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Understanding nonequilibrium electron-phonon interactions at the microscopic level and on ultrafast
timescales is a central goal of modern condensed matter physics. Combining time- and angle-resolved
extreme ultraviolet photoemission spectroscopy with constrained density functional perturbation theory,
we demonstrate that photoexcited carrier density can serve as a tuning knob to enhance electron-phonon
interactions in nonequilibrium conditions. Specifically, nonequilibrium band structure mapping and valley-
resolved ultrafast population dynamics in semiconducting transition-metal dichalcogenide 2H-MoTe,
reveal band-gap renormalizations and reduced population lifetimes as photoexcited carrier densities
increase. Through theoretical analysis of photoinduced electron and phonon energy and linewidth
renormalizations, we attribute these transient features to nonequilibrium modifications of electron-phonon
coupling matrix elements. This Letter advances our understanding of microscopic coupling mechanisms
enabling control over relaxation pathways in driven solids.

DOI: 10.1103/dvlz-93t8

Electron-phonon coupling (EPC) plays a fundamental
role in shaping various material properties, including
charge transport, thermal conductivity, optical responses,
and phase transitions [1]. In transition-metal dichalcoge-
nides (TMDCs), EPC is a key driver of charge-ordered
states and superconductivity [2—7], where its influence is
primarily dictated by the strength of the EPC matrix
elements and their screening [2,8—10]. Notably, in multi-
valley semiconducting TMDCs, EPC exhibits an uncon-
ventional enhancement with increasing static equilibrium
doping, attributed to the inefficient screening of strongly
coupled out-of-plane phonon modes [11]. This behavior
has significant implications for superconducting proper-
ties [6,7].

In nonequilibrium settings, ultrafast spectroscopic tech-
niques are well suited to investigating EPC-related phe-
nomena. While time-resolved optical spectroscopies allow
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for investigating energy and carrier relaxation processes
[12,13], ultrafast electron diffraction tracks energy flow
into and within the lattice degree of freedom in a
momentum-resolved fashion [14-16]. Moreover, time-
and angle-resolved photoemission spectroscopy provides
an energy- and momentum-resolved view on nonequili-
brium phenomena driven by EPC such as transient band
renormalizations, nonequilibrium phase transitions, coher-
ent phonons, and electronic population lifetimes [17]. In
photoexcited solids, EPC is responsible for electron
relaxation on multiple different timescales [18-20], aniso-
tropic nonthermal phonon relaxation [21], and thermal-
ization bottlenecks [22-24]. However, the microscopic
mechanisms underlying photoinduced modifications of
EPC remain poorly understood. For instance, experimental
time-resolved studies of graphene demonstrated both an
apparent enhancement [25] and a reduction [26] of EPC
strength, depending on the excitation conditions. However,
theoretical consensus on the origin of these modifications
has not been reached [27,28]. A similar debate exists for
photoexcited TMDCs. Indeed, a recent time-dependent
density-functional-theory study showed that photoexcita-
tion of MoS, enhances the EPC strength of optical
phonons due to reduced electronic screening [29]. In
contrast, femtosecond electron diffuse scattering and
corresponding ab initio simulations of time-dependent
Boltzmann equations (TDBEs) with additional carrier

Published by the American Physical Society
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screening found that photoexcitation reduces EPC of
optical phonons, suppressing intravalley phonon-related
scattering [30]. It is thus crucial to combine state-of-the-art
experimental and theoretical techniques sensitive to both
electron and lattice degrees of freedom to resolve the
debate on microscopic mechanisms underlying photoin-
duced EPC modifications. This is particularly relevant for
debated ultrafast light-induced EPC-related phenomena,
such as photoinduced or quenched superconductivity
[31,32] and structural order [33,34].

In this Letter, we present a joint experimental and
theoretical study of nonequilibrium EPC in 2H-MoTe,.
Using time- and angle-resolved extreme ultraviolet (XUV)
photoemission spectroscopy with a momentum microscope
detection scheme, we track the evolution of the electronic
structure and excited-state population dynamics in a valley-
resolved manner as a function of the photoexcited carrier
density. By correlating these measurements with constrai-
ned density functional perturbation theory (cDFPT), provid-
ing nonthermal momentum-resolved renormalizations of
phonons [28,35,36], we directly link the experimentally
observed band-gap renormalizations and carrier lifetime
reductions to photoinduced modifications of EPC matrix
elements. This Letter highlights the critical role of EPC and
the corresponding screening effects arising from photo-
induced carrier distribution in TMDCs—an essential feature
that is often overlooked in conventional thermalization
theories, including effective temperature models and
TDBEs [37,38].

