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Photoinduced phase transitions (PIPTs) allow complex interactions to be distinguished within the constraints
of atomic motion. Here, using real-time time-dependent density functional theory (rt-TDDFT) simulations
combined with occupation-constrained density functional theory (DFT) methods, we reveal the ultrafast dy-
namics of ReS, monolayer driven by photoexcitation at varying levels of electronic occupancy. The results
show that the phase transition from diamond-shaped to zigzag-shaped to quasi-diamond-shaped (DS-ZS-DS’)
is effectively induced by 4% excitation manually, resulting in the formation of new quasidiamond chains along
the direction of the original diamond chains rotated by /3. Notably, under pulse excitation, the entire dynamic
process also includes subsequent recovery, during which the quasidiamond chains rotate back to their original
direction. The phase transition is mediated by the atomic force caused by photoexcited electrons occupying the
antibonding state of the Re-Re bonds between the Re4 diamonds, accompanied by the modulation of the potential
energy surface. The thermal phonon vibration can effectively reduce the optical excitation fluency required to
drive the bond dissociation and rearrangement. These findings provide an important guiding significance for

nonequilibrium phase regulation.

DOI: 10.1103/PhysRevB.111.024111

I. INTRODUCTION

Phase engineering of two-dimension transition-metal
dichalcogenides (2D TMDs) via regulating the atomic struc-
ture provides a huge platform for manipulating their diverse
physical and chemical properties [1-3]. Rhenium disulfide
(ReS;) with diamond-shaped (DS) phase has attracted con-
siderable interest due to its layer-independent electrical and
optical properties [4,5]. Due to the unique DS chain structure,
the fundamental physical properties of ReS, are anisotropic
in plane [6,7]. So far, it has been successfully synthesized
and stripped experimentally by a variety of methods [8—10].
In recent years, the topic of effectively regulating the elec-
tronic properties of ReS; by changing the atomic arrangement
has been a topic of attention [11-13]. At elevated tempera-
tures, the atomic orientation of DS chains can be regulated
by electron beam irradiation, which is directly related to the
electron transport anisotropy in ReS, monolayer [14]. The
vacancy and strain caused by electrochemical treatment and
high density electron doping through Li treatment lead to
the formation of grain boundarie of DS chains with different
orientations [15,16]. Despite extensive studies, intense optical
or electrical pulses inevitably lead to the presence of thermal
effects, accompanied by a loss of performance. In addition,
the calculations based on the total energy of the ground state
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have certain limitations in resolving the phase transition path
of nonequilibrium processes.

Ultrashort pulsed lasers can effectively suppress thermal
effect and have great potential in atomic-level phase modes.
By regulating electronic excitation, bond dissociation and
atomic rearrangement are achieved to obtain the desired
electronic and optical properties on ultrafine timescales. Pho-
toinduced phase transitions (PIPTs) of ultrafine laser pulses
arise from the interplay among charges, orbits, and lattice de-
grees of freedom in the material. Theoretical modeling allows
the identification of complex interactions between different
degrees of freedom under the constraints of atomic motion,
which provides an ideal platform to fill in the shortcomings in
experiments. In addition, the identification of thermal phonon
contributions during PIPTs has become the focus of under-
standing ultrafast phase transition processes [17,18].

In this work, we investigate PIPTs in ReS, monolayer
using real-time time-dependent density functional theory (rt-
TDDFT) simulations combined with occupation-constrained
DFT calculations [19-21]. Two different methods were ap-
plied to rt-TDDFT simulations to elucidate the microscopic
driving forces that promote the structural phase transition of
ReS;. First, photoexcitation is achieved by promoting valence
electrons from the top of the valence bands to the bottom
of the conduction bands. The precise control of electronic
excitation through the manual definition of initial conditions
is an effective approach in both early and recent rt-TDDFT
research [22-25]. The excitation intensity is expressed as the
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percentage of the number of excited electrons n in the
total number of valence electrons. The excitation of 4% va-
lence electrons effectively induces the phase transition from
diamond-shaped to zigzag-shaped to quasi-diamond-shaped
(DS-ZS-DS’) phase of ReS, monolayer. With the breaking of
the Re4 diamonds and the formation of new bonds between
parallel DS chains, the new quasidiamond chains are formed
with their direction rotated by /3 relative to the original
diamond chains. The microscopic driving force for the sepa-
ration of the Rey clusters is provided by the occupation of the
antibonding states of the Re-Re bonds. However, the photoex-
cited electrons extend into higher energy regions over time,
which hinders further phase transitions from the DS’ configu-
ration. Secondly, an external electric field is used to represent
a laser pulse with a Gaussian shape during rt-TDDFT sim-
ulation: E(t) = Eycos(wt ) exp[—(t — 15)*/(26%)], where E,
= 0.1 V/A, the pulse width 20 = 25 fs and the photon
energy fiw = 2.47 eV, which represents the 500-nm optical
pump pulse. Over time, the number of excited electrons is
between 4.3% and 4.9%. The laser pulse can achieve a further
phase transition of the DS’ phase, which is due to the fact
that there is always a part of the excited electrons localized
to the bottom of the conduction band over time, providing
the microscopic force that drives the diamond chain to break
again. In addition, we also demonstrate bond dissociation
and rearrangement driven by atomic forces caused by the co-
operation of photoexcitation and thermal phonon vibrations at
room temperature.

