal and pressure-driven CDW transitions and the microscopic
evolution process remains a challenge.

The formation mechanism of the CDW in TMDs was ini-
tially attributed to Fermi-surface nesting (FSN) with elastic
electronic scatterings [21,22]. Competing theories, however,
emphasize the momentum-dependent electron-phonon cou-
pling (EPC) as the primary driving force, where FSN is
negligible [23,24]. In addition, high-temperature supercon-
ductors such as the cuprates exhibit a more complex CDW
mechanism, with no indication of FSN or EPC as the driving
force [25]. As demonstrated by Petersen er al. [26], the emer-
gence of a CDW inherently requires a symmetry-breaking
reconstruction of the crystal structure. Harmonic phonon
calculations for 17-TaS,/TaSe, can correctly reproduce the
occurrence of CDW with +/13 x +/13 periodicity and reveal
substantial EPC strength at the soft phonon modes [27,28].
However, the harmonic phonon fundamentally fails to capture
finite-temperature lattice dynamics, elucidate CDW transi-
tion mechanisms, or explain the high-temperature stability of
the 17T phase. Recently, nonperturbative studies have demon-
strated that phonon anharmonicity, incorporating thermal
ionic fluctuations, triggers CDW melting in 2H-NbS,/NbSe,
[29,30]. Undoubtedly, for an accurate description of the
CDW transitions in 17-TaS,/TaSe,, phonon calculations
incorporating anharmonic effects should be carried out.

©2025 American Physical Society
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Furthermore, conventional ab initio molecular dynamics
(AIMD) cannot access CDW-related phase transition pro-
cesses due to the prohibitive computational costs of large
supercells comprising thousands to tens of thousands of
atoms. We overcome this limitation using on-the-fly trained
machine-learned force fields (MLFFs) [31-33], enabling
large-scale, density functional theory (DFT)-accurate MD
simulations at finite temperatures/pressures to investigate the
microscopic dynamics of CDW transitions.

In this work, we performed joint first-principles an-
harmonic phonon calculations and MLFF-AIMD simula-
tions to investigate the CDW transitions in 17-TaS,/TaSe;.
Our results reveal that the formation of CDW orders in
1T-TaS,/TaSe, is primarily attributed to the strong EPC. By
incorporating phonon anharmonicity into our calculations, we
uncover the elimination of harmonic-level structural instabil-
ities and yield accurate predictions of the CDW transition
temperature Tcpw and critical pressure P, values. Our results
highlight the predominance of ionic fluctuations in melting
the CDW phases. The chemical bonding analysis indicates
that the relative enhancement of d-p hybridization underpins
the greater CDW phase stability observed in 17°-TaSe, versus
1T-TaS,. Further microscopic dynamic analysis of the CDW
transition reveals an ultrafast nucleation process (~3 ps). Our
present study not only establishes the dominant role of phonon
anharmonicity in driving CDW transitions but also reveals
the microscopic evolution process of CDW transition under
thermal/pressure.

II. METHODS

First-principles calculations based on DFT were performed
using the Vienna ab initio Simulation Package (VASP) [34,35].
The generalized gradient approximation (GGA) in the scheme
of Perdew-Burke-Ernzerhof (PBE) [36] was applied for the
exchange-correlation function. The kinetic energy cutoff was
set to 500 eV. Considering the weak interlayer interactions in
bulk, a van der Waals (vdW) correction was included using
the nonlocal rev-vdW-DF2 exchange-correlation functional
proposed by Hamada [37], which provides the closest match
to experimental lattice parameters among all vdW correc-
tions examined. The Brillouin zone (BZ) was segmented by
a Gamma-centered grid with a resolution of 0.02 A~! for self-
consistent calculations. For the harmonic phonon dispersion,
we calculated harmonic force constants within a 6 x 6 x 2
supercell using the finite difference method [38] implemented
in PHONOPY [39]. The phonon linewidth and the EPC con-
stant were calculated using the QUANTUM ESPRESSO packages
[40] with ultrasoft pseudopotentials. The energy cutoff for the
plane wave (charge density) basis was set to 50 Ry (500 Ry).
The Gaussian smearing method with a smearing parameter
of 0 =0.015 Ry was used. The BZ was sampled with a
16 x 16 x 4 mesh of k points and an 8 x 8 x 2 mesh of ¢
points.

