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Resolving the complete electron scattering dynamics mediated by coherent phonons is crucial for
understanding electron-phonon couplings beyond equilibrium. Here we present a time-resolved theoretical

investigation on strongly coupled ultrafast electron and phonon dynamics in monolayer WSe,, with a focus
on the intervalley scattering from the optically “bright” K state to “dark™ Q state. We find that the strong
coherent lattice vibration along the longitudinal acoustic phonon mode [LA(M)] can drastically promote
K-to-Q transition on a timescale of ~400 fs, comparable with previous experimental observation on
thermal-phonon-mediated electron dynamics. Further, this coherent-phonon-driven intervalley scattering
occurs in an unconventional steplike manner and further induces an electronic Rabi oscillation. By

constructing a two-level model and quantitatively comparing with ab initio dynamic simulations, we
uncover the critical role of nonadiabatic coupling effects. Finally, a new strategy is proposed to effectively
tune the intervalley scattering rates by varying the coherent phonon amplitude, which could be realized via
light-induced nonlinear phononics that we hope will spark experimental investigation.
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Monolayer transition metal dichalcogenides (TMDCs)
have captured extensive attention in the scientific commu-
nity in the past decades [1-5]. Alongside tremendous
potential for innovative applications, their band structure
that endows electrons with an extra valley degree of
freedom further allows the study of fundamental many-
body processes [3,5]. In particular, the intervalley scattering
of free carriers or bounded excitons with lattice vibrations,
namely phonons, has long been of central interest. As an
important mechanism for valley depolarization that con-
cerns the realization of practical valleytronics [3,6], a
microscopic investigation of this process would be crucial
for technological manipulation as well as for fundamental
physical understanding.

Early works focus mainly on the intervalley scattering
dynamics mediated by thermal phonons, where the
electron-phonon coupling (EPC) is vital to determine the
scattering rates and thus the electronic dynamics. Therein,
although mode-resolved EPC strength could be obtained
from ab initio calculations [7-11], available experiments are
limited as they capture the dynamics for specific electronic
states yet mediated by all phonon modes [12—15]. To resolve
the contributions from the individual phonon mode, one has
to excite it coherently, thereby driving the system out
of equilibrium [16,17]. Recently, selective excitation of
lattice vibration as coherent phonons has dramatically facili-
tated the dynamical control of materials’ properties, such as
switching lattice symmetry [18-21], engineering topological
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properties [22-25], enhancing superconductivity [26,27], and
manipulating carrier lifetimes [28-30]. In particular, theo-
retical and experimental investigations have recently emerged
to detect band- and mode-selective EPC under such non-
equilibrium conditions [31-35]. However, the complete
microscopic dynamics of photoexcited electrons scattered
by nonequilibrium coherent phonons in monolayer TMDCs
is unclear, and experimental insight into this process remains
hard to achieve due to the difficulty in launching selected
coherent phonon modes. Therefore, first-principle study in
femtosecond time regime becomes urgently needed to cali-
brate and guide ultrafast intervalley scattering dynamics
assisted by coherent phonons.

In this Letter, we study the coupled ultrafast electron
and lattice dynamics after laser excitation within the
formalism of real-time time-dependent density functional
theory based molecular dynamics (TDDFT-MD) [36-39],
focusing on coherent-phonon-driven intervalley scattering
between the K and Q valleys in monolayer WSe,, a
prototypical semiconductor in the TMDC family. By
evolving electron occupation with the presence of coherent
oscillation of a longitudinal acoustic phonon mode at M
point in the Brillouin zone, LA(M), we observe a steplike
transition of the resonantly pumped K valley electrons to
the Q valley. Further, the K-to-Q transition driven by
coherent phonons with large amplitude occurs on a time-
scale of ~400 fs, comparable with previous experimental
observations under thermal phonon conditions [12].
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(a) Top and side view of the monolayer WSe, lattice. (b) Contour plot of the lowest energy conduction band in the first

Brillouin zone (black line) showing the K and Q valley as local minima. (c) Schematic illustration of phonon-mediated intervalley
scattering upon photoexcitation. The momentum compensation is provided by the M point zone-boundary phonon [white arrow in (b)],
depicted by the atomic displacements imposing on the pristine lattice.

