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Ultrafast and Steady-State Optical Characterization of Multilayer 
PdS2
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Zhang,e Yanfen Wan,e Peng Yang,e  Nataša Vujičić a and Silvije Vdović *a

Palladium disulfide (PdS2), a noble-metal transition metal dichalcogenide with an unusual puckered orthorhombic structure, 
is of interest for fundamental research and optoelectronic applications due to its distinctive optical properties. Despite this 
potential, PdS2 itself remains relatively underexplored. Here, we characterize the steady-state and ultrafast optical 
properties of multilayer PdS2 film using polarization-dependent Raman and second-harmonic generation microscopy, 
ellipsometry, and ultrafast differential reflectance. We extract the dielectric function, an indirect bandgap of 1.25 eV and 
confirm the 2O phase. Ultrafast measurements reveal multi-timescale dynamics, including a two-step decay (370 fs and 1.1 
ps) and blueshift during photoinduced carrier relaxation, as well as coherent phonon oscillations of the Ag

1 optical mode. 
Long-lived carrier recombination is described by a biexponential decay with time constants of 240 ps and 2 ns. These results 
provide insight into the ultrafast dynamics and optoelectronic properties of PdS2, and may open new possibilities for its use 
in photonic and optoelectronic devices. 

Introduction
Two-dimensional (2D) transition metal dichalcogenides (TMDs) 
exhibit remarkable optical and electronic behaviors, including 
tunable bandgaps and strong light–matter interactions, making 
them ideal platforms for next-generation devices.1–5 Despite 
extensive research on conventional TMDs, noble-metal TMDs 
remain a comparatively underexplored subset, even though 
they exhibit distinctive properties. Notably, PdSe2 and PdS2 are 
structurally different from other TMDs. They adopt a highly 
anisotropic orthorhombic layered structure built from the 
puckered pentagonal tiling, also known as the 2O phase or PdS2-
type structure.6–9 The crystal structure of orthorhombic PdS2 is 
shown in Fig. 1. For PdS2, first-principles calculations predict an 
indirect monolayer bandgap ranging from 1.0 to 1.6 eV, which 
can be tuned by varying the number of layers and applying 
strain.9–13 Experimental measurements on bulk PdS2 report a 
bandgap of about 0.7 eV.14 Theoretical studies also suggest 
several monolayer functionalities, including chemical sensing,15 
ferroelastic behavior,16 and catalytic activity in the hydrogen 
evolution reaction.17 However, this potential remains 
unrealized since monolayer synthesis has not yet been 
achieved. 

Experimentally, PdS2 has already demonstrated promising 
functional behavior. PdS2 films have been used to fabricate 
field-effect transistors,18 as well as broadband photodetectors, 
showing high carrier mobility and strong photoresponse.19 Few-
layer nanosheets have served as saturable absorbers, enabling 
doubly Q-switched and mode-locked optical parametric 
oscillation,20 and have also been used in ultrafast fiber lasers 
and passive photonic devices.21,22 In addition to these 
optoelectronic applications, PdS2 nanostructures have shown 
promise in electrocatalysis: nanoplates with surface sulfates 
have facilitated efficient nitrate synthesis,23 and nanoclusters 
decorating one-dimensional hollow carbon have enabled stable 
hydrogen evolution reaction.24

Although PdS2 has attracted growing interest for its 
electronic and optical functionalities, its optical properties 
remain insufficiently characterized. Theoretical studies have 
addressed its band structure, strain tunability, and defect-
mediated effects,13 yet experimental insight into optical 
anisotropy, dielectric response, and carrier and phonon 
dynamics is lacking. In particular, ultrafast measurements, 
which are essential for probing nonequilibrium processes such 
as sub-picosecond carrier relaxation, bandgap renormalization 
(BGR), coherent phonon (CP) generation, and defect-assisted 
recombination, seen in related noble-metal TMDs,25–30 have not 
yet been performed for PdS2. Given this absence and the 
promising optoelectronic potential of PdS2, applying ultrafast 
techniques could provide valuable insight into its optical 
dynamics.