We trained an MLFF for 17-TaS,/TaSe, using an on-the-
fly method in the DFT calculation process, as implemented
in VASP [41]. The initial training datasets were generated via
AIMD simulations at 200-300 K using a 6 x 6 x 2 supercell
to sample thermally perturbed ground-state configurations.
AIMD simulations at the DFT level provide precise forces

and energies. To obtain the anharmonic phonon spectrum at
a finite temperature, the renormalized phonon frequencies
were extracted by projecting the MD trajectory onto a set
of harmonic phonon modes using the mode decomposition
technique as implemented in the DYNAPHOPY code [42]. For
the MD simulations, the canonical (NVT) ensemble with the
Nosé-Hoover thermostat was applied to control the tempera-
ture [43].

To investigate the microscopic dynamic process of CDW
transitions, we executed MD simulations using the well-
trained MLFFs and a quite large 10 x 10 x 2 CDW supercell
with 7800 atoms. MD simulations were employed in the
isobaric-isothermal (NPT) ensemble with the temperature set
from 5 to 500 K and the pressure from O to 6 GPa, in a
duration of 30 ps with a timestep of 1 fs. Radial distribution
functions (RDFs) were obtained by using the VASPKIT code
[44]. The chemical bonding interactions were analyzed using
the LOBSTER package [45]. The “pbevaspfit2015” basis set
was adopted, including the 5p5d6s orbitals for Ta atom, 3s3p
orbitals for S atom, and 4s4p orbitals for Se atom.

III. RESULTS AND DISCUSSION

The crystal structures of 17-TaS,/TaSe, bulk adopt lay-
ered sandwiched structures, with each Ta atom bonded to six
S or Se atoms forming octahedral coordination [Fig. 1(a)].
Adjacent layers are stabilized by weak vdW interactions. The
theoretically optimized lattice constants of 17-TaS, (3.35 A)
and 17-TaSe, (3.47 A) align well with previous experimen-
tal reports [46,47]. Among the CDW phases observed in
1T-TaS,/TaSe,, the CCDW phase displays the simplest ge-
ometric pattern. The CDW transition arises from spontaneous
symmetry breaking, accompanied by atomic displacements as
illustrated in Fig. 1(b). The low-temperature CCDW phase
is characterized by a triplet of CDW wave vectors Qcpw
oriented at 120° with respect to each other, yielding a +/13 x
\/ﬁ supercell. Within Ta-plane, 12 outer Ta; and Ta, atoms
shift toward a central Tay atom, forming a so-called “SoD”
cluster. The symmetry reduction is realized through the for-
mation of a commensurate /13 x +/13 SoD superstructure,
which lowers the space group from P3m1 (17) to P3 (CDW).
Given that the displacement of the Ta atoms is much larger
than that of S (Se) atoms, we use Ta atomic displacement as
an indicator for CDW-type lattice distortion.