II. RESULTS AND DISCUSSION

ReS, with P1 (No.2) space group has trilinear symmetry in
the crystal structure, as shown in Fig. 1(d). The presence of
an additional d electron causes ReS, to stabilize in a Peierls
distortion with the adjacent Re atoms form Res diamond
chains along the b[010] axis, as confirmed by high-resolution
transmission electron microscopy [26] and DFT simulations
[5]. The PIPTs process in momentum space can be further ex-
plored by evaluating the influence of photoinduced electrons
on chemical bonds. The crystal orbit Hamilton population
(COHP) curves in Fig. 1(a) show that the Re-Re bonds
and Re-S bonds both present antibond distribution above the
Fermi level (for details of calculation methods see Sec. IV).
The Re-S bonds are still in the antibonding states near the
top of the valence bands. The Re-Re bonds exhibit an ex-
tremely small antibond distribution at the top of the valence
bands, while the bonding distribution ranges from —0.45 eV
to —3.37 eV. The high excitation moves most of the electrons
in the Re-Re bonding bands to the antibonding bands above
the Fermi level, which is a possible source of instability in the
crystal structure. The projected band structure of the d-orbit
is shown in Fig. 1(b). The electronic states near the top of
the valence bands and the bottom of the conduction bands
are mainly dominated by the d,2_,» and d,, orbitals [27]. The
strong interaction between d,, and dy.,» orbital electrons in
the plane plays a significant role in lattice distortion [28].
As the energy moves away from the top of the valence band
and the bottom of the conduction band, the dominant contri-
bution of the d2, d.., and d,, orbits appears in turn.
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FIG. 1. (a) Crystal orbital Hamilton population (COHP) bonding
analysis of Re-Re bonds and Re-S bonds, respectively. (b) Band
structure along high-symmetry points for ReS, monolayer, the
weights of the Re-d oribits are color-coded. (c¢) The decomposed pro-
jected density of states (PDOS) for the p orbitals of S atoms and the
d orbitals of Re atoms. The arrows represent optical transitions with
different electronic excitation energies. (d) Top and side views of
the diamond-shaped (DS) phase structure from the ReS, monolayer.
(e) Transition matrix elements between the highest valence band and
lowest conduction band along high-symmetry points.

Carrier excitation is closely related to peaks in DOS
and transition dipole moments between bands [29,30]. The
dominant peaks in ReS, are represented by arrows in Fig. 1(c),
where the optical transitions correspond to excitation ener-
gies of 1.64, 1.66, and 1.79 eV. By calculating the squares
of the dipole transition matrix elements, P2, the transition
probability between the highest valence band and the lowest
conduction band can be further revealed. Specifically, there
are large dipole transition matrix elements between highest
point of the valence band and the lowest point of the con-
duction band near the I" point [Fig. 1(e)]. Therefore, optical
excitation is predicted to occur when the laser energy exceeds
1.64 eV (corresponding to 756 nm).

