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The temporal characters of laser-driven phase transition from 2H to 17’ has been investigated in the
prototype MoTe, monolayer. This process is found to be induced by fundamental electron-phonon
interactions, with an unexpected phonon excitation and coupling pathway closely related to the
nonequilibrium relaxation of photoexcited electrons. The order-to-order phase transformation is dissected
into three substages, involving energy and momentum scattering processes from optical (A} and E’) to
acoustic phonon modes [LA(M)] in subpicosecond timescale. An intermediate metallic state along the
nonadiabatic transition pathway is also identified. These results have profound implications on non-

equilibrium phase engineering strategies.
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Controlling the phase of matter via coherent excitation of
electron and phonon subsystems has long been an attractive
goal for ultrafast science [1-12]. During phase transitions,
the energy dissipation will lead to complicated relaxa-
tion pathways for both fermionic (e.g., electrons) and
bosonic quasiparticles (e.g., phonons, magnons), which
might involve scatterings among different phonon modes
[13-16]. Understanding the complex interactions requires
theoretical modeling that is capable of disentangling the
interplay among different degrees of freedom, which also
provides powerful tools to decode vast information under-
neath the experimentally detected spectroscopic signals.

Monolayer (1L) MoTe, is a prototypical example for
photoinduced phase transitions. Its stable semiconducting
2H and metastable metallic 17" phases have quite a small
energy difference [~0.042 eV per formula unit (f.u.)]
among all transition-metal dichalcogenides (TMDs). The
low-energy cost of such a transition has triggered great
interest for broad device applications [17,18], and signifi-
cant efforts have been made to achieve this goal through
thermal annealing [19], strain [20], carrier doping [21], and
laser irradiation [22].

The experimental identification of the phase transition
was usually based on the evolution of Raman spectra
[21,22], whereas the signals are insufficient to reveal the
complete microscopic dynamics, due to the fact that only
zone-center optical phonons are detected and ultrafast time-
resolved information is usually lacking. Although greatly
contributing to the understanding of the thermodynamic
aspect of phase transition, theoretical analyses based on the
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ground-state total-energy calculations have severe limita-
tions in describing nonequilibrium processes, where the
phase transition pathway is rather speculative and still
under debate [23,24].

Here we aim at disentangling the coherent electron and
lattice dynamics during laser driven 2H to 17’ phase
transition of 1L-MoTe, based on real-time time-dependent
density functional theory molecular dynamics (TDDFT-
MD) simulations [25]. We found that structural distortions
can be dissected into three substages, involving energy and
momentum scattering processes from optical to acoustic
phonon modes in g space. The initial population and decay
of the optical A} and E’ phonon modes originate from
carrier excitation and cooling via strong electron-phonon
couplings, and therefore, are closely related to laser
parameters. The anharmonic motion of these two modes
and the ultrafast (~0.4 ps) couplings to the longitudinal
acoustic mode at the M point [LA(M)] lead to a metallic
intermediate state (2H*), which greatly reduces the acti-
vation energy barrier to form 17’ phase. The ordered
structural distortion is distinct from thermally driven phase
transitions by selective excitation and the successive
scattering of specific phonon modes.

The 2H and 17" phase of 1L-MoTe, have an ABA and
ABC stacking of the Te—Mo—Te sandwich structure,
where the Mo site is in a hexagonal and distorted octahedral
coordinate, respectively [51] [Figs. 1(a)-1(c)]. Along the
adiabatic phase transition pathway, the kinetic barrier
(E, =0.77 eV /f.u.) is much larger than thermal fluctua-
tions [Fig. 1(d)], and requires a high temperature (>500 °C)
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(a)—(c) Atomic structures of initial (2H), intermediate (2H*), and final (17") states. The gray and red shadows in (a) represent

the rectangular computational cell and the primitive cell of the 2H phase. The arrows in (b) label the interlayer displacement of two Te
layers after the participation of the E” mode from 0.7 ps. (d) Energy profile of 1L-MoTe, along the phase transition pathway from the
2H to 17’ phases. The inset shows the atomic structure of transition state (7'S) along the adiabatic transition path, and the arrows are used
to represent the relative displacement of interlayer Te atoms. (e) Potential energy surfaces (PESs) of 1L-MoTe, before and after
photoexcitation. The arrows are used to label the three substages of phase transition. (f) Schematic of carrier excitation (arrow @) and
relaxation (arrows @ and ®) pathways in the 2H state. The hot and band-edge electrons lead to the successive emission of phonon modes

that induce the phase transition.

to trigger structural instability of the 2H phase [19]. The
activation energy barrier will be significantly reduced to £}
upon the optically induced carrier excitation [52—-54], and
the dynamically unstable 2H phase will obtain enough
energy to overcome the activation barrier, leading to a
structural transition (Supplemental Material Fig. S1 [25]).
During the phase transition, a distinct transition pathway
induced by the nonadiabatic coupling (i.e., the correlated
electron-phonon dynamics beyond the Born-Oppenheimer
approximation) is expected [25].

