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Information technology demands high-speed optoelectronic devices, but going beyond the one terahertz (THz) barrier is
challenging due to the difficulties associated with generating, detecting, and processing high-frequency signals. Here, we show that
femtosecond-laser-driven phonons can be utilized to coherently manipulate the excitonic properties of semiconductors at THz
frequencies. The precise control of the pump and subsequent time-delayed broadband probe pulses enables the simultaneous
generation and detection processes of both periodic lattice vibrations and their couplings with electronic states. Combining
ultralow frequency Raman spectroscopy with first-principles calculations, we identify the unique phonon mode-selective and
probe-energy dependent features of electron-phonon interactions in layered PdSe,. Two distinctive types of coherent phonon
excitations could couple preferentially to different types of electronic excitations: the intralayer (4.3 THz) mode to carriers and the
interlayer (0.35 THz) mode to excitons. This work provides new insights to understand the excited-state phonon interactions of 2D
materials and to achieve future applications of optoelectronic devices operating at THz frequencies.
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INTRODUCTION

Fascinating quantum phenomena in atomically thin 2D materials
have attracted tremendous attention from fundamental research
to industry owing to their various applications in multiple areas'.
One of the most interesting features is the reduced screening that
leads to enhanced Coulomb interactions compared with their 3D
counterparts®. For example, tightly bound electron-hole pairs,
known as excitons, can form in 2D semiconductors with binding
energies of hundreds of millielectronvolts (about an order of
magnitude larger than those of typical 3D semiconductors)?.
Phonons are another quasiparticle in condensed matter systems,
and their interaction with other phonons, electrons, or photons is
of fundamental significance to understand physical properties
ranging from mobility to superconductivity. The electron-phonon
interaction is typically studied at the electronic ground state using
Raman spectroscopy®, whereas excited-state phonon dynamics
remains less understood. It is therefore critical to develop a deeper
understanding of how different phonon modes interact with other
quasiparticle excitations such as excitons.

Optical driving has emerged as a powerful method to generate
novel out-of-equilibrium transient phases of quantum matter that
are not available at equilibrium. A particularly useful tool to gain
knowledge of nature’s speediest processes is ultrafast
pump-probe experiments, in which the non-equilibrium states
are triggered by light pulses, and the temporal evolution is
subsequently monitored by appropriately-delayed probe pulses. A
variety of light-driven excited states have been explored in 2D
layered materials, including carrier relaxation dynamics®~’, super-
conductivity®, the anomalous Hall effect®, charge density waves'®,
chiral phonons'!, and spin-valley dynamics'?>-'. In the phonon
sector, the impulsive force provided by light pulses can initiate
coherent phonon oscillations, in which individual phonon modes

are selectively excited and lead to atomic motions that keep pace
with their neighbors. For example, vibrational wavepackets for the
radial breathing mode and the G mode have been observed in
carbon nanotubes'® and 47.4 THz coherent phonons of in-plane
carbon stretching mode have been reported in graphite’®. In
layered quasi-2D materials, these periodic vibrations can induce
relative atomic displacements and strains that are associated with
either interlayer (shear or breathing)'”'® or intralayer'®?° modes.
In the electronic sector, the photoexcited free carriers can modify
the screening properties of the material, providing an opportunity
to shift the conduction band (CB) and valence band (VB) relative
to each other?'~%, This provides an avenue for manipulating the
bandgap of the material in an all-optical way without any
chemical modification.

Bringing the electronic and phonon sectors together also
provides opportunities for applications. Future information
technologies call for new devices that can operate at frequencies
above 1THz or one trillion cycles per second. These high
frequencies are particularly useful: they can carry more informa-
tion (both classical and quantum) than lower frequency signals
and can open up new options for applications such as actuators,
radars, ultrafast data recording, processing, and communications
systems. However, the high-frequency performance of switches or
modulators is still a challenge, with a theoretical limitation of the
modulation speed to the gigahertz (GHz) regime?%2?’, With the
assistance of the strain induced by coherent phonons, one can
expect to go beyond the traditional limit and manipulate the
transient physical properties (e.g., optical, electronic, and topolo-
gical properties) that are sensitive to lattice symmetry at
frequencies comparable to the terahertz atomic motions. For
instance, ultrashort light pulses have been employed to achieve
an ultrafast topological switch based on the shear phonon
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Fig. 1 Steady-state characterizations of PdSe,. a Top and side views of PdSe, in Cairo pentagonal tiling pattern with puckered structure. The
Se and Pd atoms are shown in pale gold and blue, respectively. b Nanoscale surface topographic image of the as-synthesized PdSe, on a
quartz substrate. The white scale bar is 3 pm. ¢ Height profiles derived from the AFM image. High-resolution XPS spectrum of (d) Se 3d and (e)
Pd 3d. f Electronic band structure of eight-layer PdSe, obtained from first-principles calculations. g Measured equilibrium absorption spectrum
of the sample. The inset is the schematic illustration of pump-probe experiments.

oscillations of few-layer WTe, at a frequency of 0.24 THz?8. Despite
these promising developments, the direct demonstration of
terahertz-frequency modulation of the electronic bandgap is still
missing in current material systems with a limited probe
energy range.