We construct a two-level Hamiltonian and extrapolate the
time-dependent nonadiabatic coupling matrix element
(NACME), which is strongly coupled to the steplike
intervalley scattering. Furthermore, we show that this
K-to-Q scattering process is highly tunable by -either
directly varying the phonon amplitude, or by indirect
manipulation via nonlinear phononics. Finally, we uncover
a reversible dynamics of electrons scattering back to the K
valley on a longer timescale, analogous to “Rabi oscil-
lation” but induced by the nonequilibrium coherent
phonons, which may invoke brand-new applications in
valleytronics.

Ultrafast electron-lattice dynamics.—Monolayer WSe,
has a sandwiched composition of Se-W-Se where the metal
and chalcogen atoms are arranged periodically forming a
hexagonal lattice [see Fig. 1(a) for the top and side view].
Its electronic structure features an indirect band gap with
the valence and conduction band extrema at the K and Q
point, respectively. There is also a sublowest unoccupied K
valley with a tiny energy difference of 60 meV, shown in
the energy contour plot in Fig. 1(b).

Under photoexcitation resonant with the direct gap at K
valley (1.74 eV), only the optically “bright” state forms, and
its subsequent relaxation to the “dark” Q state could be
realized with the assistance of short-wavelength phonons
with certain momentum compensation, specifically, the
LA(M) mode with its wave vector denoted by the dashed
line in Fig. 1(b). Such a process is schematically illustrated
in Fig. 1(c).

To study such ultrafast electron dynamics after
photoexcitation, we start from a 2 x 2 supercell displaced
along the eigenvector of the LA(M) mode with an
amplitude of ~1.7 Ay/amu and then resonantly excite
the K valley electrons with a Gaussian enveloped laser
pulse (Supplemental Material [40], Fig. S1). The middle
panel of Fig. 2(c) shows the coherent lattice motion with
frequency of 3.09 THz, consistent with the LA(M) mode
yet has been largely softened due to excited carriers (Table I
in Sec. S6 in the Supplemental Material [40]).

We also track the evolution of the electronic system in its
excited state, showing the transient band structure at 160
and 240 fs in Fig. 2(b). The red (blue) colored subbands
containing the K (Q) valley, which have been folded to the
same point in the reduced Brillouin zone [Fig. 2(a)],
undergo a dramatic change along with lattice vibrations.
For the time evolution of the K/Q valleys, we again
observe a simultaneous oscillation of their instant eigen-
values, shown in the upper panel of Fig. 2(c). Intriguingly,
the electronic system exhibits half of the period of the
lattice dynamics [Figs. 2(a) and 2(b)], arising from the
translational equivalence of the transient crystal structures
separated by half of the phonon period (Sec. S7 in the
Supplemental Material [40]).

Furthermore, we investigate the population dynamics
of photocarriers at the two valleys by calculating their
occupation number, and simulating the momentum-
resolved photoemission signal. Figure 2(d) shows different
snapshots following an external laser pulse. Initially
(t =40 fs), only the “bright” K valley undergoes a rapid
electron population, as expected for resonant excitation.
The signal diminishes at later times while the “dark”
Q valley population clearly builds up at ¢~ 300 fs,
until the Q valley states dominate the emission signal
at t~500 fs. To our best knowledge, such coherent-
phonon-driven phenomena have not been demonstrated
yet, as most time-resolved measurements are performed at
finite temperature with thermal phonons dominating.
Nevertheless, by calculating the ratio of the K/Q popula-
tion, we find a comparable timescale of electron transition
in comparison with previous experimental observation, yet
achieved by coherent lattice excitation; see Fig. 2(d). We
attribute this similar timescale in both coherent and thermal
phonon conditions to the intrinsically strong coupling of
the LA(M) mode with the valley states.