The calculations were performed using the 4 x 3v/3
supercell of 2H-MoTe,. The minimum rectangular super-
cell will fold the M point in the reciprocal space of the
hexagonal primitive cell to the I" point [Fig. S2(a) [25]].
Krishnamoorthy et al. demonstrated that the phonon modes
at the M point establish an obviously softening upon strong
field excitation [53]. Therefore, in the chosen supercell, the
phonon modes at the I" point will play the dominant roles in
triggering phase transitions [Figs. S2(b)-2(d) [25] ].

Optical pumping of electrons can generate pronounced
changes in the potential energy surface and lead to the
excitation of certain vibrational modes connected to
phase transitions [4,52,55,56]. To investigate the phase
transition of 1L-MoTe, driven by laser excitation, two

laser pulses with different intensities are applied to its
2H phase. Under the illumination of moderate (fluence
J = 1.17 mJ/cm? and peak amplitude E, = 0.1 V/A) and
relatively intense (J = 2.07 mJ/cm?, E, = 0.13 V/A)
laser pulses, there are 2.31% and 6.81% carriers excited
to the conduction bands (Fig. S3 [25]). The structural
distortion is characterized by three parameters evaluated
during the MD simulations, i.e., Mo—Mo dimer bond
length variation (A[), out-of-plane length difference
between the two pairs of vertical stacking Te atoms
(Az = 7z, — z3), and the averaged in-plane atomic displace-
ment of two Te layers (d; and d,).

Figures 2(a)-2(b) show the results under the moderate
laser field. It is obvious that both A/ and Az are nearly zero,
indicating that the relative position of Mo ions and the out-
of-plane flatness keep unchanged. Meanwhile, the in-phase
atomic movement of the two Te layers indicates that the
structural distortion of the 2H phase is oscillating har-
monically around its equilibrium position. When laser
intensity is large enough to excite plenty of carriers, the
coupling strength between lattice and carriers will be
enhanced during the energy relaxation, which might steer
the system towards states far from equilibrium and induce
the emergence of new phonon modes [57].
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(a)-(b) Time evolution of three structural parameters under the moderate laser field (1.17 mJ/cm?), as defined in the inset. (c)—

(d) and (e)—(f) are analogous to (a)—(b), but are the results under the strong laser field (2.07 mJ/cm?) and thermal (900 K) excitation.
Arrows in (e)—(f) are used to label the time from when the photoinduced and thermally driven structural distortions behave similarly.

Under the illumination of intense laser field, the struc-
tural evolution shows a distinct behavior, which can be
divided into three stages [Fig. 2(c)-2(d)]. The first stage
(0~ 0.4 ps) resembles the condition that is described
above. Although the absolute values of A/ and Az increase
slowly after the end of laser pulse (r = 60 fs), the distortion
is insufficient to destroy the geometry features of the 2H
phase. In the second stage (0.4 ~ 0.7 ps), accompanying
with the rapid increase of Mo—Mo bond length, the out-of-
plane wrinkling of Te atoms is also enhanced, following the
geometry relationship and the Poisson ratio exhibited by
the Mo—Te—Mo—Te parallelogram. It indicates that a new
phonon mode starts to participate in the electron-phonon
couplings. After 0.7 ps, different from the above two stages,
the asynchronized interlayer displacements of Te atoms
have been particularly evident and eventually the two layers
move in opposite directions along the crystalline b axis.
The characteristic behaviors at different timescales reveal

that the phonon scatterings are of significant importance in
inducing the complex phase transition processes.

