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ABSTRACT: Nonequilibrium electron—phonon coupling (EPC)
serves as a dominant interaction in a multitude of transient
processes, including photoinduced phase transitions, coherent
phonon generation, and possible light-induced superconductivity.
Here we use monolayer MoS, as a prototype to investigate the
variation in electron—phonon couplings under laser excitation, on
the basis of real-time time-dependent density functional theory
simulations. Phonon softening, anisotropic modification of the
deformation potential, and enhancement of EPC are observed,
which are attributed to the reduced electronic screening and
modulated potential energy surfaces by photoexcitation. Further-
more, by tracking the transient deformation potential and

Equilibrium — Non-equilibrium

nonthermal electronic population, we can monitor the ultrafast time evolution of the energy exchange rate between electrons
and phonons upon laser excitation. This work provides an effective strategy to investigate the nonequilibrium EPC and constructs a
scaffold for understanding nonequilibrium states beyond the multitemperature models.

KEYWORDS: nonequilibrium states, electron—phonon coupling, time-dependent density functional theory, ab initio calculations,

dynamically screened potential

lectron—phonon coupling (EPC) dominates a variety of

materials properties such as electrical resistivity, heat
capacity, and the transition temperature of superconductors.’
This old tree sprouts new buds in a wide range of
nonequilibrium conditions such as nonradiative recombination
and thermalization of photocarriers in semiconductors,”’
polaron formation,” photoinduced phase transitions,” coher-
ent phonon generation,””” and possible light-enhanced
superconductivity.'”'" The nonequilibrium EPC under photo-
excitation offers new possibilities to control quantum materials
such as controlling topological properties, guiding directional
phase transitions, and manipulating carrier lifetimes.'” ™’
Nevertheless, despite its great potential, a clear picture of the
EPC in excited states is still lacking. In order to understand
these nonthermal phenomena, quantitatively calibrating the
electron—phonon scattering processes between photoexcited
electrons and the lattice is necessary.

In the literature quasi-thermal descriptions have usually been
employed to quantify the relaxation processes associated with
laser excitation. On the basis of the standard Bloch—
Boltzman—Peierls formulas, the two-temperature model
(TTM) has often been used to depict the energy exchange
between the photoexcited electrons and the lattice in metals
under photoexcitation.”’~>* The nonequilibrium EPC was
characterized by the equilibrium electron—phonon coupling
matrix element 8; and the quasi-thermal occupations of
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electrons and phonons, which are described by the Fermi—
Dirac and Bose—Einstein distributions with the respective
effective temperatures. However, there exist a few severe
limitations with these quasi-thermal descriptions. (i) The
assumption of a quasi-thermal equilibrium in a given
subsystem is questionable. (ii) The constant value of matrix
elements for electron—phonon scatterings is suspicious under
nonequilibrium conditions. The trouble of slow thermalization
within the phonon subsystem can be partially solved by a
generalized TTM to§ether with time-dependent Boltzmann
transport equations.”> " In contrast, the constant value of
EPC matrix elements under photoexcitation has, to our
surprise, yet to be checked. The EPC matrix element, g,

namely the deformation potential (DP) of a given electronic
state with respect to specified phonon modes, describes the
change in electronic energy level upon the unit amplitude of
phonons, thus depicting the effective potential experienced by
electrons in a unit cell.” It has been shown that an effective
electron—electron interaction and electron—phonon interac-
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tion could be modulated upon photoexcitation.”” ™' The

effective “screening” as well as the EPC matrix elements would
change due to transient perturbation of the laser field.

Recent works have shown that EPC matrix elements could
be mapped by monitoring the time-resolved electronic
structure and the coherent phonon dynamics,”>° whereas
the mechanism of nonequilibrium electron—phonon coupling
is still obscure, due to the difficulty in loading a single coherent
phonon mode elaborately via photoexcitation. Therefore, there
is an urgent need to investigate photoinduced nonequilibrium
EPC matrix elements using first-principles calculations, which
is the basis of clarifying the effective coupling strength between
the laser-excited electrons and specific phonon modes.