However, the complete coherent-phonon-driven elec-
tronic dynamics exhibit a steplike behavior [Fig. 2(c), lower
panel], which is the most distinguishable feature compared
with the exponential decay under thermal equilibrium

066401-2



PHYSICAL REVIEW LETTERS 131, 066401 (2023)

(C) (© Time (fs) (d)
0 200 400 600
I
s K
$ 20 \/ ‘
>
<
[ |
G 16 /\/\/\QA/
|
1.5 |
> \
(b) 2 o /
% 1 oo DD O This Letter. (Sim) ©
£ ot , 5
| — -0 o J. Madéo et al. (Exp) 15 5
A5 ‘ g 5 oo B g
S 2 h 2
< K £ 1 1 S
> —_ o oba.g >
= ‘v 0.2 b4 L
21 g o
& < g
0 0 400 800
0 Time (fs)
r K MT K M 0 200 400 600
Time (fs)
FIG. 2. (a) Two-dimensional Brillouin zone of the hexagonal unit cell and the 2 x 2 supercell with their high symmetry points colored

black and red, respectively. K and Q valleys share the same wave vector upon zone folding indicated by the purple dashed line. (b) Real-
time band structure at 160 and 240 fs where the band containing the K (Q) valley is colored in red (blue). (c) Upper panel: time evolution
of instantaneous eigenvalue of the K and Q valley. Middle panel: Atomic motion projected onto the eigenvector of the LA(M) mode.
The colored dashed lines denote the snapshots chosen for band structures plotted in (b). Lower panel: electron occupation of the K and Q
valley upon laser excitation imposed at t = 20 fs. (d) Momentum-resolved photoemission signal simulated at 40, 300, and 500 fs for a
direct visualization of the K-to-Q intervalley scattering, with the K/Q ratio for the occupation number shown by red squares. At a
timescale of ~400 fs, the occupation of the Q valley exceeds that of K (gray dashed line), comparable with a previous experimental

study [12] shown by the blue line.

conditions (Sec. S3 in the Supplemental Material [40]).
Here, we focus first on the K-to-Q transition within
~500 fs, and the subsequent reversed transition which
we have referred to as “Rabi oscillation” will be discussed
later (see the Supplemental Material [40] Fig. S4 for a full
K-Q-K Rabi oscillation cycle). Remarkably, when compar-
ing the middle and lower panels of Fig. 2(c), we again
observe a strong correlation between the transient occupa-
tion number and the structural dynamics. Immediately one
can see that electrons transfer from the K to Q valley when
the atoms are moving close to their equilibrium positions
with a maximum velocity, while negligible transition
happens when the lattice is deformed to a large amplitude,
i.e.,, a minimal atomic velocity, indicating the atomic
motion may act as a trigger for such steplike transitions.

This is in contrast with the thermal (quasi-)equilibrium
conditions, where thermal phonons are treated as static
perturbations and the electronic dynamics show no depend-
ence on the velocity of atomic motion [9,58]. Therefore,
this steplike behavior coupling with the lattice dynamics is
distinctive and likely due to the far-from-equilibrium
conditions where electrons are optically excited and lattice
vibrations are coherently driven.

We do note that the excitonic effect is not negligible in
two-dimensional TMDCs, especially in optical responses.
In the context of coherent-phonon-driven intervalley
scattering, we estimated the exitonic effect by explicitly
including the long-range electron-hole Coulomb inter-
action in our TDDFT calculations, and find no notice-
able change in the scattering features (Sec. S4 of the

Supplemental Material [40]). This is in agreement
with previous studies, where the electron-phonon coupling
has the largest contribution (~7 meV) to the nonadia-
batic coupling in phonon-induced bright-to-dark exciton
dynamics, at least 1 order of magnitude larger than the
electron-hole Coulomb interactions (~0.06 meV) [13,59].
Therefore, we conclude that the specific strong electron-
phonon coupling with the LA(M) mode allows for a
distinct coherent-phonon-driven scattering mechanism,
which is robust and not subject to the long-range electron-
hole interaction.