The relative contribution of different phonon modes
along the phase transition pathway is distinguished via
projecting atomic displacements onto vibrational eigenm-
odes at the I' point of the rectangular supercell. At low
excitation density, only two phonon modes are excited
(Fig. S4 [25]), i.e., the out-of-plane A} mode (172 cm™)
and the in-plane E’ mode (236 cm™!), both present as the
characteristic peaks in Raman spectra [21,22,58]. The
strong excitation of the two optical phonons originates
from the pronounced electron-phonon interaction and can
serve as the initial reservoir into which the electronic
excitation energy flow (Fig. S5 [25]) [59,60]. Under the
harmonic oscillation of the two modes, the shrinking of
the Mo—Mo dimer and the wrinkling of Te layers will
return to its equilibrium position after one cycle of
vibration.
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FIG. 3. (a)—(c) Transient atomic displacements projected onto

vibrational eigenmodes under the (a)—(b) strong laser field
(2.07 mJ/cm?) and (c) thermal (900 K) excitation. (d) Vibrational
eigenvectors of four dominant phonon modes.

The observed phase transition is explained through the
dephasing, strong damping, and fast mode conversion of
the two optical phonon modes. Figure 3(a) shows that at
high excitation energy, the amplitude of the initially excited
A and E’ modes are more than 3 times of that in the low-
fluence case, leading to the greater distortion that deviates
far away from the 2H phase (Fig. S6 [25]). After 0.4 ps, the
two modes rapidly transfer their energy to a manifold of
modes, among which the LA(M) and E” modes are
prominent [Fig. 3(b)]. The newly emerged phonon modes
successively contribute to the dynamic behaviors described
in the last two stages under the strong field excitation
[Figs. 2(c)-2(d)]. Compared to the electronic ground state,
the decreased vibrational frequencies of the A} and E’
modes indicate the phonon mode softening and the defor-
mation of potential energy surface under the strong laser
excitation (Fig. S7 and S8 [25]).

The excitation and coupling of phonon modes are
closely related to the relaxation of photoexcited electrons
in the conduction bands. It was demonstrated that hot (near
band-edge) carriers excited by high (low) energy photons
relax by coupling strongly to zone-center optical (zone-edge
acoustic) phonons in multilayer MoTe, [60]. The single-
layer vibrational vectors of the dominant phonons, i.e., A,
E} , and LA(M) modes, correspond exactly to the character-
istic modes reported in this work. Upon the laser illumination
with a photon energy of A = 2.34 eV, the excited electrons
occupy high-energy conduction bands and then relax to the
band edges via emitting above phonon modes successively in
the subpicosecond timescale [Figs. 1(e)—1(f)].
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FIG. 4. (a) Schematic of carrier excitation in 2H-MoTe, with

different laser photon energies of hiw; = 1.5 eV, Aw, = 2.5 eV,
and hw; = 3.5 eV. (b) Atomic forces projected onto vibrational
eigenmodes at the I' point of the rectangular supercell under
photoexcitation and thermal equilibrium.

The forces applied on the ions with fixed electron
occupation are shown in Fig. 4. It is clear that when
exciting electrons to high-energy conduction bands (i.e.,
hw = 2.5 eV), the forces will induce the in-plane and out-
of-plane atomic displacements, respectively, along the
vibrational eigenvectors of E’ and A} modes, and the A
mode is dominant. The amplitude of excited phonons is
linearly dependent on the carrier density (Fig. S9 [25]).
However, when electrons are excited to the band edge (i.e.,
hw = 1.5 eV), the forces along E’ and A} modes are much
decreased, and the atomic movements along the LA(M)
mode emerge. We attribute this intriguing phenomenon to
the excitation of the antibonding state within the Mo—Mo
dimer (Fig. S10 [25]).

The anharmonic displacement of the optical A} and E’
modes is also essential to trigger phase transitions.
Because of the pronounced electron-phonon coupling
strength between the A}(E’) modes and photoexcited
carriers, the driving forces can induce larger transient
distortions, e.g., the out-of-plane stretching of the two Te
layers is 17.5% of its equilibrium distance at = 0.4 ps,
stores enough energy (~0.92 eV/f.u.) to overcome the
activation energy barrier. Meanwhile, the system is
enforced to enter the nonlinear regimes, driving the
unidirectional movements along the phase transition path-
way (Supplemental Material, Note S9 [25]). The lattice is
further deformed along displacement field of other pho-
nons, by reducing their excitation energy (Fig. S11 [25])
[61,62]. Accompanying with the damping of A} and E’
modes and the emergence of LA(M) mode, the 2H phase
has turned to a metallic intermediate state (2H*) where the
pattern of Mo—Mo bonds has changed (Note S13 [25]),
indicating that 1L.-MoTe, has transformed from the semi-
conducting to metallic states within 1 ps.
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Carrier cooling that evolves carrier-carrier and carrier-
phonon scatterings is a relative fast process for phase
transition and induces the consecutive emission of A} (E)
and LA(M) modes, which is in the timescale of ~0.5 ps
(Fig. S14 [25]). It is expected that on longer timescales,
1L-MoTe, will reach a thermal equilibrium and finally
transform into a perfect 17" phase. During this complex
process, more phonons in g space, which are difficult to be
discerned, will contribute to the structural distortion simul-
taneously. For example, after 0.7 ps, apart from the E”
mode, other phonons also emerge. The estimated transition
pathway from the 2H* state to 17’ state is shown in
Fig. S15 [25], where the intermediate configurations are
generated by linear interpolation. The new transition state
has a similar structure to that of the ground-state reaction
path [Fig. 1(d)]. Comparing to the ground-state 2H phase,
the activation energy barrier between the excited 2H* to 17’
states has been significantly reduced to ~0.18 eV. It
indicates a greater transition probability upon photoexci-
tation, which provides a good explanation for the decreased
transition temperature (400°C) observed in the laser-
assisted 1L-MoTe, 2H to 17T’ phase transition [22].