The experimental setup [Fig. 1(a)] is articulated around a
polarization-tunable ultrafast XUV beamline [39] coupled
with a momentum microscope apparatus [40,41]. More
details can be found in Sec. S1 of the Supplemental
Material (SM) [42], as well as in Ref. [53]. Figure 1(b)
presents a schematic illustrating the equilibrium (left) and
photoinduced screened nonequilibrium EPC (right),
emphasizing the relative coupling strength (¢%) with acous-
tic and optical phonon branches. In Fig. 1(c), we show the
static and nonequilibrium band structure mapping of
2H-MoTe, along the K-X-I' high-symmetry direction,
obtained with XUV pulses only (left panel) and at the
temporal overlap between the IR and XUV pulses (right
panel). Section S2 of the SM contains an extended
discussion about these band position fitting proce-
dures [42].

In TMDCs, where Coulomb potential is poorly screened
and where strong many-body interactions are present,
electron-hole pairs from optical excitation enhance
Coulomb screening and modify EPC, leading to band-gap
renormalization in nonequilibrium settings [54-56]. The
investigation of photoexcited carrier density-dependent
band-gap renormalizations thus provides valuable informa-
tion about many-body effects determining the optical and
electronic properties of TMDCs. Data presented in Fig. 2(b)
reveal a direct band gap of A;f =1.19£0.01 eV at the K
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FIG. 1. Nonequilibrium band structure mapping and EPC in
2H-MoTe,. (a) Infrared pump (1.2 eV, 135 fs) and XUV probe
(21.6 V) pulses are focused on a bulk 2H-MoTe, sample in the
interaction chamber of a time-of-flight momentum microscope, at
an incidence angle of 65° and with the light incidence plane along
the crystal mirror plane (the I'-M direction). (b) Schematic of the
equilibrium (left) and nonequilibrium (right) EPC showing the
relative coupling strength (¢%), with acoustic and optical phonon
branches in both scenarios. (c) Static (left) and photoexcited
energy-momentum cuts (at pump-probe overlap; right) along the
I'-2-K high-symmetry direction, recorded using s-polarized IR
pump and p-polarized XUV probe pulses.

valley and an indirect band gap of Ag =1.14 £0.01 eV at
the X valley (for the lowest investigated photoexcited carrier
density: 2.7 x 10'> cm™2). When the photoexcited carrier
density is increased from 2.7 x 10'3 cm™2 (corresponding to
a fluence of 0.9 mJ/cm?) to 7.8 x 103 cm™2 (correspond-
ing to a fluence of 2.7 mJ/cm?), both A¢ and Al mono-
tonically decrease by a few tens of meV.

Beyond band-gap renormalization, the density of photo-
excited electron-hole pairs can significantly influence the
ultrafast relaxation mechanisms that govern the nonequili-
brium behavior of materials. We thus turn our attention to
the investigation of ultrafast valley-resolved electron
dynamics in photoexcited 2H-MoTe, as a function of
photoexcited carrier density. Integrating photoemission
intensities in the conduction band for six K and X valleys
[Fig. 3(a)] as a function of pump-probe delay yields the
valley-resolved population dynamics shown in Fig. 3(b),
here exemplified for the lowest (2.7 x 10'* cm™?) and
highest (7.8 x 10'3 cm™2) investigated photoexcited carrier
densities. At our pump photon energy (1.2 eV), the only
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FIG. 2. Photoexcited carrier density-dependent direct and
indirect band-gap renormalizations. (a) Energy-momentum cut
along the K-Z-I" high-symmetry direction, at pump-probe tem-
poral overlap, using s-polarized IR pump and p-polarized XUV
probe pulses, with arrows showing the direct (A_‘q’) and indirect
(A;) band gaps. (b) Photoexcited carrier density-dependent direct
and indirect band-gap values.

accessible bright optical transition is located around the
BZ boundary (the K valleys). Following photoexcitation at
the K valleys, carriers undergo ultrafast intervalley scatter-
ing to the X global conduction band minima, as reported in
similar semiconducting 2H-TMDCs [57-60]. The popula-
tion dynamics at the K and X valleys can be fitted by a
double-exponential decay function multiplied by a sigmoid
function that accounts for initial photoexcitation using an
IR pump with a finite duration (see Sec. S3 of the SM [42]).
In Figs. 3(c) and 3(d), we report the extracted valley-
resolved and photoexcited carrier density-dependent fast
(1) and slow (7,) time constants associated with the fitted
double-exponential decays.