To address this challenge, we report on an ultrafast modulator
of the electronic bandgap of few-layer palladium diselenide
operating at terahertz frequencies, taking advantage of electronic
(bandgap renormalization), and phonon (field-driven oscillations)
effects simultaneously. Combining broadband pump-probe
experiments and first-principles calculations, we reveal the
dominant roles of screening in the bandgap renormalization as
well as interactions with two types of coherent phonons that
preferentially couple to electrons and excitons and operate at 4.3
and 0.35 THz, respectively. Overall, the simultaneous interplay of
carriers, excitons, and phonons provides a comprehensive view of
the non-equilibrium quasiparticle dynamics and many-body
interactions in atomically thin 2D materials.

RESULTS AND DISCUSSIONS

Growth and characterizations of large-area PdSe,

As a transition-metal dichalcogenide (TMD), palladium diselenide
(PdSe,) has emerged as a new type of layered material with
distinctive physical properties such as remarkable stability in the
air, high carrier mobility, a negative Poisson’s ratio, and pressure-
induced superconductivity?®=3". In addition, PdSe, is expected to
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possess abnormally strong interlayer coupling beyond the typical
van-der-Waals forces found in layered materials, because of its
d?sp® hybridization between the p, band of Se and the d band of
Pd is stronger than in other TMDs with d’sp hybridization®2
Therefore, PdSe, offers an excellent platform to explore light-
driven non-equilibrium many-body interactions that can be
harnessed for application in functional devices. In this work, a
wafer-scale PdSe, sample is first synthesized on a quartz substrate
using the chemical vapor deposition (CVD) technique with high-
purity PdCl, and Se under vacuum conditions (from SixCarbon
Technology, Shenzhen). The top and side view of the crystal
structure of PdSe;, is shown in Fig. 1a, exhibiting a puckered
pentagonal pattern with an orthorhombic lattice. The high quality
of the sample is confirmed by detailed characterizations. The
nanoscale surface topographic image is shown in Fig. 1b and the
height profile of the sample is shown in Fig. 1c with a measured
average thickness of ~2.9 nm. The height corresponds to eight
layers with an interlayer distance of ~0.39 nm. According to the
AFM images, the height is very uniform over the whole sample,
implying uniformity of thickness and further confirming
the sample quality. The chemical and stoichiometric character-
istics are probed by X-ray photoelectron spectroscopy (XPS).
Figure 1d, e shows the high-resolution XPS spectrum of Se 3d and
Pd 3d regions, respectively. The two characteristic peaks at 54.75
and 55.65eV in Fig. 1d are attributed to the 2ds,, and 2ds,,
doublets of Se?>~ and the peaks located at 342 and 336.75eV in
Fig. 1e are originated from the 3ds,» and 3ds,, orbitals of Pd**.
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Fig. 2 Femtosecond-laser-driven spectral and temporal evolution of PdSe,. a 2D transient absorption map as a function of probe photon
energy and pump-probe time delay. b Transient AT/T spectra of PdSe, sample at different pump-probe time delays. ¢ Extracted exciton energy
shift (AE) as a function of pump-probe time delay. d Schematic of the electronic band structure at weak and strong screening regimes. The
overall AE results from an interplay between the quasiparticle bandgap (Eg) shrinkage and the exciton binding energy () reduction due to

the presence of photoexcited carriers.

The atomic ratio of Pd and Se atoms can be quantitatively
estimated to be near stoichiometric. Figure 1f shows the
calculated electronic structure of PdSe, with an indirect bandgap
of 1.1 eV using many-body perturbation theory. Figure 1g presents
the ground-state absorption spectra of the PdSe, sample
measured by UV-Vis-NIR Spectrophotometer (Agilent Cary
5000). The indirect bandgap is estimated to be 1.1 eV through a
linear extrapolation Tauc plot (Supplementary Note 1), in good
agreement with the calculated value. The spectrum features a
pronounced A-exciton transition resonance near 2.23 eV, corre-
sponding to the strong optical transition between the parallel
bands in Fig. 1f. The calculated exciton peak at 2.31eV is in
reasonable agreement with the measurement.