The nonadiabatic coupling matrix element.—To better
understand the physical picture of the ultrafast electron dy-
namics, we construct a simplified two-level Hamiltonian as

Dd(r)), )

N Ex
H =
(Dd(t) 'EQ

where eg, €¢ are the static energies of the K and Q state,
and D is defined as the deformation potential [60-62] that
quantifies the electron-phonon coupling strength [41,63]
(Sec. S9 of the Supplemental Material [40]). d(7) =
A cos(wt) describes the atomic motion along the LA(M)
mode, with A and @ being the normal mode amplitude and
frequency. Using parameters listed in Table II in Sec. S9 of
the Supplemental Material [40], we compute the instanta-
neous K(Q) valley eigenvalues shown in Fig. 3(a). The
TDDFT results are plotted again for a direct comparison,
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FIG. 3. (a) The instantaneous eigenvalue and (b) the electron
occupation of the Q valley calculated from the model Hamil-
tonian (red) and TDDFT simulations (black). The shaded area in
(b) represents the NACME value.

where the excellent agreement validates our analytical
model Hamiltonian.

To further elucidate the coupling of phononic and
electronic degree of freedom, we provide a nonadiabatic
perspective into the scattering dynamics [64,65] (Sec. S8 of
the Supplemental Material [40]). On the grounds of that, we
obtain the electron population on the Q valley as [42]

‘/dtle . r’S(’)< (1) |K(t)))e f di'e (1) ’
2)

and the K valley occupation number is obtained by particle
conservation. This allows us to extract the NACME

(a) (b)

(Q(1)|K(1)) that describes the breakdown of the adiabatic
approximation,

Dd(t)
eot) — ex(t)

As shown in Fig. 3(b), our two-level Hamiltonian
successfully reproduces the steplike behavior. Interestingly,
we find the scattering dynamics is mostly governed by the
NACME, that is, the steplike transition between the K and
Q valley occurs where the NACME exhibits a sharp peak,
whereas small NACME leaves the electron population on
the two valleys oscillating about their stable values. Again,
we see a correspondence of NACME with the atomic
velocity, accompanied by a narrowed gap between the K
and Q state [Eq. (3)]. Therefore, such strong a coherent
perturbation breaks down the adiabatic limit, and the
nonadiabatic electron-phonon coupling effect instead is
responsible for the steplike scattering dynamics.

Manipulating K-to-Q scattering by coherent phonons.—
We perform TDDFT calculations with two other optical
phonon modes but find negligible K-to-Q scattering. This
is closely related to the mode-selective electron-phonon
coupling strength, or more precisely, the deformation
potential and its effect on the NACME [Fig. S7(b) in the
Supplemental Material [40]]. More importantly, we find the
NACME can be largely enhanced by the coherent phonon
amplitude (Fig. S7(c)), offering an alternative avenue
toward engineering the intervalley scattering in TMDCs
that is hard to achieve under equilibrium conditions.

To validate this effect, we perform further TDDFT
calculations to simulate the evolution of K and Q valley
occupation with different LA(M) phonon amplitudes. We
define the transition rate as the normalized amount of
electrons transferred from the K to Q valley during the half
Rabi oscillation cycle, and its dependence on the LA (M)
phonon amplitude is shown in Fig. 4(a). About 40% more
electrons are scattered from the K to Q valley when the
phonon amplitude increases from 0.6 to 1.7 Ay/amu,

(O(IK(1)) = (3)
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within a MD simulation period of 1 ps.

(a) Modulation of electron transition rate by varying phonon amplitude. Red dashed line is a polynomial fit to guide the eye.
(b) Down-conversion decay channel of A; phonon into a pair of LA phonons at M. (c) Phonon amplitude of LA(M

) and A; modes
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tantamount to a few percent of Angstrom for each atom.
Therefore, apart from the electron-phonon coupling
strength, we propose the phonon amplitude to be a unique
medium for effective manipulation of valley depolarization.