In this work, we present an extensive experimental 
investigation of both the steady-state and ultrafast optical 
properties of centimeter-scale multilayer PdS2 synthesized by 
the combination of physical vapor deposition (PVD) and 
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chemical vapor deposition (CVD) methods.18 Spectroscopic 
ellipsometry (SE) was employed to extract the complex 
dielectric function, while polarization-resolved Raman and 
second-harmonic generation (SHG) measurements confirmed 
the crystal symmetry and anisotropy. Atomic-force microscopy 
(AFM) and energy-dispersive X-ray spectroscopy (EDS) provided 
complementary insights into surface morphology and 
stoichiometry. Ultrafast broadband differential reflectance (DR) 
measurements were used to probe photoinduced carrier 
dynamics and CP response. Together, these results provide a 
comprehensive picture of the steady-state and ultrafast 
properties of PdS2, linking its equilibrium optical response to its 
nonequilibrium carrier and phonon dynamics. To the best of our 
knowledge, this work represents the first report of ellipsometry, 
SHG, and ultrafast transient spectroscopy measurements on 
multilayer PdS2.

Experimental
Materials and synthesis method

The centimeter-scale multilayer PdS2 was synthesized by 
combining PVD and CVD methods.18 First, a 1×1 cm2 silicon (Si) 
substrate was pre-treated by ultrasonic cleaning in deionized 
water, acetone, and alcohol to remove surface impurities, then 
dried under a nitrogen flow. A Pd film was subsequently 
sputtered onto the native oxidized Si surface. The Pd film was 
then sulfurized by placing it together with 50 mg of sulfur 
powder in a custom-made quartz ampoule and sealing it under 
a 3×10-4 Pa vacuum. The sealed ampoule was then placed in a 
horizontal tube furnace and heated to 450 °C for two hours to 
facilitate the sulfurization. After the reaction, the ampoule was 
allowed to cool naturally to room temperature.

Atomic force microscopy (AFM)

AFM measurements were conducted using an IR-neaSCOPE+fs 
instrument manufactured by Attocube Systems AG, Germany. 
Tips with Pt/Ir coating (ARROW NCPt from Nano World) were 
used in tapping mode with a nominal cantilever resonance 
frequency of 285 kHz, nominal force constant of 42 N/m and a 
tapping amplitude of about 90 nm.

Energy-dispersive X-ray spectroscopy (EDS)

EDS measurements were performed using a TESCAN VEGA3 
SEM equipped with a Bruker, XFlash 6-30 EDS detector. The 
measurements were carried out at an accelerating voltage of 10 
kV and a working distance of 15 mm, optimized for elemental 
analysis and spatial resolution. Spectra were acquired from 
selected regions based on scanning electron microscope (SEM) 
image. Rectangular area scans were chosen rather than point 
measurements, allowing for improved signal-to-noise ratio and 
averaging over the targeted area. Samples were mounted on 
the conductive carbon tape to minimize charging effects. Silicon 
peaks from the substrate were considered during analysis and 
deconvolution of overlapping signals. Quantification of the 
spectra were done using standard ZAF correction in the Bruker 
software.

Spectroscopic ellipsometry (SE)

Spectroscopic ellipsometry measurements were performed at 
incidence angles of 65°, 70°, and 75° over the spectral range 
from 0.57 to 5 eV using a V-VASE ellipsometer (J.A. Woollam, 
Lincoln, NE, USA) and analyzed with the WASE32 software. To 
characterize the thickness of the native SiO2 layer, reference 
measurements were carried out on Si wafers without PdS2 
coatings. The PdS2 film was modeled as a homogeneous layer, 
with its optical constants described using a multiple-oscillator 
model (see Supplementary Information (SI) for detailed 
description of the model). Specifically, the model includes two 
three-parameter Gaussian oscillators to represent the main 
critical-point absorption at the edge of the visible spectrum and 
higher-energy interband transitions. In addition, a pole term 
was included to account for the dispersion of the real part of 
the dielectric function at higher energies. The experimental 
data were then best fitted by optimizing the PdS2 layer thickness 
and the dispersion-model parameters. In a second modeling 
approach, the real and imaginary parts of the dielectric function 
of the PdS2 layer were determined by independently fitting the 
ellipsometric data at each photon-energy point, without 
assuming a specific dispersion model, while keeping the layer 
thickness fixed to the optimal value obtained from the first 
approach. The dielectric function obtained in this way was used 
to determine the nature and value of the band gap and to 
perform critical-point analysis.