The ultrafast interplay between electronic and lattice
excitations

The temporal and spectral evolution of different electronic
transitions in PdSe, is recorded in real-time at room temperature
by measuring the differential transmission contrast signal AT/T
using ultrafast transient absorption spectroscopy (see Experimen-
tal section for details). The sample is excited by 35-fs pulses
centered at a photon energy of 3.4 eV and with a pump fluence
set to 160 u/cm~2. Figure 2a shows the 2D mapping of the AT/T
signal as the function of pump-probe delay and probe photon
energy. Figure 2b shows the AT/T spectra near A exciton
resonance for the first 10 ps. Interestingly, the variation of the
optical response appears immediately after photoexcitation, and
subsequently, the sample exhibits a distinct response at different
time delays. Pronounced photobleaching (PB) signal is observed
when probing near the A excitonic transition resonance, which
can be attributed to population-induced phase-space filling
effects arising from Pauli blocking. The absorption can be
obtained from the transmission spectrum with the thin-film
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approximation and the exciton resonance energy is extracted
from the absorption spectrum through Lorentz fitting (Supple-
mentary Note 2). Figure 2c shows the exciton energy shift (AE) as a
function of pump-probe time delay. With increasing time, the
exciton resonance energy experiences a dramatic energy shift
with a blueshift and redshift crossover as well as pronounced
oscillatory components. The large magnitude of this laser-induced
energy shift, compared to those in conventional semiconducting
quantum well systems or 2D materials*>33=37, is a signature of
strong many-body interactions in few-layer PdSe,. Initially, the
exciton energy shifts to higher energies, which may be due to the
Pauli blocking of the exciton band edge via the Burstein—-Moss
effect with high carrier density and the dynamic screening of
excitons induced by the free carriers. Afterward, a pronounced
energy redshift occurs at about 1.5 ps. The microscopic mechan-
ism behind the energy shift results from the competition between
the quasiparticle bandgap (Eg) shrinkage and the exciton binding
energy (Ep) reduction in the presence of strong carrier screening.
Optical excitation above the A exciton resonance generates an
abundance of free-charge carriers at the very beginning that
precedes A exciton formation. At such high excitation densities,
photoexcited carriers strongly screen Coulomb interactions. The
carrier-induced screening leads to a bandgap renormalization by
reducing both E4 and E,%3: the screening of the repulsive Coulomb
interaction between electrons reduces Ey, whereas the screening
of the attractive Coulomb interaction between electron-hole pairs
reduces Ey,. Such competition leads to the transition from blueshift
to redshift. Our results indicate that the presence of strong
screening due to excess photoexcited carriers play a crucial role in
the renormalization of the quasiparticle bandgap. As shown in Fig.
2d, under strong screening conditions, £, decreases much faster
than Ey, and as a consequence the exciton resonance energy Eqp
= E4 — Ey, redshifts, which is consistent with the energy redshift at
later times. Such screening effects can be partially captured by
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Fig. 3 Real-time observation of intralayer coherent vibrational dynamics of PdSe,. a 3D transient absorption spectrum in terms of
differential transmission AT/T as a function of time delay and probe photon energy on the femtosecond timescale. b The corresponding time-
dependent dynamic process with different probe photon energies. ¢ Coherent phonon dynamics at 4.3 THz probed at 1.71 eV. The oscillatory
components of the transient absorption spectrum are extracted after subtracting the population dynamics. d Extracted oscillatory
components of AE as a function of pump-probe time delay. The fitted lifetime is 1.73 ps.

hybrid functionals based on a screened Coulomb potential®®
(Supplementary Note 3).

Along with the pump-induced exciton resonance shift, we
observe an ultrafast periodic modulation of optical properties in
PdSe, on two different timescales. A plot of the temporal
evolution of the transmission contrast AT/T over a broad range
of probe photon energies exhibits the two regimes. The first
regime is over femtosecond timescales, as demonstrated in Fig.
3a, b, showing that the optical response has a strong modulation
of the differential transmission AT/T signal initiated by the
ultrashort laser. As shown in Fig. 3¢, the oscillatory part can be
fitted to a damped sinusoidal model [AT/T(t, ) = Be Y'cos(wt + ¢),
in which B is the initial amplitude, y is the decay constant, ¢ is the
phase angle (at t=0), and w is the angular frequency] with a
repetition rate of 4.3 THz and a lifetime of 1.4 ps when probed at
1.71 eV. In addition to AT/T, the oscillatory component of the time-
dependent ultrafast energy shift AE is extracted and fitted with
the damped sinusoidal model, as shown in Fig. 3d. The observed
modulation frequency of AE is also about 4.3 THz, corresponding
to 4.3 trillion cycles per second.

Analogous to the time-domain visualization of the coherent
vibrations on the femtosecond timescale, a second regime
emerges on longer timescales, also exhibiting an exceptionally
strong periodic modulation of the differential contrast signal AT/T
(Fig. 4a, b). The modulation feature weakens as the probe photon
energies are tuned from 2.14 to 1.71 eV. At 1.20 eV, the increased
modulation intensity arises from the intraband absorption
correlated to both free carriers and excitons. The oscillatory
components of the time-resolved AT/T can be extracted and fitted
after subtracting the bi-exponentially fitted population dynamics,
as demonstrated in Fig. 4c. The vibrational coherence profiles are
accurately fitted using an exponentially damped sinusoidal model
and the period is found to be 2.86 ps, corresponding to coherent
phonon oscillations at a frequency of 0.35 THz, much slower than
the oscillatory frequency of 4.3 THz. All the kinetic curves of the
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full-time range can be accurately fitted to a bi-exponential
relaxation model and the best-fit 7; and 1, as a function of probe
photon energy are demonstrated in Fig. 4d. The fast component 1,
can be due to extrinsic non-radiative energy channels such as
Auger-type processes and the cooling of hot carriers to the lattice,
and it is slightly dependent on the probe energy as different
probe frequencies would interrogate the carrier dynamics when
fulfills the resonance condition. The slow relaxation time 1, can be
attributed to the exciton lifetime and phonon scattering®°. As
shown in Supplementary Fig. 4, the frequency of the oscillations
can be further confirmed from the Fourier transform of the
oscillatory component probed at 1.71eV, showing two strong
peaks with modulation frequency at 4.3 and 0.35 THz.