Figure 3(c) reveals that the fast time constant (z;) in the
2 valleys appears to be largely independent of photoexcited
carrier density, remaining slightly below 1 ps. However, the
dynamics in the K valleys exhibit a different trend. Indeed,
we observe a global increase in lifetime with carrier
densities (with a small deviation from this trend at low
density). This behavior at the K valley can be reasonably
attributed to the hot phonon bottleneck effect [20,22,61,62]
(see Secs. S4 and S5 of the SM [42]). Strikingly, the slower
time constant (z,) exhibits a strong and opposite photo-
excited carrier density dependence [Fig. 3(d)]. Indeed,
population lifetimes at both the K and X valleys become
significantly shorter as photoexcited carrier density
increases. While these results demonstrate the possibility
of tailoring ultrafast population lifetimes using different
excitation conditions, which have also been discussed in
previous studies [28-30], the microscopic origin behind
these renormalized nonequilibrium scattering processes has
been subject to debate.

Indeed, such phenomena are often discussed in the
context of modified scattering phase space versus photo-
induced alteration of EPC matrix elements [3,26—29]. In the
case of TMDCs, a recent ultrafast electron diffraction study
suggested that modifications to the EPC matrix elements do
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FIG. 3. Photoexcited carrier density-dependent valley-resolved
population lifetimes (a) Constant energy contour of excited states
near the conduction band minima at the K and X valleys. The
forward-backward asymmetry in photoemission intensity arises
from the photoemission transition dipole matrix elements.
(b) Time-resolved population dynamics in the K (blue) and
% (red) conduction band valleys for two photoexcited carrier
densities (2.7 x 10" cm™2 and 7.8 x 103 cm™2). (c),(d) Valley-
resolved photoexcited carrier density-dependent time constants
(r; and 7,, respectively).

not play a decisive role for TiSe, [3], while a few
experimental and theoretical surveys reported significant
modifications (both increases and decreases) in screening
of EPC in photoexcited MoS, [29,30]. To resolve the
debate about the microscopic origin of this nonequilibrium
tuning knob of EPC, we performed state-of-the-art cDFPT
calculations [28].

By performing first-principles density-functional-theory
calculations on a 2H-MoTe, bilayer, the conduction band
minima are located at ¥ high-symmetry points, in agree-
ment with experimental measurements [Fig. 4(a)]. To
analyze the linewidths, scattering rates, and carrier life-
times, we computed the electron spectral function, which
incorporates the Fan-Migdal electron self-energy arising
from EPC [1]. The self-energy is computed from many-
body perturbation theory (MBPT) using either unscreened
EPC matrix elements from DFPT [63] or screened EPC
matrix elements from cDFPT. Therefore, combining MBPT
with cDFPT captures both the effect of modified scattering
phase space and a renormalized EPC matrix element in
nonequilibrium conditions, while a combination with
DFPT includes only the former.

In Fig. 4(a), we show the band-projected conduction
electron linewidth (y,)) due to electron-phonon scattering
using the equilibrium DFPT approach (see the SM for
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FIG. 4. Equilibrium and nonequilibrium electronic properties
of bilayer 2H-MoTe,. (a) Band-projected electron linewidth (y,,;)
for conduction bands of bilayer 2H-MoTe, along the I'-M-K-I"
path. (b) Single-particle electron lifetimes (1/y,,) for various
photoexcited carrier densities. The stars and dashed lines
represent results obtained using equilibrium EPC matrix elements
(eq. |g|?), while the filled circles and full lines show results of
cDFPT calculations (including screening of EPC matrix elements
by photoexcited carriers, exc. |g|*). (¢) Equilibrium and non-
equilibrium EPC matrix elements (|g,,|) at the bottom of the
K (blue) and X (red) valleys, separated in their acoustic (faint
colors) and optical (bold colors) phonon contributions. (d) Direct
(A2, blue) and indirect (Al, red) band gaps as a function of
photoexcited carrier density. The dashed horizontal lines re-
present the associated band-gap values for which no photoexcited
carrier screening of |g|? is considered.