Discussion.—In practice, coherent phonons that can be
optically driven can be manipulated from, for example, the
pump fluence [66,67]. However, the coherent mode domi-
nating the K-to-Q scattering has a large momentum, thus
making the proposal of optical manipulation less straight-
forward. Nevertheless, these zone boundary phonons could
be generated via the anharmonic coupling to the photo-
excited coherent phonons, with the mechanism commonly
known as nonlinear phononics [43,68-70]. Figure 4(b)
schematically shows the down-conversion decay channel of
the optically accessible A; mode [inset of Fig. 4(b)] into a
pair of the target LA(M) modes.

To capture the phonon down-conversion, we carry out
TDDFT-MD simulations by initially launching the A,
mode with a large amplitude of 2.2 A\/amu to mimic a
resonant excitation via a strong THz laser. According to our
numerical simulations, the peak field needed can be
technically realized, and further reduced to a more practical
value by delicate design of optical cavities [44-46,71]
(Secs. S2,S10, and S11 of the Supplemental Material [40]).
As is shown in Fig. 4(c), the A; mode oscillates coherently
with an almost constant amplitude within our simu-
lation timescale of 1 ps (Sec. S10 of the Supplemental
Material [40]). However, the amplitude of the LA(M) mode
grows exponentially, in analogy to the parametric reso-
nance process [43,72]. Moreover, it becomes much larger
than other modes in a longer timescale of ~3 ps, main-
taining a good selectivity [Fig. S9(c) in the Supplemental
Material [40] ]. Based on an analytical model for nonlinear
phononics (Sec. S11 in the Supplemental Material [40]),
we find the LA(M) amplitude can be largely modified by
the anharmonic coupling constant along with the A; mode
amplitude. While the coupling constant is intrinsic to a
material and approaches such as doping [73], strain [74,75]
or structural engineering [47] might be needed to control
their properties, the amplitude of A; mode has been shown
to strongly depend on the pump laser frequency or fluence,
thus could be more easily modulated [Fig. S8(a) in the
Supplemental Material [40]] [76,77]. Therefore, through
the tunability of the A; mode, we propose that the coherent
LA(M) mode can be generated with varying amplitude,
and our presented intervalley scattering mechanism could
potentially be realized with a delicate design and proper
driving conditions [78] (Secs. S11 and SI12 of the
Supplemental Material [40]).

Finally, as mentioned before, we find a trend of the
electrons being scattered back to the K valley on a longer
timescale (~700 fs); see Fig. S4 in the Supplemental
Material [40]. This result is somewhat surprising since
for thermal phonons one would expect a steady-state
population from Fermi’s golden rule [11,79]. Instead, such

a reversible scattering process resembles the “Rabi oscil-
lation,” but induced by nonequilibrium coherent phonons.
This may lead to innovative applications in lasing, “dark-
to-bright” exciton switching, as well as valleytronics,
where the valley degree of freedom concerns encoding,
storing, and processing information.

Conclusions.—We perform a time-resolved calculation
of the K-to-Q intervalley scattering in monolayer WSe, to
address ultrafast electron dynamics via nonadiabatic cou-
pling with coherent phonons. The time evolution of band
energy and occupation number of K and Q valleys reveal a
strong correlation between electron and lattice dynamics,
which is further characterized and captured by our two-
level model Hamiltonian. Based on the thorough under-
standing of the scattering dynamics, we propose that this
process can be efficiently modulated by varying phonon
amplitudes. Additionally, we suggest the anharmonic decay
of zone-centered long-wavelength phonon as a possible
channel to generate coherent oscillation of the short-
wavelength modes that couple to the electronic system
for future experimental realization of the observed scatter-
ing dynamics. We also note the Rabi oscillation between
the K and Q valley occupation may provide an extra degree
of freedom for further manipulation. Our work not only
reveals the fundamental many-particle process out of
thermal equilibrium, but also provides inspiration for the
dynamical control of valleytronic devices.
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