Phonon dynamics revealed by low-frequency Raman
spectroscopy

Having established the importance of two distinct coherent
oscillations at THz frequencies, we next proceed to examine their
microscopic features. Recent advances in realizing ultra-narrow
optical filters have enabled the measurement of ultralow
frequency (typically < 60 cm~") Raman modes, offering a highly
sensitive probe of interlayer vibrations and couplings in two-
dimensional layered materials**°4!, The Raman spectra are
obtained in both low-frequency and high-frequency regimes
simultaneously with excitation energy of 2.33 eV, close to the A
exciton, as shown in Fig. 5a. The Stokes/anti-Stokes Raman spectra
under parallel (HH) and cross (HV) polarization configurations are
also shown in Fig. 5b. In the high-frequency regime, due to the C,,
symmetry of eight-layer PdSe,, only the A; and A, modes are
observed under the backscattering configuration, and they can be
attributed to the intralayer vibrations of PdSe;. Thus, the observed
high-frequency modes, A (i = 0, 1,2, ... , 5) peaks depicted in Fig.
5a, can be assigned to the A; modes based on their polarized
behaviors. The Ai1 (i=1,2,...,5) peaks correspond to the
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Fig. 4 Real-time observation of interlayer coherent vibrational dynamics of PdSe,. a 3D transient absorption spectrum in terms of
differential transmission AT/T as a function of time delay and probe photon energy on a picosecond timescale. b Time-dependent AT/T with
different probe photon energies. ¢ Coherent phonon dynamics at 0.35THz probed at photon energies of 2.58, 2.14, and 1.94eV. The
vibrational traces are fitted using an exponentially damped sinusoid model. d Fast decay time 1; and exciton lifetime 1, as a function of probe
photon energy. The best-fit value is fitted using a bi-exponential decay model with a criterion of the minimum standard deviation of the

residuals.

Pi(i=1,2,...,5) peaks highlighted of exfoliated PdSe,, which
can be attributed to the intralayer vibrations of PdSe,. The
intralayer vibration at 144.6 cm~' (4.3 THz) originating from the
intralayer Se-Se bonds shows the strongest Raman intensity,
implying its strong coupling to the electronic states. Besides, the
interlayer layer-breathing (LB) and shear (S) modes in the ultra
low-frequency regime can also be distinguished, which corre-
spond to vibrations perpendicular and parallel to the basal plane,
respectively. According to the density functional theory (DFT)
calculations and modified linear chain model®?, the interlayer
modes at 12.5, 35.4, 48.1, and 51.6 cm™' can be assigned to LBg,
LBgs, LBgs, and LBg,, respectively, as shown in Fig. 5a, further
confirming the layer number of 8 and also the high quality of CVD-
grown wafer-scale PdSe,. Distinct from many other 2D materials,
the intensity of the interlayer LB modes in PdSe; is unusually high
and is comparable to that of the high-frequency intralayer
vibrational modes, especially the peak at 12.5cm™' (0.35 TH2),
indicating strong coupling between the excitons and the LB
modes in pentagonal PdSe,.

Coincident with the Raman results at 144.6 cm~', we assign the
periodic signal at 4.3 THz as the signature of coherent phonons
with intralayer atomic vibrations within an individual PdSe, layer.
A possible explanation is that the intralayer atomic deformations
can dynamically alter the interatomic electron cloud over
femtosecond time scales, and therefore give rise to a transiently
modified permittivity, making it detectable as a frequency
modulated differential transmission contrast with our high time-
resolvability spectroscopy. Benefited with the broadband probe,
the phonon coupling with different excitonic transitions, at both
temporal and spectral domains, can be compared simultaneously.

Published in partnership with FCT NOVA with the support of E-MRS

Without any coupling, the oscillatory amplitude and coherence
lifetime would be zero. Under a broadband probe with a fixed
excitation strength, different types of collective oscillations of
atoms are initiated and then become decoherent at the same
level, but they have different responses at different transitions. For
transitions with stronger coupling with phonons, more pro-
nounced oscillatory amplitudes and longer-lasting coherence
lifetimes are expected. As shown in Fig. 3b, the 4.3 THz intensity
modulation AT/T related to excited-state absorption and carrier
absorption (1.2-1.8 eV) is more pronounced than that near the
vicinity of the exciton resonance. With the intralayer coherent
atomic motions coupling preferentially to carriers, they influence
the strength of carrier-induced screening and considerably alter
the electronic bandgap at an extremely high frequency of 4.3 THz,
as discussed earlier in Fig. 3d. The observed coherent phonon
oscillations at 0.35 THz can be assigned to the low-frequency LBg;
mode originating from the out-of-plane interlayer vibrations and
such strong coupling is in good agreement with the large Raman
intensity of LBg; peak. This can be attributed to the modified
permittivity based on the coherent modification of the electronic
structure. As shown in Fig. 4b, the 0.35THz oscillation couples
most strongly near the exciton resonance, while the coupling is
much weaker in the regime of excited-state absorption. In contrast
to the absence of coherent signals in the PB band of black
phosphorus'’, the strong coherent phonon oscillation of PdSe, at
0.35THz preferentially coupled with excitons at the PB band,
indicating the exceptional strong exciton-phonon coupling in
PdSel
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Fig. 5 Ultralow-frequency Raman spectroscopy of PdSe,. a Raman
spectra of under unpolarized, parallel (HH), and cross (HV)
polarization configurations. b Stokes/anti-Stokes Raman spectra
measured in HH and HV polarization configurations.