In this work we calculate the nonequilibrium EPC matrix
elements and EPC strength under laser excitation in monolayer
MoS, (1L-MoS,), targeting a clear description of the energy
exchange between photoexcited electrons and the lattice. Our
first-principles molecular dynamics (MD) simulation via time-
dependent density functional theory (TDDFT)*® and
Ehrenfest dynamics shows that the photoinduced charge
transfer could reduce the electronic screening and modulate
the EPC matrix elements on an ultrafast time scale. By means
of modulating the potential energy surface, the photoexcitation
could enhance the EPC in monolayer MoS,. In addition, we
quantify the electron—phonon energy exchange rates after the
femtosecond laser illumination to elucidate the energy
relaxation processes from the photocarriers to high-energy
optical phonons. Our work is beneficial for a quantitative
understanding of the emerging nonequilibrium phenomena
mediated by electron—phonon couplings, and it provides a
new perspective toward utilizing laser-modulated quantum
materials.

B RESULTS

The calculations are performed on the basis of first-principles
TDDFT using a time-dependent ab initio package
(TDAP).”™* To investigate the nonequilibrium EPC, we
first quantify the excitation of electrons and phonons upon
laser illumination. The photon energy was set as fiw = 1.7 eV
in accordance with the calculated band gap of 1L-MoS,, and
the maximum of the laser electric field is located at t, = 50 fs.
(More details about the computational method can be found
in the Note 1 in the Supporting Information.) The laser-
induced evolution of electronic population is monitored to
study the dynamics of the electron subsystem. The occupation
of the conduction band minimum (CBM) increases rapidly
and reaches a maximum at t, = 50 fs and then slightly decays to
a constant value (Figure le). Resonant excitations, combined
with the valley structure of conduction bands, give rise to the
electronic excitation mainly located in the K valley (Figure 1c).
In the meantime, the atomic displacements along the A’
phonon mode are launched by the laser excitation (Figure
1b,f). The band energy at the CBM starts to oscillate with a
period of T ~ 81 fs (Figure 1g), close to the period of the A’
phonon in the ground state (80.2 fs). In addition, the high-
frequency oscillation (T & S fs) of the energy band may result
from the beating formed by the first-order and second-order
laser dressed charge density oscillation (A more detailed
discussion about this oscillation can be found in Note 11 in the
Supporting Information.) These results show the effect of
transient electron—phonon couplings between electron and
phonon subsystems during photoexcitation. By means of the
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Figure 1. Laser-induced excitation of electrons and phonons. (a)
Schematics of light-illuminated 1L-MoS, and its atomic structure. (b)
Schematics of the A’; mode (top panel) and the energy shift in the K
valley (bottom panel). (c) Occupation distribution of photoexcited
electrons at iw = 1.7 eV excitation under a laser intensity of 2.5 mJ/
cm?, resulting in a photocarrier density n & 5.7 X 10" cm™. The left
panel depicts the distribution under the strongest electric field of the
laser pulse (SO fs), while the right panel is the corresponding
distribution after the laser pulse vanishes (80 fs). The latter exhibits a
slight polarization along the k, direction. (d) Electric field profile of
the laser pulse. (e) Time-resolved occupation of photoexcited
electrons in the conduction band. (f) Displacements of sulfur atom
Az (blue) and (g) the band energy shift AE, (orange) of the k point
in Brillouin zone under photoexcitation. The yellow shadows
schematically indicate the intensity of the laser pulse.

nonequilibrium EPC, the photoexcited electrons provide the
driving forces for the coherent phonon generation.

After the end of the laser pulse, the electronic occupation of
K valley remains unaltered and this long-lived occupation will
persist for a long time (over 80 ps according to the
experimental measurements), until it is depleted by radiative
electron—hole recombination.”*”** In comparison with the
experimental condition, the decays of electronic occupation
and optical phonons are partially suppressed here due to the
limited scattering channels included in the simulations, while
this simplification provides a great convenience for investigat-
ing the transient EPC between the photoexcited carriers and
high-energy optical phonon modes, mainly the A’} phonon.

Through projecting the atomic displacements onto the
complete set of phonon eigenmodes, we obtain the mode-
resolved vibrational amplitude in photoexcited 1L-MoS,. Upon
laser excitation, the synchronized oscillation of Az (the atomic
displacement along the surface normal z direction) and AE;
(the shift of electronic energy level at the k point in the
Brillouin zone) indicate that light excitation is still in the
perturbation regime (Figure 1f,g). Further analysis shows that
A’ and E’ are the two primary phonon modes being
stimulated by the laser pulse. The amplitude of A’| is 3.75
times larger than the B’ mode (see Figure S1), indicating that
the A’, phonon is dominant. Furthermore, the deformation
potential of E’ is close to zero at the K valley; therefore, it
hardly contributes to the EPC. Thus, we focus only on the
dominant A’; mode hereafter (Supporting Information Note
2).