We first study the electronic band structure of 17-TaS,
[Fig. 1(c)] along the high-symmetry kpath within the BZ
as shown in Fig. 1(d). The calculated bands exhibit a char-
acteristic signature of TMDs in the 17 phase, with only
one band crossing the Fermi energy level (Eg). The orbital-
projected band reveals that the electronic states near Ep are
predominantly derived from Ta-5d orbitals, underscoring the
critical role of Ta atoms in subsequent dynamics investiga-
tions. Because of the quasi-two-dimensional (2D) nature of
the layered crystal structure, the band around the Ef is almost
flat along the I"-A direction. The corresponding Fermi surface
(FS) shown in Fig. 1(d) corroborates a prior report [48]. A
sixfold petal-like FS encircling an electronic pocket at M
point exhibits weak dispersion along the I"-A direction, further
confirming the quasi-2D properties of the electronic state.
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FIG. 1. (a) Crystallographic structure of 17-TaS,/TaSe,. (b) Top view of the +/13 x +/13 CCDW phase in the Ta-Ta plane, where the unit
cell in the CCDW phase is denoted with black dashed lines. The blue hexagrams are the so-called “SoD” pattern, in which Ta; and Ta, atoms
are converged towards Tay atoms. (c) Projected band structure of 17-TaS,, where the contributions of Ta-5d and S-3p orbitals are indicated
by red and blue dots, respectively. The brightness of the dots denotes the orbital weights. (d) Fermi surface of 17-TaS,. The high-symmetry

paths are indicated by blue lines. (¢) Real and (f) imaginary parts of the electron susceptibility of 17-TaS, in the Q. = 0 plane, where Qcpyy is
indicated by the gray arrow.

The formation of CDW order is generally attributed to the FS, particularly in regions where parallel segments of
two theoretical mechanisms: FSN [49] and EPC [27]. FSN the FS are separated by a single wave vector Q. In contrast,
attributes CDW formation to elastic electronic scatterings at ~ EPC emphasizes the interaction between electrons and lattice
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FIG. 2. Harmonic phonon spectra of (a) 17-TaS, and (b) 17-TaSe,, color-weighted by the contributions from Ta and S (Se) atomic
vibrations. The out-of-plane acoustic phonons are decorated with gray symbols, proportional to the partial EPC strength A,,. (c) Harmonic
versus anharmonic (200 K) phonon spectra of 17-TaS,. Phonon linewidth of the lowest phonon mode of (d) 17-TaS,, and (e) 17-TaSe; in the
0. = 0 plane, where Qcpyy is indicated by the gray arrow. (f) Schematic comparison between the harmonic (left panel) and the anharmonic
phonon (right panel) scattering processes, represented by simple one-dimensional ball and spring models. The harmonic phonon displaces the
atom (green) by an amount d without affecting the spring constant K (o< ",(’;—IE?), while the anharmonic one displaces the atom (red) by a large

amount d’, inducing a change in the spring constant from K to K’ (o< g::—ﬁ, n 2= 3).
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FIG. 3. Harmonic (black dashed lines) and anharmonic phonon spectra at different temperatures (colored solid lines) of (a) 17-TaS, and
(b) 1T-TaSe;. (c) Temperature dependence of the out-of-plane acoustic mode frequency at Qcpw ~ %FM . The Tcpw is evaluated at 170 K for
1T-TaS,; (orange line) and 460 K for 17-TaSe, (blue line). Pressure-dependent anharmonic phonon spectra of (d) 17-TaS; and (e) 17-TaSe,
at 10 K. (f) Pressure dependence of the out-of-plane acoustic mode frequency at Qcpy ~ %FM . The P, is estimated at 2.6 GPa for 17-TaS,
(orange line) and 5.2 GPa for 17-TaSe; (blue line). Tcpw and P. are defined as the temperatures and pressures, at which the CDW-associated

soft mode frequency extrapolates to zero.

vibrations through phonon-mediated inelastic scattering pro-
cesses. For example, CDW in 2H-NbSe; has been explained
within the framework of the FSN [50], while EPC has been
confirmed as the dominant mechanism for CDW formation
in 17-VSe; [51]. A comprehensive analysis of both FSN and
EPC, from electronic and phononic perspectives, is essential
for a deeper understanding of CDW formation. To get insight
into the origin of the CDW order in 17-TaS,/TaSe,, we cal-
culated both the real (x’) and imaginary (x”) parts of electron
susceptibility [21,22,52], as well as the phonon linewidth y
[24,27], based on the undistorted high-symmetry 17 primitive
cell. These parameters are defined by