Electron-phonon coupling from first-principles

To confirm our picture of phonon dynamics in PdSe,, we perform
phonon and electron-phonon coupling calculations using the
finite-difference method*2. Figure 6a demonstrates the calculated
phonon dispersion of eight-layer PdSe,, showing this configura-
tion to be dynamically stable. The phonon occupation number N,
is obtained from the Bose-Einstein distribution function at 300 K.
The calculated displacement patterns in Fig. 6b confirm that the
higher frequencies around 4.3 THz (144.6 cm™") are dominated by
intralayer vibrations of Se atoms, while the low-frequency modes
below 1THz (33.3 cm™") are dominated by interlayer vibrations of
both Pd and Se atoms. In the low-frequency regime, the calculated
phonon frequencies are lower than the measured ones, because
the generalized gradient approximation to the exchange-
correlation functional tends to underestimate the interatomic
bonding. Therefore, the calculated LBg; frequency of 0.30 THz is
accordingly lower than the measured frequency of 0.35 THz. The
strength of electron-phonon coupling is estimated using a frozen-
phonon approach along the normal modes with frequencies
around 4.3 and 0.35 THz at the I point. It is found that there are
two modes with much stronger coupling strength than their
neighboring modes (Supplementary Fig. 5). As shown in Fig. 6d,
the high-frequency intralayer mode at 4.30THz significantly
modulates the high-lying CBs around 3 eV. This is because the
high-lying CBs come from the intralayer orbitals along the Pd-Se
bonds (Fig. 6¢), and only strong intralayer displacements can
influence their wave function. By contrast, the interlayer mode of
0.30THz strongly couples with the highest VBs. These bands,
consisting mainly of d,. orbitals of Pd and p, orbitals of Se, are the
dominant hole states in the formation of the A exciton. The d,
orbitals of Pd and p, orbitals of Se, oriented along the out-of-plane
direction, are extremely sensitive to the interlayer breathing
mode, which strongly couples to their charge distribution (Fig. 6¢).
The calculated electron—-phonon dynamics are consistent with the
observed ultrafast periodic modulation of both AT/T and AE in our
broadband pump-probe experiments, in which the high energy
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carriers are more sensitive to the intralayer mode, while the A
exciton is more sensitive to the interlayer mode. It should be
noted that an accurate estimation of the different coupling
processes requires the detailed computation of both
electron-phonon and exciton-phonon coupling strengths*, but
here we use the frozen-phonon method of selected modes
motivated by the experimental results (for the variation of exciton
absorption under these two phonon modes, see Supplementary
Fig. 7).

In conclusion, our findings provide a pathway for the future
development of THz frequency optoelectronic devices based on
layered PdSe,. Furthermore, the observed vibrational phenomena
combined with theoretical calculations provide an intuitive picture
for exciton-phonon and electron-phonon interactions in 2D
layered materials, which is supported by the ultralow frequency
Raman spectroscopy with frequencies down to 5cm™".

METHODS

Sample preparation

High-quality PdSe, samples are grown on quartz substrate directly by the
CVD method using PdCl, and Se powder as precursors. Selenium is
evaporated at 250 °C, PdCl, is in the middle of a three-zone tube furnace
with an intermediate temperature of 500 °C, and quartz substrate is in the
last high-temperature zone of 600 °C. The evaporated Se and PdCl, are
grown on a quartz substrate in a high-temperature zone dragged by
300 standard cubic centimeters per minute (sccm) Ar and 30 sccm H,. The
furnace is kept at 600 °C for 20 min. Then, the temperature is cooled down
to room temperature.

Femtosecond transient absorption spectroscopy

The broadband transient absorption spectroscopy utilized a Ti:sapphire
ultrafast amplifier (Legend Elite-1K-HE Coherent, 800 nm, ~35fs, ~4mJ,
and 1kHz) and pump-probe transient absorption spectrometer (Helios,
Ultrafast System). The generated laser pulses are split into two optical
paths by a pellicle beam splitter. One weak portion of the laser beam is
used to generate a white light continuum as the broadband probe after
passing through a sapphire or CaF, crystal. Both the supercontinuum
crystal and photodetectors need to be switched for the visible and near-
infrared band. The other strong pulse is used to pump a nonlinear optical
parametric amplifier (Light Conversion TOPAS) to produce pump laser
pulses with tunable photon energy. The resolution of the pump-probe
time delay is ~20fs, tuned by a delay line (Thorlabs). The pump-probe
time delay is controlled by a highly accurate motorized optical delay line.
The pump pulse is modulated at 500 Hz by a mechanical chopper to
ensure that the signal with or without photoexcitation can be recorded
alternately. In this work, the pump and probe polarizations are controlled
by a 1/2 plate and are crossed at the sample. The polarization of the two
pulses is aligned in such a way that the angle between them is a magic
angle of 54.7° to avoid any potential artifacts due to rotation effects. All
acquired data are corrected by the frequency-dependent chirp and
background scattered light.