On the basis of the above analysis on photoexcited electrons
and phonons, we turn to evaluating the photoinduced EPC of
the transient states. In principle, the electron—phonon
coupling constant of the phonon mode v at q under the
ground-state condition is given by*’
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where gl“(kk + q) is the electron—phonon coupling matrix
element, N(¢y) is the density of states near the Fermi level, and

@,, is the phonon frequency. To evaluate the coupling strength
between the photocarriers and phonons, we adopt the two-
chemical-potential approach, which has been shown to
correctly explain the excitation of coherent phonons.”*"***
Since the photoexcited electrons/holes scale with the laser
intensity, two Fermi surfaces on the CBM and valence band
maximum (VBM) at the K valley, respectively, are defined.
The locations of the two Fermi surfaces are determined by the
respective occupation of photoexcited electrons and holes (see
more details in Note 8 in the Supporting Information). Here in
photodoped MoS,, the EPC mainly stems from intraband
transitions between states in the vicinity of the Fermi surfaces:
namely, g2(k,k + q) in the K valley of CBM and VBM.*® Thus,
the EPC constant 4., under laser excitation is determined by
two factors: (i) the intraband electron—phonon coupling
matrix elements gf* and (ii) the density of states near the Fermi
levels.

By monitoring the variations of energy band and projected
phonon amplitude, we could extract the EPC matrix elements
from simulated trajectories upon photoexcitation. In Figure 2a
the energy variations of CBM and out-of-plane atomic
displacements of the sulfur atoms are shown at four
representative instances. The gray line corresponds to the
energy band of the undistorted structure at the time t < 0.
When the ions move along the direction of phonon eigenmode
displacement, the prominent shift of the energy band (AE) is
proportional to the atomic displacements of sulfur atoms (Az)
(right panel of Figure 2a), which scales with the projected
phonon amplitude of the A’; mode (Au). Then the EPC
matrix element can be extracted from the gradient of AE to Au

n

ZWIOCUA;

oJu

g (k, k) =
@

where E, is the band energy at the momentum k point, u is the
projected phonon amplitude, and m, and @, are the reference
mass and the phonon frequency, respectively. To enhance the
numerical stability, we average the amplitude of band energy
and atomic displacements by fitting the oscillations of AE; and
Au in a time period of several cycles (~200 fs) with a cosine
function (Note 3 in the Supporting Information). By
employing the above method in a Ehrenfest molecular
dynamics simulation of 1L-MoS, with a single coherent A’
mode, we extract the EPC matrix elements of CBM and VBM
in the ground and excited states. The ground-state g; values
agree well with the results calculated by density functional
perturbation theory (DFPT) using the Quantum Espresso
package*”** (Note 4 in the Supporting Information).

The successful characterization of photoexcited electrons
and phonons enables us to extract the nonequilibrium EPC
matrix elements under photoexcitation. The time window is
selected from ~70 fs, when the coherent phonons begin to
vibrate, to 250 fs. In Figure 2c we compare the variations of
nonequilibrium intraband EPC matrix elements g; of the
valence band and conduction band, with the g; values being
extracted from the ground-state molecular dynamics launched

4802

1.00
0.95
0.90
. f 0.85
r M K 1o.00 0.01
Az (A)

r M K r

Figure 2. Evaluation of the out-of-equilibrium electron—phonon
coupling matrix elements. (a) The left panel shows the variations of
energy bands in several snapshots at t, = 0 fs, t; = 92 fs, ¢, = 100 fs,
and t; = 104 fs. Red dots overlaid on the band structure indicate the
electronic occupation excited by the laser pulse. The inset shows the
amplification of energy band variations in the K valley. The right
panel shows the band energy as a function of the corresponding
displacements of sulfur atoms (Az). (b) The ground-state g; values of
the valence (left panel) and conduction (right panel) bands in the
reciprocal space. (c) Variations of g; under light excitation in
comparison with the ground state. (d) Corresponding variations of g;
along the high-symmetry points.

with the same initial structure. Obviously the 6-fold symmetry
is broken in the photoexcited states, due to the influence of the
in-plane E’ mode, whose g; value also breaks the 6-fold
symmetry (Note 10 in the Supporting Information). The
amplitude of g; is enlarged over almost the whole Brillouin
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zone, and the variation Ag; resembles g; in the ground state.
Along the high-symmetry k-points path ' -M—K-I', we find
that g; is amplified at the K valley in both the CBM and VBM
(Figure 2d), which is exactly the location of photoexcited
electrons/holes. This increase in EPC matrix elements may
strengthen the coupling between the excited electrons/holes
and the A’; mode in 1L-MoS,.