Prior to rt-TDDFT calculations, we first performed
ab initio molecular dynamics (AIMD) simulations to examine
the effect of photoexcitation on the structural phase transition
of ReS, monolayer (Sec. V). The snapshot of the structure
over time shows that structural deformation and Rey cluster
dissociation do not occur at room temperature. The total en-
ergy curve indicates that ReS, monolayer is thermally stable.
In contrast, in rt-TDDFT calculations of manually excited
electrons, the complete structural phase transition can be in-
duced by reaching 4% excitation [Figs. 2(a)-2(c)]. Due to
the electronic excitation, the Re4 rhomboid chains break and
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FIG. 2. [(a)—(c)] Photoinduced ultrafast phase transition for ReS, monolayer with 4% of electrons transferred to the conduction bands at
the initial time. The atomic structures for ReS, monolayer in diamond-shaped (DS) phase, zigzag-shape (ZS) phase and quasi-diamond-shaped
(DS’) phase, respectively. [(d)—(i)] Bond length evolution under different electronic excitations. The red and blue dashed lines represent the
evolution of the nine Re-Re bond lengths (dg.-re) and six non-Re-Re bond lengths (dy, g.), respectively, as shown by the red crosses and blue
dashed lines in the upper part. The solid line represents the average bond length.

new quasirhombic chains are formed in the rotation direction
of 7 /3, resulting in the transformation of DS towards DS’
phase. The dissociation of the Re4 diamond chains and the
bonding between parallel chains are the direct descriptors
of the phase transition. The lengths between the two types
of Re-Re pairs are defined as drere and dg, g, By exciting
different numbers of valence electrons, the evolution of dre.gre
and dj, . bond lengths can be tracked over time [Figs. 2(d)—
2(i)]. The 2% and 3% electronic excitation cause the partial
drere bond lengths to increase rapidly beyond the threshold
distance for Re-Re bonding (3.2 A) [31], demonstrating the
breaking of the partial Re, diamond chains. At the same
time, the distance between some dy, . pairs decreases until
they reach below 3.2 A to form chemical bonds. Structural
snapshot of 4% excitation shows extensive bond breaking of
dre-re pairs and the recombination of the dy, . pairs within
1 ps. The bond lengths of the two sets of Re-Re pairs show
large random fluctuations, so the photoexcited dynamic pro-
cess is more inclined to disordered motion. The DS’ structure
cannot be straightforwardly described as the result of w /3
rotation of the entire DS structure due to the nonuniform
oscillating behavior of the bond lengths, so the DS’ struc-
ture is classified as the quasidiamond phase. Remarkably, the
breaking and recombination of the Re-Re bonds first induce
the formation of transient Re-Re zigzag chains around 80 fs,
aligned with the direction of the original DS chains rotated by
7 /3. The emergence of transient structures has been reported
in studies investigating various photoexcited phase transitions,
such as in GeTe and MoTe, [32,33]. Subsequently, because
of the combined effect of the atomic driving force caused by

photoexcited electrons and the thermal phonon vibrations, the
Re atoms rearrange along the zigzag direction for a period
of time before starting to form the large-scale quasidiamond
chains, corresponding to the DS’ phase, at approximately 700
fs. The evolution of the distance between adjacent Re-Re
atoms in the zigzag direction further confirms the transition
from zigzag to quasidiamond shape (Sec. VI, Fig. 7).

Identifying the relation between atomic driving force and
atomic motion is an effective way to describe PIPTs. The
real-space charge distribution of photoexcited electrons and
holes on the (001) plane at different excitations in the initial
state is shown in Figs. 3(a) and 3(b). The distribution of
photoexcited carriers in the d,, and d,>.,» orbitals results in
the changes in bond lengths and bond angles in the x-y plane.
The photoexcited electrons are mainly distributed around the
Re atoms connected to the Res diamonds at 2% excitation,
which mainly reflects the characteristics of the antibonding
orbitals of the Re-Re bonds. When electrons are excited from
the bonding state to the antibonding state, the total energy
of the system correspondingly increases [17,20]. To reduce
the energy of the excitation system, a corresponding tensile
driving force is generated between the adjacent Re, units to
induce an increase in the Re-Re bond length. When the num-
ber of photoexcited electrons increases from 2% to 4%, the
photoexcited electron density not only increases significantly
in the distribution of Re atoms connected to adjacent Rey
units, but also begins to appear around other Re atoms in Rey4
units. Therefore, the change in bond length and bond angle is
also influenced by the other Re atoms, which is reflected in
the driving force on the Re atoms [Fig. 3(c)].
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FIG. 3. Real-space distribution of the excited (a) electrons and (b) holes under 2% and 4% excitations on the (001) plane in the initial state.
(c) The atomic driving force caused by photoexcitation on the (001) plane in the case of 2% and 4% excitations. The magnitude and direction of
the arrows are defined as the magnitude and direction of the driving forces. (d) Evolution of density of states (DOS) of photoexcited electrons
and holes under 4% excitation. The illustrations represent structural snapshots at different times. (¢) The d-orbital decomposed partial density
of states (PDOS) of Re atoms under 4% excitation at 100 fs, where the distribution of photoexcited electrons and holes in different orbitals is

encoded by color shadows.