‘=% f(gg _fk(f:*q) )
x"(q) = Zm — &7)8 (k1 — £F), @)
Yoo = 27y, Z / X ek i, P
X 8(eq.i — €F)3(Ektq.i — €F), (3)
gpk.i, j) = <2quv > 1/2<w, . ‘WSCF sqvw, P N O

Here f(er) is the Fermi-Dirac function, &; is the corre-
sponding Kohn-Sham energy, ¢f is the Fermi energy level,

Y is the wave function, Vgcp is the Kohn-Sham potential,
it is atomic displacement, and £ is the phonon eigenvector.
Figures 1(e) and 1(f) show the x’ and x” of the electron
susceptibility for 17-TaS, in the @, = 0 plane, respectively.
The real part x’ governs the stability of the electronic system,
while the imaginary part x” represents the low-frequency
limit of the bare electronic susceptibility. Therefore, if the
CDW order is induced by FSN, both the x’ and x” should
exhibit peaks at the Qcpw = %a* + %b*. However, our
calculations show that the maxima of x’ and x” are dis-
placed from the Qpyw, indicating that FSN does not play
a dominant role in CDW formation for 17-TaS,. Due to
the striking similarity in structural and electronic properties
between 17-TaS, and 17-TaSe,, the representative results
presented here focus on 17-TaS; to avoid redundancy while
maintaining generalizable insights. Conversely, the phonon
linewidth y displays sharp peaks around Qcpw = %a* +
%b* for both 17-TaS, and 17-TaSe,, as shown in Figs. 2(d)
and 2(e). This observation underscores the strong momen-
tum dependence of the electron-phonon matrix elements,
pointing to EPC as the primary mechanism driving CDW
orders. Our present findings are consistent with previous
works [27,28], thereby highlighting the critical role of the
lattice via EPC in accurately describing the CDW prop-
erties of 17-TaS,/TaSe,. To some extent, the CDWs in
1T-TaS,/TaSe; involve a symmetry-breaking process analo-
gous to that observed in cuprates, as previously reported in the
literature [26].
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FIG. 4. COHP and the corresponding averaged ICOHP values of Ta-Ta and Ta-S/Se bonds for (a), (e) ideal 17 phase, and (c), (g) +/13 x
+/13 CDW phase of TaS, and TaSe,. (b), (d), (f), and (h) Side- and top-views of differential charge density isosurfaces for TaS, and TaSe, in
the ideal 17 phase and the +/13 x +/13 CDW phase. Yellow regions represent the charge accumulation, and blue regions represent the charge

consumption.

Harmonic phonon spectrum calculation has been proven
to be an effective method for modeling CDW instabilities,
as the emergence of imaginary phonon frequencies for high-
symmetry structures directly signals lattice reconfiguration
toward superlattice ordering. Usually, dynamical instability
is evidenced by imaginary frequencies at Qcpy, signaling
superlattice formation with a commensurate wave vector [25].
Our harmonic phonon spectra for 17-TaS,/TaSe, [Figs. 2(a)
and 2(b)] reveal imaginary frequencies in acoustic modes,
clearly indicating structural instability. The phonon instability
near %FM is related to the /13 x +/13 CDW modulation. The
imaginary modes originate mostly from the in-plane vibration
of Ta atoms (Ta-xy), complemented by minor contributions
from the out-of-plane vibration of S or Se atoms (S-z or Se-z).
The higher atomic mass of Se compared to S results in a larger
contribution to acoustic phonon branches. The softening of
acoustic modes is closely tied to the bonding between Ta
and its chalcogen neighbors (S/Se). Such bonding is possible
to be anharmonic and may induce the CDW transition upon
heating, pressure, or doping/defect. The strength of EPC can
be estimated by calculating the EPC constant A(w) using the
formula

2

aF(w)

)\, = = _—
@ =Y k=2 [ o )

qv

where w is the phonon frequency, A, is the EPC constant
contributed by the vth mode at the wave vector ¢, and > F ()

is the Eliashberg spectral function, defined as

2 _ 1 _ Yqv
o’F(w) = ANGED ;8(50 qu)hqu. (6)