To figure out why photoexcitation alters the g, value, we
calculate the modulation of the phonon frequency of the A’;
mode and potential energy surface (PES) resulted from laser
excitation. In comparison with the ground-state PES, the
photoexcited PES is more flat and asymmetrical, which will
lead to the softening of the A’} mode and the modulation of
the deformation potential. As shown in the top panel of Figure
3a, the softening of the A’} mode basically scales with the
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Figure 3. Modulation of electron—phonon coupling with different
photoexcited carrier densities. (a) Softening of the A’; mode with
various photoexcited carrier densities (red) and electron dopings
(gray). The Raman spectral data (gray cross) are taken from ref 46.
(b) Schematics of laser-induced variation in PES. The variations are
exaggerated to make it more intuitive. The practical variations in PES
are plotted in Figure SS. (c) Laser-induced variations of g of the A’
mode under different photoexcited carrier densities in comparison
with that in the ground state. (d) The corresponding electron—
phonon coupling constant Ar, 5, of photoexcited monolayer MoS, as a

function of photocarrier density.

density of photoexcited carriers. For comparison, we also
calculate the phonon softening resulting from electron doping
using a ground-state nonadiabatic molecular dynamics
simulation, as shown in the bottom panel of Figure 3a. The
latter is in very good agreement with experimental data (gray
crosses).*® The similar trend signifies a similar mechanism on
EPC enhancement: namely, the reduced screening of electrons.

The softening of the A’} mode and anharmonic PES are
closely related to the ultrafast charge transfer and reduction in
electronic screening.”****’ To elucidate the origin of EPC
enhancement, we employ an analysis of the charge transfer and
dielectric function under photoexcitation. The population of
photoexcited electrons, as shown in Figure 2a, concentrated in
the K valley (also in Figure le) can change the charge density
distribution, thus modulating the electronic screening. More
detailed analyses show that photoexcitation drives the charge
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transfer from the 4d orbital of Mo atoms to the 4p orbital of Se
atoms (Figure S4). On the other side, the EPC matrix element
can be related to the screening by**

1/2
h JAC)
8,k @) = | ————| qe,(9)———
i ZNpMquy v e(q, a)qv) (3)
1/2
where ( c ) is the normalization factor of EPC in a unit
INM @,
cell. g-e,(q) is the inner product of the wave vector g and the
polarization of the phonon mode. (‘/Kl is the “effective”
&(q,

dynamically screened potential experienced by electrons upon
the displacement of the nuclei. Macheda et al. and Miller et al.
also shown that the EPC is inversely proportional to the
dielectric screening.’”*® More intuitively, the effective
potential felt by conduction band electrons can be written as

Veff(‘]i t) = Vext(‘]f t) + Ve—e(qr t) 4)

The electronic screening, corresponding to the electron—
electron Coulomb interactions, are reduced by photoexcitation
due to introduce the e/h pairs in the electron gas, which is
consistent with previous works.”””" This reduction can give
rise to an enhancement of the effective potential between the
electrons and positively charged ions: namely, the EPC. Here
we calculate the dielectric constant consisting of the electronic
and ionic contributions. The dielectric constant ¢ is reduced
from 5.72 in the ground state to 5.44 in the photoexcited state
(approximately a 5% reduction, which is close to the
enhancement magnitude of the g value, 6.3%). For more
details about the dielectric constant of the photoexcited state
see Note 6 in the Supporting Information. These results
suggest that the photoinduced charge transfer will reduce the
electronic screening to A’; mode, thus enhancing the EPC.

To investigate the relationship between the nonequilibrium
EPC and laser excitation, we also calculate the variations of g
with different photocarrier densities. The amplitude of g is
enhanced at the K valley (Figure 3c). The amounts of these
variations show a positive association with the photoexcited
carrier n &~ 10 cm™. From the above discussion, the EPC
constant of the A’; mode at the I point is evaluated as shown
in Figure 3d, which basically grows linearly with the
photoexcited carrier density. Overall, as the laser intensity
increases, both the EPC matrix elements and density of states
are enlarged and therefore the EPC constant increases.
Therefore, we conclude that light excitation can enhance the
EPC in monolayer MoS,.