By tracking the density of states (DOS) under photoexcita-
tion, it is found that the occupancy of photoexcited electrons
and holes has a certain regularity. In the initial state, electrons
are excited to the bottom of the conduction bands. Over time,
photoexcited electrons and holes are distributed over a wider
energy region of conduction bands and valence bands, ac-
companied by semiconductor-to-metal transition [Fig. 3(d)].
The reduction of the electrons occupying the antibonding
orbitals at the bottom of the conduction band results in a
tension driving force that is much smaller than the force
driving the DS’ phase transition. Once valence electrons are
excited beyond a certain threshold above the conduction band
minimum, nonthermodynamic processes are unlikely to occur
within a short timescale [34]. In theory, further driving the
DS’ phase transition may require more electron excitation or
a sufficiently long time. In addition, to specify the hopping
path of photoexcited electrons, we explored the Re-d orbital-
decomposed PDOS [Fig. 3(e)]. It is evident that the d,._,
and d,, orbitals have the highest priority occupation when a
large number of electrons in the bonding state are excited to
the antibonding state, followed by d,2, which corresponds to
Fig. 1(b).

Considering that manually excited electrons and external
electric fields simulating laser pulses may lead to different
dynamic processes, we further carried out the rt-TDDFT cal-
culation under pulse excitation. The results demonstrate that a
500 nm optical pump pulse with a duration of 120 fs contains a
reversible process in which the rhombic chain in the DS’ phase

returns to its original direction (Fig. 4). Due to the inability
of pulse excitation to control the excited electrons precisely,
the statistical proportion of excited electrons that transition
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FIG. 4. (a) The shape of the external electric field applied to ReS,
with laser strength £y = 0.1 V/A, and the number of photoexcited
electrons as a function of time. (b) Evolution of DOS of photoex-
cited electrons and holes under pulse excitation. The (c) red and
(d) blue dashed lines represent the evolution of the dge.r. bonds and
dg. re bonds, respectively. The solid line represents the average bond
length.
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FIG. 5. (a) The evolution of the potential energy surfaces (PESs)
from DS phase to DS’ phase with time. (b) The PESs from DS phase
to ZS phase as a function of the averaged length of dg. ge pairs.

from valence bands to conduction bands is between 4.3% and
4.9% of the total valence electrons. Pulse excitation makes
the distance of dge.re pairs increase first and then decrease in
the range of 600 fs, while the opposite is true for dg, . pairs.
In simpler terms, the laser pulse further drives the rhomboid
chain of the DS’ phase to evolve towards the original direction.
Figure 4(b) shows the occupations of photoexcited electron
and hole under pulse excitation. Due to the energy limitation
of pulsed excited electrons, there are still a large number of
photoexcited electrons localized at the bottom of the conduc-
tion bands, resulting in the microscopic driving force that can
still promote the further phase transition of DS’. However,
since the light pulse is a gradual accumulation process, the
rate at which it drives the breaking of the diamond chains is
delayed compared to manually excited electrons.

Photoexcited electrons regulate the forces between the
atoms and change the potential energy surface (PES), fur-
ther manipulating the atomic motion. The PES calculated by
the occupation-constrained DFT method for the case of con-
strained different numbers of electrons in antibonding states
is shown in Fig. 5. The transition from DS phase to DS’ phase
requires overcoming a large energy barrier in the ground state.
With the filling of valence electrons in the conduction band,
the barrier changes from convex to concave, which leads to
rapid dissociation of the Res diamond chains. At the lowest
potential of the energy barrier, a metastable ZS phase appears.
To further understand the effect of different photoexcitation
on PES, the evolution from DS to ZS phase with the aver-
age length of the dgere bonds is further amplified. With the
increase of excited electrons, the upward-sloping PES first
flattens out and then slopes downward, which makes it easier
for atoms to leave the crystalline order. The potential energy
difference between the DS phase and ZS phase is positively
correlated with the number of excited valence electrons.