We decorate the magnitude of A, in the out-of-plane
acoustic phonon branch (usually referred to as the ZA mode)
of phonon dispersion with gray symbols, which is estimated
by

Yqu

hgp = ——— 7
7 AN (EF)wl, @

According to the above definition, phonon modes with a
lower frequency will lead to stronger EPC. Therefore, soft
acoustic modes around the Qcpy significantly contribute to
the total EPC, as shown in Figs. 2(a) and 2(b).

Figure 2(c) shows the comparison of harmonic and an-
harmonic (200 K) phonon spectra of 17-TaS,. When the
temperature increases to 200 K, the imaginary frequencies
around the Qcpyw vector vanish, consistent with the experi-
mental observation of Tcpw =~ 180 K. The phonon harmonic
interaction considers only the second-order derivative of the
lattice potential, while anharmonic interactions involve third-
and higher-order derivatives. The higher-order terms enable
coupling between distinct phonon modes, thereby introducing
temperature-dependent effects into the system. Conceptu-
ally visualizing interatomic forces via ball-and-spring models
[Fig. 2(f)] elucidate this distinction: Harmonic phonon dis-
places atom (green) by an amount d without affecting the
spring constant K (o gzz—g), while the anharmonic one dis-
places atom (red) by a large amount d’ inducing a change in
the spring constant from K to K’ (o< %, n > 3).

To provide a more comprehensive understanding, we
present the temperature-dependent anharmonic phonon spec-
tra of 17-TaS,/TaSe, at various temperatures in Figs. 3(a)
and 3(b). It is evident that phonon anharmonicity signifi-
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FIG. 5. Temperature-dependent microscopic structural evolutions of CDW transitions in the Ta-Ta plane of (a) 17-TaS, and (b) 17-TaSe,
revealed by MLFF-AIMD simulations. The red, blue, and yellow balls represent Tay, Ta;, and Ta, atoms, respectively. For the sake of
clarity, only partial regions of the simulated 10 x 10 x 2 CDW supercell at several temperatures are shown. (c) and (d) RDF corresponding
to the simulated temperature-dependent supercell data. The dotted vertical lines indicate the equilibrium nearest-neighbor (Ta, and Ta,) and
next-nearest-neighbor (Ta, and Ta,) bond distances of the ideal 17 phase at high temperature. For clarity, data at different temperatures in (c)

and (d) are vertically offset by a fixed constant.

cantly modulates the soft modes, even in the low-temperature
regime. As the temperature increases, the imaginary frequen-
cies around Q-pw gradually diminish, suggesting that phonon
anharmonic interactions suppress the CDW instabilities. One
can also find the rapid dissipation of instability around Q
R %FK even at low temperatures. This highlights the inher-
ent limitations of phonon harmonic approximations, which
erroneously predict phonon instability regions. Judging by
the disappearance of soft modes at Qcpyw ~ %FM from the
anharmonic phonon spectra, we can determine the Tepw to be
approximately 170 K for 17-TaS; and 460 K for 17-TaSe;
[see Fig. 3(c)]. The theoretically obtained Tcpw values from
anharmonic phonon spectra show a good agreement with
experimental values (180 K for 17-TaS, and 473 K for
1T-TaSe;).

We further investigate the pressure-induced CDW tran-
sition in 17-TaS,/TaSe,. In Figs. 3(d) and 3(e), we show
the anharmonic phonon spectra of 17-TaS,/TaSe, at 10
K under various pressures. The results reveal that the un-
stable softening modes associated with CDW formation in
1T-TaS,/TaSe, exhibit notable hardening under pressure. We
can evaluate the critical pressure P, at which the CDWs

are fully suppressed. The theoretically obtained P, values
for 17-TaS, and 17-TaSe, are 2.6 and 5.2 GPa, respec-
tively [Fig. 3(f)]. The theoretical P. values deduced from
the anharmonic phonon spectra show a good agreement
with experimental observations (2.5 GPa for 17-TaS, and
6.5 GPa for 1T7-TaSe;). Our findings underscore the im-
portance of incorporating phonon anharmonic effects for a
more realistic description of pressure-induced CDW phase
transitions.