Photoexcitation allows the ultrafast manipulation of
lattice structure within femto- or picosecond, and the phase
transition happens before the excited electrons being fully
relaxed with their excess energy converted into thermal
phonons (~10 ps), during which the carrier distribution,
electron-phonon, and phonon-phonon couplings are of vital
importance. The selective excitation and the successive
scattering of phonon modes are distinct from phase
transition driven by thermal phonons. Figure 3(c) shows
that upon the thermal activation (900 K), all phonon modes
especially the low-energy branches are excited, leading to a
rather random phase transition pathway. The relative
contribution of A} and E’ modes are decreased and the
LA(M) mode plays the dominant role, obeying the Bose-
Einstein distribution in equilibrium [Fig. 4(b)]. As a result,
the dynamic behaviors after 0.75 ps are similar to the third
stage of photoexcitation [Figs. 2(e)-2(f)]. In contrast to
photoexcitation, the shape of potential energy landscape
will keep unchanged due to the mutual couplings between
different degrees of freedom are not modified [63,64].

Based on above analysis, we make suggestions for
selecting laser parameters to enable precise control of
nonequilibrium phase engineering: (i) the photon energy
should be carefully tuned in the range of 2.3 eV < hw <
3.5 eV, to excite carriers to unoccupied states that satisfy-
ing the strongest electron-phonon coupling; (ii) an intense
laser pulse (i.e., J = 2.07 mJ/cm?, E, = 0.13 V/A) with a
duration of 20 fs (full width at half maximum) can be
applied to excite a high carrier density (y > 2.42%) and
drive the phonons to the nonlinear regime. In contrast, the
weak, long-wavelength laser pulses will only induce the
harmonic oscillations around the equilibrium positions
of atoms.

The 2H phases are the most common ground state
structure in monolayer TMDs, and are the component
of various multilayer or bulk materials [65—67]. The simi-
larity and difference of phonon scattering pathways sug-
gest explicit phase engineering strategies for more TMDs
(note S16 [25]). The nonequilibrium phonon dynamics can
be experimentally detected by time- and momentum-
resolved techniques such as the ultrafast electron diffuse
scattering (UEDS) [14,68], via monitoring the intensity
evolution of Bragg peaks (note S17 [25]). The structural
dynamics reported in this work is triggered by photoexcited
carriers alone. More discussion about the contribution of Te
vacancies is provided in Supplemental Material (notes S18
and S19) [25], which can provide localized states for the
concurrent emitting of optical and acoustic phonons, and
hence accelerate the phase conversion. In the present work,
both electronic and lattice dynamics are robust irrespective
of the electron correlation effects, which was reported to
have remarkable effect in modulating the band topology of
T, phase of bulk MoTe, (note S20 [25]).

In conclusion, we take 1L-MoTe, as a paradigmatic
example to show that photodoping induced atomic forces
triggers the selective excitation of phonon modes, the ionic
vibrational vectors and amplitudes are determined by laser
photon energy and intensity. Upon strong-field excitation,
the system enters the nonlinear regime and both the
electron-phonon couplings and phonon-phonon scatterings
contribute to lattice distortions, during which the manipu-
lation of carrier distribution is of vital importance for
designing dynamical phase transition strategies. The
present work not only offers a detailed understanding of
the interplay between the multidegrees of freedom and their
dynamical behaviors in the time domain, but also provide
principles how the ultrafast control of nonthermal pathways
can be achieved in realistic materials. The reported results
address the requirements for rational manipulation of
material and device performances by laser fields and hence
might lead to profound implications.
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