The driving force caused by orbital occupation can induce
atoms to leave the original phase coherently. However, we
observe the disordered behavior of the phase transition at dif-
ferent excitation fluency. To exclude the influence of thermal
phonon vibration on the photoexcited phase transition, we
perform the rt-TDDFT calculations in the initial state of 4%
and 10% valence electrons occupying the conduction bands
at T = 1 K (Sec. VII, Fig. 8). The driving force caused
by 4% excitation is difficult to meet the criteria of coherent
phase transition, so the length of nine Re-Re bonds and six
non-Re-Re bonds does not change significantly within 1 ps.

In the case of 10% excitation, it can be seen that the two types
of bond lengths are coherently changed, with the breaking of
nine Re-Re bonds and the bonding of six non-Re-Re bonds at
400 fs. The results show that the strong excitation of the initial
state leads to the enhancement of coherent motion. It is proved
that the presence of thermal phonon effectively reduces the
excited state electrons required to drive the phase transition.

III. CONCLUSION

In summary, using rt-TDDFT simulations combined with
occupation-constrained DFT calculations, we have observed
the unique phase transition dynamics of the ReS, monolayer
induced by photoexcitation. Under 4% manual excitation, the
new quasidiamond chains can be formed by rotating /3
along the direction of original Re4 chains within 1 ps, accom-
panied by the breaking of the original diamond chains and
bonding between adjacent parallel chains. Due to the variation
in electronic occupancy, the 500-nm 120-fs laser pulse further
facilitates the recovery from DS’ phase to the original phase.
The photoexcited electrons regulate the interatomic forces,
further reducing the potential barrier of phase transition from
DS to ZS to DS’ phase, which is conducive to the dissociation
and recombination of bonds. According to the real spatial
distribution of photoexcited carriers, the photoexcited elec-
trons mainly occupy the connecting bonds between the Rey4
diamonds. The occupation of the antibonding states in the
Re-Re bonds creates an atomic driving force that decreases the
system’s energy by elongating the bond length. Furthermore,
we reveal that the phase transition of ReS, monolayer at
room temperature is driven by the combination of electronic
excitation and thermal phonon vibration. This work provides
a unique perspective for understanding the PIPTs in ReS,
monolayer and suggests an actionable avenue for ultrafast
optical experiments.

IV. MATERIALS AND METHODS

The AIMD and rt-TDDFT simulations are performed in
the ab initio package PWmat [35,36]. The calculations are
carried out by norm-conserving pseudopotentials (NCPP)
generated by the optimized norm-conservating Vanderbilt
pseudopotentials (ONCVPSP) and Perdew-Burke-Ernzerhof
(PBE) exchange correlation functions [37]. The I' point is
used for the Brillouin region sampling and the energy cutoff
of the plane wave is set to 50 Ry. The equilibrium state
obtained from AIMD calculations at 7 = 300 K is used as the
initial state of rt-TDDFT calculations. In the rt-TDDFT simu-
lation, an important parameter is included: TDDFT_DETAIL
= ml, m2, mstate. The default value of ml is 1, and m2
and mstate are the total number of bands. We will calcu-
late the time-dependent wave function ;(¢), j = 1, mstate.
For the first m1 — 1 electronic states ¥;(t) = ¢;(t) (j €
[1, m1 — 1]), meaning that these states are adiabatic eigen-
state (similar to Born-Oppenheimer MD). However, for the
remaining mstate —m1 + 1 electronic states v;(¢), they will
be expanded within the adiabatic window [m1, m2]. The oc-
cupation numbers of ;(¢) are held constant. They are given
by the Fermi-Dirac distribution from the first self-consistent
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field iteration. Therefore, the adiabatic eigenstate ¢;(¢) in this
algorithm extends the time-dependent wave functions ¥;(z):

vit)=¢;t), j=1,ml—1, ey

Vi) = Cru®pi(t),  j=ml mstate, i=ml, m2.