computational details [42]), which exhibits a monotonic
increase of linewidth with energy. This behavior is quite
general [64-66] and persists in nonequilibrium settings
[58,67]. The inverse of electron linewidth (1/y,,) corre-
sponds to single-particle lifetimes. In Fig. 4(b), we show
how single-particle lifetime decreases as a photoexcited
carrier density increases in both the K and X valleys. This
effect is entirely due to a change in EPC matrix elements, as
shown in Fig. 4(c) (see also Fig. S3 in the SM [42]). The
linewidth calculation with equilibrium EPC matrix ele-
ments [the dashed line in Fig. 4(d)] misses out on the
decreasing trend of the electron lifetime. Visible conse-
quences of the photoinduced change in the EPC matrix
elements occur in the larger carrier concentration regime.
For the lower concentrations, the experimentally observed
decrease of 7, might be attributed to electron-electron
scattering [68]. In the EPC regime, we evaluate |g, x| =
> qum |9un.m (K, q)] for a fixed k and the first conduction
band (n.) and observe that, for both valleys (k = K, ¥),
coupling of the first conduction band to acoustic phonons

strengthens upon photoexcitation, while coupling to the
optical modes weakens. In addition, consistent with exper-
imental observations, EPC is stronger (shorter lifetime) at
the K valley (compared to X). However, single-particle
lifetimes are 2 orders of magnitude smaller than the
experimentally measured population lifetimes. This behav-
ior is expected, considering that the latter reflects the
collective two-particle scattering process [69], where the
scattering rate is additionally reduced by electron-hole
interaction (vertex correction). Nevertheless, the observed
trend in photoexcited carrier density-dependent lifetimes is
not affected by this additional process [69]. Also, it was
shown that Boltzmann equations overestimate (under-
estimate) the scattering rate (lifetime) for stronger inter-
actions and are far from equilibrium [70]. Moreover, as
seen experimentally, we observe photoinduced direct (Ag)
and indirect (A!) band-gap shrinkage with increasing
photoexcited carrier densities when properly accounting
for renormalization of EPC matrix elements in nonequili-
brium conditions. The impact of dynamical modification of
EPC on band-gap shrinkage is evident when comparing
results obtained using screened (round markers and solid
lines; cDFPT) and unscreened (dashed lines; DFPT) EPC
matrix elements in Fig. 4(d). The weak band-gap renorm-
alization for the lower carrier excitation (< 4 x 10'3 cm™2)
might be enhanced by the inclusion of the electron-electron
scattering effects [71]. Similarly, the overall underestima-
tion of the absolute band gap (by around 0.15 eV) could be
improved by accounting for the nonlocal electron correla-
tions as in the GW approach [71].

To further distinguish between the effects coming from
nonequilibrium modifications of the available electronic
scattering phase space and EPC matrix elements, we
computed the phonon spectral function B,(q,®) [via the
phonon self-energy 7,  |gq,|*20(q, @), where y4(q, w) is
the electronic susceptibility—see Sec. S6 of the SM for
more details [42] ] using two different approaches: (i) the
DFPT approach, where we use equilibrium unscreened
|9q,|* and nonequilibrium screened yo(q. ) and (ii) the
cDFPT approach, where both [gg,[* and yo(q.w) are
screened by the photoexcited nonequilibrium electron
distribution. Comparing DFPT and cDFPT results allows
us to analyze the nonequilibrium renormalization of EPC
matrix elements [A|g, , |; Fig. 5(c)], as well as its impact on
the renormalization of the spectral function [AB,(q,®);
Fig. 5(b)]. In the differential spectral function map
[AB,(q,®); Fig. 5(b)], the negative (blue) differential
signal is thus associated with enhanced spectral function
using a DFPT approach, therefore capturing the role of
photoexcited phase space for electronic transitions, while
the positive (red) differential signal originates from an
enhanced spectral function calculated using a cDFPT
approach, thus yielding information about the dynamical
renormalization of the EPC matrix elements.
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FIG. 5. Nonequilibrium phonon softening and renormalization
of EPC matrix elements. (a) Electron occupation factors projected
onto constant energy contours near conduction band minima.
Arrows represent intervalley scattering processes, which are
responsible for phonon softening. (b) Energy- and momentum-
resolved nonequilibrium renormalization of the phonon spectral
function [AB,(w,q)]. AB,(w,q) is obtained by taking the
difference between the phonon spectral function with equilibrium
matrix elements and the phonon spectral function with non-
equilibrium matrix elements. (c) Energy- and momentum-
resolved nonequilibrium renormalization of EPC matrix elements
(Algy.])- Alg,,| is obtained by taking the difference between
equilibrium and nonequilibrium EPC matrix elements and is
projected onto the equilibrium phonon bands.