Electronic structures calculations

First-principles calculations are performed on the basis of DFT with the
projector augmented wave method as implemented in the Vienna ab initio
simulation package**. The Perdew-Burke-Ernzerhof parameterization of
the generalized gradient approximation is adopted as the exchange-
correlation functional®. To describe van der Waals interactions in eight-
layer PdSe,, the Tkatchenko-Scheffler method is used, which provides
better agreement with the measured lattice constants compared to other
methods*®. Kinetic cutoff energy of 500 eV with an energy threshold of
10-%eV for the self-consistent cycle is employed. The Brillouin zone is
sampled using the Monkhorst-Pack method with a k-point grid of size 5 x
5. The cell geometry and atomic positions are fully optimized using the
conjugate gradient algorithm until the maximum force on each
unconstrained atom is less than 0.01eV/A. We maintain an interlayer
vacuum spacing larger than 16 A to eliminate interactions between
adjacent slabs. Spin-orbit coupling is found to have a negligible influence
on the electronic structure. Many-body perturbation theory calculations
are conducted to obtain the quasiparticle electronic structures, in which
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the electron-electron interactions are included in the self-energy*’*%, The
single-shot GoW, method is applied on top of the HSE06 hybrid
functional®®. Careful convergence tests are performed using k-point grids
of 6x6, 10x 10, and 12 x 12. Consistent with previous work, a 6 x6 k-
point grid can produce a qualitatively good dielectric function comparable
to that of the 14 x 14 grid*, and a 10 x 10 k-point grid is well-converged.
In addition, the GoW, dielectric functions calculated using 768 and 384
bands show no significant difference. Therefore, we use 384 bands with a
10x 10 k-point grid in the calculations. Many body corrections are
included in the band structure in Fig. 1f in the form of a scissor shift of
0916 eV.

Lattice dynamics and electron-phonon coupling calculations
We obtain the harmonic interatomic force constants using the finite
displacement method in a 2 x 2 supercell with the PHONOPY code>°. The
full phonon dispersion is shown in Supplementary Fig. 6. We estimate the
strength of electron-phonon coupling by calculating the electronic
structure along the normal mode ug,*':

1 iqR
Uqy = —— Z vV mahpaieilq' PW_quiia 1)
VNp gl

where q and v are reciprocal space phonon wavevector and branch
respectively, N, is the number of primitive cells in the real space supercell,
R, is the position vector of unit cell p, m, is the nuclear mass of atom a, i
runs over Cartesian coordinates, h,,; is the displacement coordinate, and
Wquia is the corresponding eigenvector. We use an amplitude of uqy
corresponding to the 10 of the Gaussian describing the ground state
phonon wave function, given by 1/,/2wg, Where wgq, is the phonon
frequency. We average over negative and positive displacements to
calculate the absolute energy change in the presence of the frozen
phonons. The electron-phonon coupling strengths for different phonon
modes at the I point are shown in Supplementary Fig. 5, which can be
directly compared with time- and angular-resolved photoelectron
spectroscopy®'2,

Published in partnership with FCT NOVA with the support of E-MRS

Z. Lietal

np)

b c

@ intralayer @ intralayer

gt EEA
L2 = SN

@ interlayer @ interlayer

oo fFF
wam YAk

e

<

% AE (meV)
~ 30.
S 15

=

(9]

[=

L

r X S Y r

Fig. 6 Lattice dynamics and electron-phonon coupling in PdSe,. a Calculated phonon dispersion spectrum of eight-layer PdSe,.
b Displacement patterns of the intralayer and interlayer modes. ¢ Partial charge density of the electronic states that couple most strongly to the
corresponding atomic displacements. Electronic structure modulated by (d) intralayer mode at 4.30 THz and (e) interlayer mode at 0.30 THz.

DATA AVAILABILITY

The authors declare that all data supporting the findings of this study are available
within the paper and its Supplementary Information files.

Received: 16 June 2021; Accepted: 29 October 2021;
Published online: 26 November 2021

REFERENCES

1. Zhou, J. D. et al. A library of atomically thin metal chalcogenides. Nature 556,
355-359 (2018).
2. Mak, K. F. & Shan, J. Photonics and optoelectronics of 2D semiconductor transi-
tion metal dichalcogenides. Nat. Photonics 10, 216-226 (2016).
3. Scholes, G. D. & Rumbles, G. Excitons in nanoscale systems. Nat. Mater. 5, 683-696
(2006).
4. Tan, P. H. et al. The shear mode of multilayer graphene. Nat. Mater. 11, 294-300
(2012).
5. Shan, H. et al. Direct observation of ultrafast plasmonic hot electron transfer in
the strong coupling regime. Light 8, 9 (2019).
6. Wang, R. et al. Unveiling the stimulated robust carrier lifetime of surface-bound
excitons and their photoresponse in InSe. Adv. Mater. Interfaces 6, 1900171 (2019).
7. Yuan, L. et al. Photocarrier generation from interlayer charge-transfer transitions
in WS,-graphene heterostructures. Sci. Adv. 4, 1700324 (2018).
8. Mitrano, M. et al. Possible light-induced superconductivity in K3Cgo at high
temperature. Nature 530, 461-464 (2016).
9. Mclver, J. W. et al. Light-induced anomalous Hall effect in graphene. Nat. Phys. 16,
38-41 (2020).
10. Zhuy, C. et al. Light-tunable 1T-TaS, charge-density-wave oscillators. ACS Nano 12,
11203-11210 (2018).
11. Zhu, H. et al. Observation of chiral phonons. Science 359, 579-582 (2018).
12. Cheng, L. et al. Far out-of-equilibrium spin populations trigger giant spin injection
into atomically thin MoS,. Nat. Phys. 15, 347-351 (2019).
13. Sie, E. J. et al. Large, valley-exclusive Bloch-Siegert shift in monolayer WS,. Science
355, 1066-1069 (2017).