One can note that 17-TaSe, has higher Tcpw and P. com-
pared with 17-TaS,. It may be attributed to the stronger
atomic interactions in 17 -TaSe,, which stabilize the CDW
structure. To elucidate the differences in chemical bonding
of 1T-TaS,/TaSe;, we made a comparative analysis of in-
teratomic bonding and charge transfer in 17-TaS,/TaSe,.
We first calculate the crystal orbital Hamilton populations
(COHP) [53] of 1T-TaS, and 17T-TaSe;, revealing the nature
of occupied and unoccupied states. The strength of the bonds
can be evaluated using the integrated COHP (ICOHP) values,
which quantitatively describe the d-p or d-d orbital hybridiza-
tion. A more negative ICOHP value corresponds to a higher
degree of orbital hybridization. As depicted in Figs. 4(a), 4(c),
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FIG. 6. (a) Pressure- and (b) time-dependent microscopic evolutions of the CDW phase of 17-TaS,. The MD simulating temperature is
set to 5 K. (¢) Ta-vacancy effect on microscopic evolutions of CDW phase. The red, blue, and yellow balls represent Tay, Ta;, and Ta, atoms,

respectively. The black dashed circle represents the Ta vacancy.

4(e), and 4(g), the ICOHP of Ta-S/Se bonds are much smaller
compared to those of Ta-Ta bonds, indicating that Ta-S/Se
dominates in chemical bond interactions. In the CDW phase
(SoD superstructure), the ICOHP values of the Ta-S/Se bonds
demonstrate a significant decrease, indicating a substantial en-
hancement of the d-p hybridization of the Ta-S/Se bonds upon
CDW structural transition. With CDW formation, the ICOHP
values of Ta-S/Se bonds decrease by 9.2% (—3.34 to —3.65)
for TaS; and 17.2% (—3.02 to —3.54) for TaSe,, respectively.
These results may indicate a significant enhancement of d-p
hybridization in the CDW state of 17-TaSe, compared to
1T-TaS,. We also calculate the differential charge density to
visualize the tendencies of the charge redistribution, as shown
in Figs. 4(b), 4(d), 4(f), and 4(h). The results demonstrate the
electron depletion at Ta atom sites and the corresponding elec-
tron accumulation at S/Se atom sites. Compared with the ideal
1T phase [Figs. 4(b) and 4(f)], the CDW phase [Figs. 4(d) and
4(h)] exhibits a more pronounced charge polarization: Signif-
icant electron depletion at Ta atoms coincides with enhanced
electron accumulation at S/Se atoms. The above results imply
that the enhanced d-p hybridization facilitates the stabiliza-
tion of CDW phases in both 17°-TaS, and 17-TaSe,.

To investigate the underlying microscopic process of the
CDW phase transitions in 17-TaS,/TaSe,, we perform the
MLFF-AIMD simulations at finite temperatures/pressures.
All the structures are constructed based on a fully relaxed
CDW superlattice. Here, we focus on tracking Ta atomic con-
figurations to elucidate the atomistic pathways of structural