Fig. 1 Crystal structure of orthorhombic PdS2 showing (a) top view, (b) side view along the b-axis, and (c) side view along the a-axis. The thin lines indicate the projected unit cell.
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Raman spectroscopy

Raman spectroscopy measurements were performed using a 
commercial Renishaw in-via Raman setup in a back-scattering 
geometry using a 532 nm laser for excitation. The incident beam 
polarization was rotated using a zero-order half-wave plate, and 
a vertical analyzer was placed before the detector to select the 
scattered polarization. The scattered light was collected 
through a microscope objective (magnification: 50×, numerical 
aperture: NA = 0.50) and directed into a spectrometer equipped 
with a 2400 gr/mm grating, providing a spectral resolution 
better than 1 cm-1. All measurements were performed under 
ambient conditions with a laser power of 0.39 mW on the 
sample and an acquisition time of 5x1s per spectrum.

Second-harmonic generation (SHG) microscopy

The nonlinear SHG measurements were conducted with a 
custom-built scanning confocal optical microscope in a back-
scattered geometry. The fundamental beam (1044 nm, 200 fs, 
80 MHz) was linearly polarized and focused by a microscopic 
objective (50x long working distance objective lens; numerical 
aperture, NA=0.50) to the spot size of about 1.2 µm in diameter 
onto the sample at normal incidence. The average power at the 
sample surface was maintained at 12 mW. The reflected 
nonlinear optical signal was collected with the same objective. 
After passing through a dichroic beam splitter and band-pass 
filter, the fundamental beam was filtered out, and the nonlinear 
optical signal was detected by a fiber-coupled spectrograph 
equipped with a thermoelectrically cooled silicon electron 
multiplying charge-coupled device (EMCCD). To measure the 
incident laser polarization angle dependence of the nonlinear 
optical signal, we rotated the polarization of the fundamental 
beam with respect to the sample surface normal using an 
achromatic half-wave plate while the analyzer was kept at the 
fixed position.

Ultrafast differential reflectance (DR)

For time-resolved DR, a femtosecond laser system (Light 
Conversion Pharos), operating at 1 kHz, was used to pump a 
Light Conversion Orpheus optical parametric amplifier, 
generating pump pulses at 440 nm. The pump pulses were 

mechanically chopped at 500 Hz frequency (Thorlabs 
MC2000B). A small fraction of the fundamental beam at 1030 
nm was focused on the sapphire plate to produce broadband 
supercontinuum stretching from 530 nm to 940 nm and used as 
a probe pulse. The probe pulse was directed through a 
motorized delay stage (Newport DL325), providing pump-probe 
delays of up to 1.8 ns. Using all reflective optics, both beams 
were focused onto the sample to approximately a 200 µm spot 
size for the pump beam and a 50 µm spot size for the probe 
beam, with the two beams having perpendicular polarizations. 
The overall temporal resolution of the DR setup was 70 fs. The 
details of the home-built transient absorption spectrometer can 
be found in the following publication.31

Results and discussion
Structural and optical characterization

To determine the sample thickness and overall morphology, 
AFM was employed. The AFM line profile shown in Fig. 2b, taken 
along the yellow line indicated in Fig. 2a, reveals a typical PdS2 
thickness of approximately 10 nm. The height was measured 
relative to a mechanically scratched region, where the PdS2 film 
was removed to expose the underlying substrate. These 
exposed substrate regions appear as darker channel-like areas 
in Fig. 2a. The film, however, is not laterally uniform in 
thickness. This nonuniformity is more clearly visible in the 
higher-resolution scan of a smaller area shown in Fig. S1 in the 
SI, where sub-micron-sized islands with increased height are 
observed.