npj 2D Materials and Applications (2021) 87



np)

Z. Lietal

4

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

. Chen, X, Yan, T. F, Zhuy, B. R, Yang, S. Y. & Cui, X. D. Optical control of spin
polarization in monolayer transition metal dichalcogenides. ACS Nano 11,
1581-1587 (2017).

. Gambetta, A. et al. Real-time observation of nonlinear coherent phonon
dynamics in single-walled carbon nanotubes. Nat. Phys. 2, 515-520 (2006).

. Ishioka, K. et al. Ultrafast electron-phonon decoupling in graphite. Phys. Rev. B 77,
121402 (2008).

. Boschetto, D. et al. Real-time observation of interlayer vibrations in bilayer and
few-layer graphene. Nano Lett. 13, 4620-4623 (2013).

. Miao, X, Zhang, G., Wang, F., Yan, H. & Ji, M. Layer-dependent ultrafast carrier and
coherent phonon dynamics in black phosphorus. Nano Lett. 18, 3053-3059 (2018).

. Trovatello, C. et al. Strongly coupled coherent phonons in single-layer MoS,. ACS

Nano 14, 5700-5710 (2020).

Jeong, T. Y. et al. Coherent lattice vibrations in mono- and few-layer WSe,. ACS

Nano 10, 5560-5566 (2016).

Liu, F., Ziffer, M. E,, Hansen, K. R, Wang, J. & Zhu, X. Direct determination of band-

gap renormalization in the photoexcited monolayer MoS,. Phys. Rev. Lett. 122,

246803 (2019).

Chernikov, A., Ruppert, C., Hill, H. M., Rigosi, A. F. & Heinz, T. F. Population

inversion and giant bandgap renormalization in atomically thin WS, layers. Nat.

Photonics 9, 466-470 (2015).

Pogna, E. A. A. et al. Photo-induced bandgap renormalization governs the

ultrafast response of single-layer MoS,. ACS Nano 10, 1182-1188 (2016).

Gatti, G. et al. Light-induced renormalization of the dirac quasiparticles in the

nodal-line semimetal ZrSiSe. Phys. Rev. Lett. 125, 076401 (2020).

Mor, S. et al. Ultrafast electronic band gap control in an excitonic insulator. Phys.

Rev. Lett. 119, 086401 (2017).

Samizadeh Nikoo, M. et al. Nanoplasma-enabled picosecond switches for ultra-

fast electronics. Nature 579, 534-539 (2020).

Ma, Z. T, Geng, Z. X, Fan, Z. Y., Liu, J. & Chen, H. D. Modulators for terahertz

communication: the current state of the art. Research 2019, 6482975 (2019).

Sie, E. J. et al. An ultrafast symmetry switch in a Weyl semimetal. Nature 565,

61-66 (2019).

Oyedele, A. D. et al. PdSe,: pentagonal two-dimensional layers with high air

stability for electronics. J. Am. Chem. Soc. 139, 14090-14097 (2017).

EIGhazali, M. A. et al. Pressure-induced superconductivity up to 13.1 K in the

pyrite phase of palladium diselenide PdSe,. Phys. Rev. B 96, 060509 (2017).

Liu, G., Zeng, Q., Zhu, P., Quhe, R. & Lu, P. Negative Poisson’s ratio in monolayer

PdSe2. Comput. Mater. Sci. 160, 309-314 (2019).

Puretzky, A. A. et al. Anomalous interlayer vibrations in strongly coupled layered

PdSe,. 2D Mater. 5, 035016 (2018).

Harel, E., Rupich, S. M., Schaller, R. D., Talapin, D. V. & Engel, G. S. Measurement of

electronic splitting in PbS quantum dots by two-dimensional nonlinear spec-

troscopy. Phys. Rev. B 86, 075412 (2012).

Chi, Z. et al. Ultrafast energy dissipation via coupling with internal and external

phonons in two-dimensional MoS,. ACS Nano 12, 8961-8969 (2018).

Yan, T., Qiao, X, Liu, X, Tan, P. & Zhang, X. Photoluminescence properties and

exciton dynamics in monolayer WSe,. Appl. Phys. Lett. 105, 101901 (2014).

Sie, E. J. et al. Observation of exciton redshift-blueshift crossover in monolayer

WS,. Nano Lett. 17, 4210-4216 (2017).

Roth, S. et al. Photocarrier-induced band-gap renormalization and ultrafast

charge dynamics in black phosphorus. 2D Mater. 6, 031001 (2019).