reorganization during CDW phase evolution. As shown in
Figs. 5(a) and 5(b), heating processes induce the progres-
sive transformations from ordered CCDW superstructures to
disordered CDW structures for TaS, and TaSe, supercells.
Initially, we set ~3% displacement of Ta atoms constructing
the CCDW superstructures to obtain a randomly perturbed
configuration at 5 K. Subsequent heating reveals gradual
dissolution of “SoD” clusters and recovery toward high-
temperature 17 structures. Quantitative analysis of the phase
transition dynamics requires defining order parameters sen-
sitive to structural transformations. Here, we use RDF as a
primary metric for analyzing the nearest-neighbor (Tay and
Ta;) and the next-nearest-neighbor (Tay and Ta,) distances
between Ta atoms. The temperature-dependent RDF evolu-
tion in Figs. 5(c) and 5(d) provide critical insights: In the
low-temperature CCDW phase, cooperative displacements of
Ta; and Ta, atoms toward Ta, sites induce dual peaks in the
Ta-Ta RDF at nearest-neighbor and next-nearest-neighbor po-
sitions. Upon heating, progressive suppression of the CCDW
superstructure drives Ta; and Ta, atoms away from Tay,
causing RDF peaks shift toward the high-symmetry positions
characteristic of the 17-phase. However, we should note that
our simulation cell (7200 atoms) is still not large enough to
capture the NCCDW phase.

We further investigate the microscopic dynamical pro-
cesses of the CDW phase in 17-TaS, under pressure. In
Fig. 6(a), we simulate the CCDW superstructure under pres-
sure. With increasing pressure, the CDW-related ordered
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“SoD” clusters gradually disintegrate until reaching ~ 3 GPa,
above which the CDW phase transforms into a normal phase.
In Fig. 6(b), we show the CDW nucleation process by MD
simulation under ambient pressure at 5 K. One can find that
CDW-like lattice distortions emerge in localized regions after
1 ps, followed by CDW nucleation at ~3 ps. Subsequently,
the full CDW-related “SoD” clusters fully form at 5 ps. The
above results suggest that the CDW formation has an ultrafast
nucleation process. Previous time-resolved optical excitation
experiments showed that laser irradiation induces a CDW
transition on the picosecond time scale without thermal ac-
tivation [16,54,55], which is consistent with our computed
fast recovery of the CDW in ~3 ps. In Fig. 6(c), we also
simulate the CDW formation in the presence of Ta atom
vacancies. Compared to the defect-free system [Fig. 6(b)],
“SoD” clusters progressively form in regions distant from the
Ta vacancy. CDW ordering near the Ta vacancy is significantly
suppressed despite intact cluster development elsewhere. Our
simulation results are consistent with the experimental find-
ings that defects hinder CDW formation [56]. In summary, our
results provide a comprehensive understanding of how ther-
mal, pressure, and atomic defects modulate the stability and
transitional pathways of CDW phases. Such understanding
contributes to a broader comprehension of CDW transitions
in TMDs, offering critical guidance for material engineering.

IV. CONCLUSION

In conclusion, our study employed a synergistic com-
putational framework integrating DFT and MLFF-AIMD,
which systematically elucidates the underlying mechanism
governing CDW transitions in 17°-TaS,/TaSe,. Our re-
sults identify the strong momentum-dependent EPC as the

primary driving force behind the CDW formation, distinct
from FSN-dominated systems (e.g., 2H-NbSe;) and strong
correlation-driven CDWs (e.g., cuprates), yet unified by the
universal signature of symmetry-breaking structural recon-
struction. Especially, the anharmonic phonon spectra can
accurately capture the dominant role of thermal ionic fluctu-
ations in the CDW melting. The chemical bonding analysis
indicates that the relative enhancement of d-p hybridiza-
tion underpins the greater CDW phase stability observed in
1T-TaSe; versus 17-TaS,. Microscopic dynamic analysis of
large-scale MD simulations resolves ultrafast dynamics of
CDW nucleation, and also demonstrates how thermal, pres-
sure, and defects govern CDW transition. We propose that
a similar phonon anharmonicity-driven mechanism may also
underlie the CDW transitions in 17-VSe,/VTe,, where soft-
mode instabilities and strong EPC effects have been reported.
Our study not only deepens the understanding of the complex
interplay between electron and lattice in 17-TaS,/TaSe,, but
also provides theoretical guidance for predicting and manipu-
lating CDW-related phenomena in TMDs.
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