(2)

¢;(¢) stands for the eigenstates of Hamiltonian at time ¢,
H(t)gi(1) = ei(1)i(t), (3)
H(t) = H(t,R(@), p(1)), 4)

where R(t) and p(¢) represent the nuclear positions and the
charge density, respectively. From Eq. (2), the evolution of
wave function ;(¢) is characterized by the coefficient C; ; (¢ ):

C;i(t) = —ig;()C; (1) — ch,l(t)vi,l(t)v (5)
/

where V;;(t) = (¢:(t) | 9¢;(¢)/0t) is the transition matrix.
Due to the finite number of adiabatic states ¢;(¢) deter-
mined in the expansion of Eq. (2), the procedure described
above effectively reduces the original problem to a small-
size matrix problem, as represented by Eq. (5). According to
Eq. (3), the time-dependence of the Hamiltonian over time
steps is expressed using a linearly time-dependent Hamilto-
nian. Specifically, within the time interval [t,, #; + /7], the
eigenstates at #1{¢;(¢1)} are used as the basis set to expand the
Hamiltonian equations. The Hamiltonian at #; consists only of
the diagonal term {g;(#,)}, while at r; + Az, it is diagonal in
the basis set {¢;(t; + At)}. The Hamiltonian is assumed to
evolve linearly over the interval [z, f; + A t]. For any time ¢
within the interval,
t —

At“ [Ht + A —H@L  (©)

H(t) =H(1) +

Based on the adiabatic eigenstate basis, the linear approxi-
mation of the Hamiltonian provides a clear and well-defined
characterization of the real-time time-dependent Hamiltonian
H(t) (with a time step A\ ¢ < 0.2 fs), which has a larger time
step than the traditional real-time TDDFT (subattosecond)
[35,38].

The structure, charge density, adiabatic eigenenergy, adi-
abatic wave function, and occupation number of eigenstates
corresponding to different times are solved in the TDDFT
calculation. In the DOS calculation, the total state density
DOSota1 is solved by the adiabatic wave function and adiabatic
characteristic energy obtained at 100 fs or 200 fs. Addition-
ally, density of states of occupying electrons DOSqccupica 18
further obtained from the occupancy number of the eigenstate.
Then, we get DOSynoccupied = DOSiorar — DOSoccupied, Where
the part of DOSccupied greater than the Fermi level is the
DOS of the excited electrons, and the part of DOSupoccupied
less than the Fermi level is the DOS of the excited holes,
as shown by the occupancy of the photoexcited carrier in
Fig. 3(d). In addition, the partial wave density can be cal-
culated to project the wave function onto atomic orbitals,
further obtaining the projected density of states for atoms in
different orbitals [Fig. 3(e)]. In addition, a uniform A field
is introduced in the reciprocal space during pulsed simulated
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FIG. 6. [(a), (b)] Temperature and [(c), (d)] total energy curves of
AIMD simulation for DS-phase ReS, monolayer, including heating
from 1 to 300 K and hot bath at 300 K, with the initial moment as
the standard. The illustrations in panels (c¢) and (d) show the initial
structure at 1 K and the equilibrium structure at 300 K, respectively.

light excitation: H = 1/2(—iV +A)? = 1/2(—iV, + A,)* +
1/2(=iVy + Ay)? + 1/2(—iV, + A;)*. In the pulse simula-
tion, the external electric field of Gaussian shape used is
shown in Fig. 4(a). According to the NCPP, valence electrons
are represented as Re(5d°6s?) and S(3s?3p*), respectively.
Thus, a 3 x 3 x 1 ReS, supercell model with 108 atoms
contains 684 valence electrons. Furthermore, under the frame-
work of DFT wave function, the COHP is calculated using
the LOBSTER package for chemical bond analysis [39,40].
The VMD package is used to further study the trajectory of
rt-TDDFT-MD simulation [41].

V. STRUCTURAL DESCRIPTION AND AIMD
SIMULATIONS

We initially constructed a 3 x 3 x 1 supercell of ReS, with
108 atoms. Following this, we performed structural relaxation
and self-consistent electronic calculations to ensure an ac-
curate representation of its electronic structure and stability.
The optimized lattice constants in a and b directions are 6.38
and 6.49 A, with an angle of 118.84° between them [42,43].
The Re-Re bond lengths of the Res; diamond are 2.70 and
2.81 A. Then, to further evaluate the effect of photoexcita-
tion on ReS, monolayer structure, the AIMD simulation of
the ReS, monolayer is performed, as shown in Fig. 6. The
AIMD calculations consist of two processes: heating from
1 to 300 K and a thermostatic bath at 300 K. If a constant
temperature bath is applied directly, then the interactions be-
tween the system and the bath may affect the true behavior
of the molecular dynamics. The heating process can assist the
system in gradually reaching a more reasonable equilibrium
state, helping to reduce this influence. Throughout the cal-
culation, the distribution of electrons on energy levels in the
model follows the Fermi-Dirac distribution (without electron
excitation). The total energy fluctuation curve shows that the
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FIG. 7. (a) The atomic structures for ReS, monolayer in ZS
phase and DS’ phase. (b) The bond-length evolution from ZS phase
to DS’ phase at 4% excitation. The dark red and dark blue solid
lines indicate the distance between adjacent Re atoms in the zigzag
direction of the ZS phase in (a), respectively.