On the basis of the above analysis of the EPC of the
transient quasi-steady states, we can build a physical picture
about the ultrafast dynamic energy relaxation processes from
the photocarriers to the optical phonons (the A’; mode here).
In comparison with the EPC constant 4, the EPC energy
exchange rate P can be used to evaluate the dynamic time-
resolved coupling strength between the photoexcited electrons
and the lattice on the ultrafast time scale.””*>>” Here we
evaluate the time-dependent energy exchange rate P from the
photocarriers to the A’; phonon mode using the non-
equilibrium electronic occupation and EPC matrix elements:
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where @,, is the phonon frequency and g¥(k/k) is the EPC
matrix element. f,; and n,, denote the occupations of electrons
and phonons, respectively. E; and Ej are eigenvalues with the
wave vector k and band index ij. Similar to the previous
analyses, the contribution of intraband transitions dominates.

Figure 4 displays the time-daependent evolution of the

energy exchange rate P under illumination of a laser pulse.
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Figure 4. Time evolution of EPC energy exchange rate P after
photoexcitation under the laser pulse (2.5 mJ/cm?). The color
gradient region schematically shows the variation of the intensity of
the laser electric field. The black line indicates the total energy
exchange rate between electrons and phonons, and red and blue lines
represent the contributions from the conduction band and valence
band, respectively.

When the laser pulse increases, the energy exchange rate P
rapidly increases with a oscillation period of T = 5 fs, which is
ascribed to the growing photoexcited electronic occupation.
Then it decays to the steady value P ~ 2 X 10" eV/s shortly
after the laser pulse vanishes. The conduction band contributes
over 70% of the EPC energy exchange rate P, mainly because
the deformation potential of the conduction band is larger than
that of the valence band (Note 9 in the Supporting
Information). Our results correspond to the early stages of
relaxation processes under experimental conditions, when
photoexcited electrons/holes couple with the high-energy
optical phonon modes.”® If one assumes that the given hot
electrons are interacting with thermal hot phonons instead of
the nonthermal phonons, the EPC will be influenced by
phonon—phonon interactions and the linear superposition of
various phonon modes.

According to these analyses of transient EPC, we suggest
that the investigation of nonequilibrium EPC could provide a
route to engineer ultrafast devices. By photoexciting electrons
into antibonding orbitals, one can effectively tune the
deformation potential by laser pulses. This provides the
opportunity to design the optical control strategies for
photoinduced phase transitions or even light-enhanced
phonon-mediated superconductivity.”* We anticipate a prom-
inent change in the deformation potential and a limited phase
space at the early stages of photoexcitation that suppresses the
decay of optical phonons to acoustic phonons will trigger a
practical long-lived quantum state to play a role in ultrafast
switching devices, photocatalysis, and other real-world
applications.

Note that the long-range Coulomb forces are absent in all of
our investigations, while the dynamic screening of Frohlich
electron—phonon coupling may also influence the EPC in
MoS$,, which goes beyond the capability of DET.*” Miller et al.
showed that Frohlich exciton—LO phonon scattering can be
tuned by electronic doping thanks to an electron—impurity
interaction.”> We also note some works on the calculation of
Frohlich EPC in doped semiconductors by means of effectively
estimated dielectric constants.”® The photoinduced screening
of a Frohlich interaction is of great interest, posing new
challenges for tools on many-body interactions. Recent
developments in time-dependent GW equations provide
further opportunities in this aspect.’”"

In conclusion, we have investigated the variation of the
matrix element g the overall constant A4, and the energy
exchange rate P of electron—phonon couplings under laser
excitation within the framework of real-time TDDFT. We
extract the time-dependent amplitude of energy bands and
atomic displacements; thus, the out-of-equilibrium EPC matrix
elements and electronic occupations can be derived. We found
that photoexcited carriers can change the electronic screening,
thus modulating the PES of the A’} mode in 1L-MoS, to alter
the EPC matrix elements. This effect, in combination with the
increased carrier density, leads to the enhancement in EPC
upon photoexcitation. In addition, we evaluated the energy
exchange rate P from laser excited electrons to high-energy
optical phonons, which is deemed to be the main process
during the early stage of the relaxation process under
photoexcitation. Our work paves new ways to understand
phonon-mediated nonequilibrium phenomena and strips out
the the early state of energy relaxation processes from
photoexcited electrons to optical phonons.
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