In Fig. 5(b), the primary effect of nonequilibrium phase-
space modifications is the softening of strongly coupled
long-wavelength optical phonon modes (the blue negative
signal below 30 meV near I'). Conversely, the dominant
spectral function renormalization driven by modifications
in the EPC matrix elements appears in the acoustic
phonons near the M and X high-symmetry points (the
red positive signal below 10 meV). The nonequilibrium
decrease in EPC strength around the Brillouin zone center
(mainly optical phonons), along with its enhancement near
the Brillouin zone edge (mainly acoustic phonons), is
further confirmed by the explicit subtraction of the non-
equilibrium screened from the equilibrium screened | gq,,lz
[see Fig. 5(c)]. Upon photoexcitation, the reduction in
EPC strength for optical phonons is compensated for by a
significant increase in coupling for acoustic modes, lead-
ing to an overall nonequilibrium enhancement of the EPC
strength. This mechanism underlies the observed band-gap
renormalization and shorter lifetimes with increasing
photodoping, as seen in experiments.

In equilibrium, strong coupling to optical phonon
branches near I' is a known property of undoped
TMDCs [11]. Moreover, in some cases, static carrier
doping can promote coupling to the acoustic phonons

[72,73], their subsequent softening, and the occurrence of
dynamical instabilities [4,74,75]. Here, we observe a
similar behavior for the case of nonequilibrium photo-
doping. Indeed, the increase of EPC matrix elements
(A gqu\) for acoustic phonon modes (near 10 meV) around
the M and X points [Fig. 5(c) and Sec. S4 of the SM [42] ]
and their subsequent softening and heating highlight their
important role in the nonequilibrium electron-phonon
physics of photoexcited 2H-MoTe,. Similar observations
were reported in time-resolved electron diffraction studies
of 2H-WSe, [76] and 2H-MoTe, [77], where a significant
buildup of phonon population at the M and X points was
observed.

The effects of screening were also investigated from first
principles in semiconducting 2H-MoTe, and were found to
be crucial for describing the increase of ultrafast electron
diffuse scattering signals at the K, M, and X points [78] and
the reduction of the main Bragg peaks’ intensity [30]. We
not only confirmed a screening-induced reduction of EPC
strengths for long-wavelength optical phonons [30] but also
found significant photoinduced renormalization of the
acoustic and optical mode coupling at finite q high-
symmetry points (see also Fig. S3 of the SM [42]), leading
to the increase of the total EPC strength (see Fig. S4 of the
SM [42]) exemplified in the measured transient band gap
and carrier lifetime decrease. We claim that photodoping,
like conventional doping in TMDCs [11], is responsible for
the redistribution of EPC matrix elements and is crucial to
take into account in an ab initio self-consistent and fully
momentum-resolved manner when describing carrier relax-
ation and phonon dynamics.

In conclusion, we have demonstrated that excitation
density plays a critical role in enhancing EPC in photo-
excited 2H-MoTe,. By combining time- and angle-
resolved XUV photoemission spectroscopy with cDFPT,
we provided direct evidence of band-gap renormalizations
and modified carrier lifetimes as a function of photoexcited
carrier density. Our results reveal that increasing carrier
densities enhances electron-phonon scattering rates, lead-
ing to a pronounced renormalization of phonon energies
and linewidths. This effect is driven by modifications of
EPC matrix elements, as confirmed by our theoretical
calculations. Our results thus resolve the debate over the
dominant microscopic mechanism governing ultrafast elec-
tron-phonon dynamics (modified scattering phase space
versus photoinduced alteration of EPC matrix elements) in
photoexcited semiconducting TMDCs.
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