system is thermally stable at room temperature. Through the
analysis of structural changes, it can be seen that since the
average position of the atoms is not drastically deviated, all
the phase structures are not distorted or deformed.

VI. PHASE TRANSITION FROM ZS TO DS’ PHASE

The ZS phase appears as an intermediate state during the
transition from DS to DS’ phase. This transition is caused by
the distribution of excited carriers. Specifically, a large num-
ber of photoexcited electrons fill the Re-Re antibonding state,
causing an imbalance in the system. To reduce the energy of
the system, the Re-Re bond breaks and recombines. The tran-
sient ZS phase is formed as the occupation of the photoexcited
electrons in the conduction band broadens to cover a wider
energy range. As shown in Fig. 7(a), the distances between
adjacent Re atoms in the zigzag direction tend to be equal
in the ZS phase at about 80 fs. The ZS phase is an unstable
metastable phase that lasts only a few tens of femtoseconds.
Then, the Re atoms undergo a long atomic rearrangement
along the zigzag direction of the ZS phase under the action of
the surrounding Re atoms. During this process, the vibration
of the thermal phonons may have a significant effect, resulting
in an imbalance in the structure. This imbalance causes the
interaction between the atoms to change, eventually forming
a new quasidiamond chain in the Re-Re zigzag direction
at around 700 fs. As the thermal vibration continues, small
shifts in atomic positions accumulate, prompting the system to
evolve toward a more stable structural state. After 700 fs, the
bond length evolution of bond 1 and bond 3 becomes consis-
tent, while that of bond 2 evolves oppositely [Fig. 7(b)]. This
timescale reflects the dynamical processes captured in real-
time TDDFT simulations, and the evolution of bond lengths

(@ (b)

42 4 % excitation 40 10 % excitation
<
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=]
Q
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Q
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24 24
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2.4 24

0 200 400 600 800 1000 O 200 400

Time (fs) Time (fs)

FIG. 8. The bond-length evolution under [(a), (c)] 4% and [(b),
(d)] 10% electronic excitations at T = 1 K. The red and blue dashed
lines represent the evolution of the dge_r. bonds and dy, . bonds. The
solid lines represent the average bond length.

is consistent with the bond dissociation and recombination
shown in Figs. 2(f) and 2(i).

VII. RT-TDDFT SIMULATION AT 1 K

Thermal vibration plays an absolute role in the process of
temperature-induced phase transition. In the aforementioned
simulations, we performed the calculation at 300 K, making
it particularly crucial to account for the effects of thermal
vibrations during the phase transition process. However, the
sources driving structural phase transitions can be catego-
rized into two aspects: On the one hand, the influence of
thermal vibrations results in a random and disordered tran-
sition pathway; on the other hand, the transition relies on
the electronic excitation process, which establishes a rela-
tively deterministic transition pathway. To shield the action
of thermal phonon, we recalculate the rt-TDDFT calcula-
tions for the lattice temperature of 1 K under 4% and 10%
manual excitations (Fig. 8). It can be shown that the driving
force generated by the 4% electron excitation is insufficient
to induce the phase transition of ReS, monolayer, resulting
in virtually no change in the nine Re-Re bond lengths and
six non-Re-Re bond lengths within 1.0 ps. When enough
valence electrons are placed at the bottom of the conduction
band, a strong driving force is generated, so that the thermal
phonons become less important and the atomic motion be-
comes more coherent, resulting in coherent dissociation and
recombination of Re-Re bonds. Significantly, compared to the
phase transition process at room temperature, the dissociation
time of the dgre.re bonds is delayed, highlighting the critical
role of thermal phonon vibrations at room temperature. At
room temperature, the presence of thermal phonon effectively
reduces the excited electrons required to drive the phase
transition.
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