Heyd, J. & Scuseria, G. E. Hybrid functionals based on a screened Coulomb

potential. J. Chem. Phys. 118, 8207 (2003).

Shi, H. et al. Exciton dynamics in suspended monolayer and few-layer MoS, 2D

crystals. ACS Nano 7, 1072-1080 (2013).

Zhang, X. et al. Phonon and Raman scattering of two-dimensional transition

metal dichalcogenides from monolayer, multilayer to bulk material. Chem. Soc.

Rev. 44, 2757-2785 (2015).

Liang, L. et al. Low-frequency shear and layer-breathing modes in Raman scat-

tering of two-dimensional materials. ACS Nano 11, 11777-11802 (2017).

Monserrat, B. Electron-phonon coupling from finite differences. J. Phys. 30,

083001 (2018).

Reichardt, S. & Ludger, W. Nonadiabatic exciton-phonon coupling in Raman

spectroscopy of layered materials. Sci. Adv. 6, eabb5915 (2020).

Kresse, G. & Furthmiiller, J. Efficient iterative schemes for ab initio total-energy

calculations using a plane-wave basis set. Phys. Rev. B 54, 11169-11186 (1996).

Perdew, J. P., Burke, K. & Ernzerhof, M. Generalized Gradient Approximation Made

Simple. Phys. Rev. Lett. 77, 3865-3868 (1996).

Sun, M. et al. Few-Layer PdSe, Sheets: Promising Thermoelectric Materials Driven

by High Valley Convergence. ACS Omega 3, 5971-5979 (2018).

Shishkin, M. & Kresse, G. Implementation and performance of the frequency-

dependent GW method within the PAW framework. Phys. Rev. B 74, 035101

(2006).

npj 2D Materials and Applications (2021) 87

48. Fuchs, F., Furthmdller, J.,, Bechstedt, F., Shishkin, M. & Kresse, G. Quasiparticle
band structure based on a generalized Kohn-Sham scheme. Phys. Rev. B 76,
115109 (2007).

Kuklin, A. V. & Agren, H. Quasiparticle electronic structure and optical spectra of
single-layer and bilayer PdSe,: Proximity and defect-induced band gap renor-
malization. Phys. Rev. B 99, 245114 (2019).

Togo, A. & Tanaka, I. First principles phonon calculations in materials science. Scr.
Mater. 108, 1-5 (2015).

51. De Giovannini, U,, Hiibener, H. Sato, S. A. & Rubio, A. Direct measurement of
electron-phonon coupling with time-resolved ARPES. Phys. Rev. Lett. 125, 136401
(2020).

Hein, P. et al. Mode-resolved reciprocal space mapping of electron-phonon
interaction in the Weyl semimetal candidate Td-WTe,. Nat. Commun. 11, 2613
(2020).

49.

50.

52.

ACKNOWLEDGEMENTS

This work is supported by the National Natural Science Foundation of China (NSFC)
(11535008, 11874350); The 111 Project of China (No. B13029); CAS Key Research
Program of Frontier Sciences (Grant No. ZDBS-LY-SLH004). B.P. and B.M. acknowledge
support from the Winton Programme for the Physics of Sustainability, and B.M. also
acknowledges support from the Gianna Angelopoulos Programme for Science,
Technology, and Innovation. The calculations were performed using resources
provided by the Cambridge Tier-2 system operated by the University of Cambridge
Research Computing Service (http://www.hpc.cam.ac.uk) and funded by EPSRC Tier-2
capital grant EP/P020259/1, and also with computational support from the UK
Materials and Molecular Modelling Hub, which is partially funded by EPSRC (EP/
P020194), for which access is obtained via the UKCP consortium and funded by
EPSRC grant ref EP/P022561/1.

AUTHOR CONTRIBUTIONS

L.Z. and F.C. conceived and designed the project. L.Z. performed the femtosecond
pump-probe experiments, analyzed the data, and wrote the paper. B.P. and BM
conducted the theoretical part and wrote the corresponding part of the paper. Y.C.L,
M.LL., and PH.T. performed and interpreted the Raman data. L.Z, B.Z, and CP.
performed the sample characterizations. All authors have participated in the
interpretation of the experiments and contributed to the paper.

COMPETING INTERESTS

The authors declare no competing interests.

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/541699-021-00268-3.

Correspondence and requests for materials should be addressed to Ping-Heng Tan,
Bartomeu Monserrat or Feng Chen.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2021

Published in partnership with FCT NOVA with the support of E-MRS


http://www.hpc.cam.ac.uk
https://doi.org/10.1038/s41699-021-00268-3
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Phonon-assisted electronic states modulation of few-layer PdSe2 at terahertz frequencies
	Introduction
	Results and discussions
	Growth and characterizations of large-area PdSe2
	The ultrafast interplay between electronic and lattice excitations
	Phonon dynamics revealed by low-frequency Raman spectroscopy
	Electron&#x02013;nobreakphonon coupling from first-principles

	Methods
	Sample preparation
	Femtosecond transient absorption spectroscopy
	Electronic structures calculations
	Lattice dynamics and electron&#x02013;nobreakphonon coupling calculations

	DATA AVAILABILITY
	References
	Acknowledgements
	Author contributions
	Competing interests
	ADDITIONAL INFORMATION