The background-subtracted EDS spectrum is shown in Fig. 
2c, with spectral peaks fitted during quantification using the 
Esprit software and the P/B ZAF correction method. Spectra 
collected from multiple regions of the sample consistently yield 
a Pd:S ratio close to 1:2 within experimental uncertainty, 
confirming the stoichiometry of PdS2. The inset table 
summarizes the atomic fractions together with the 
corresponding 1σ errors provided by the EDS software.

To determine the linear optical response of the PdS2, we 
used SE. Fig. 3a shows the real and imaginary components of 
the resulting dielectric function, and Fig. 3b presents the 
corresponding refractive index and extinction coefficient. The 
experimental ellipsometry spectra and fitting results are shown 

Fig. 2 (a) Topography image of the PdS2 sample taken with AFM. The darker channel-like regions correspond to mechanically scratched areas exposing the underlying substrate. 
(b) Line height profile extracted along the yellow line shown in (a). (c) EDS spectrum with the subtracted background, along with the individual elemental peak components (Si, 
S, Pd).
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in Fig. S2 and Table S1. From the ellipsometric analysis, an 
effective PdS2 layer thickness of 7.56 nm was extracted. The 
difference between this value and the thickness obtained from 
AFM measurements can be attributed to a combination of 
lateral thickness variations, partial film coverage, and 
uncertainties inherent to ellipsometric modeling, particularly 
for thin layered materials where surface roughness and optical 
anisotropy can influence the extracted thickness.

A pronounced absorption feature, manifested as a peak in 
the imaginary part of the dielectric function and in the 
extinction coefficient, dominates the optical absorption in the 
visible spectral range. To elucidate its physical origin, a critical-
point analysis32 was performed using the point-by-point 
extracted dielectric function. The results of the fitting 
procedure, presented in the Fig. S3 and Table S2, show that an 
excitonic lineshape model, with a critical-point energy at 2.08 
eV, provides the best agreement with the experimental data. 
Similar resonant features at comparable energies have been 
reported for the closely related PdSe2, where the excitonic 
nature is well established.27,30,33 Available calculations for bulk  
2O-PdS2 consistently describe it as an indirect-gap 
semiconductor, with the first strong direct optical transition 
occurring at an energy higher than the indirect onset.6,34,35 This 
qualitative picture is consistent with our experimental results, 
as the 2.08 eV resonance identified by critical-point analysis is 
assigned to a higher-energy direct optical transition with 
excitonic character, while the Tauc analysis of the point-by-
point dielectric function yields an optical gap of 1.25 eV (Fig. S4), 
assigned to the onset of indirect transitions in the multilayer 
film. In addition to this dominant lower-energy feature, a 
higher-energy feature is also observed in the dielectric 
response. Since detailed calculations are not available for PdS2 
films with a thickness comparable to our sample, and since the 
available bulk literature does not provide a specific assignment 

beyond the indirect onset and the first strong direct transition, 
we assign this higher-energy structure more generally to higher-
lying interband transitions.

The Raman spectrum of multilayer PdS2 on a Si substrate, 
together with the corresponding (vibrational) mode 
assignments, is presented in Fig. 4. The measured Raman 
spectrum shows five characteristic peaks of bulk 2O-PdS2, 
corresponding to the six modes accessible in back-scattering 
geometry. These peaks are assigned to: an overlapping Ag1 and 
B1g1 modes (~245 cm-1), followed by Ag2 mode (~362 cm-1), B1g2 
mode (~384 cm-1), Ag3 mode (~464 cm-1), and B1g3 mode (~482 
cm-1). To obtain the modes’ frequency, full width at half 
maximum (FWHM) and intensity, we fitted the spectrum to a 
sum of multiple Lorentzian functions and listed all those 
parameters with corresponding uncertainties in Table S3. The 
spectrum matches previously reported experimental8 and 
theoretical6 results for PdS2. It also closely resembles that of 
isostructural PdSe2,33,36–42 with all modes blue-shifted due to 
the lighter mass of sulfur.8 

Beyond the expected bulk modes, an additional mode was 
observed at ~158 cm-1. It resembles a mode that is symmetry-
forbidden in bulk but becomes active in multilayer samples due 
to symmetry reduction. The same phenomenon was previously 
observed and explained in PdSe2. 33,36–37,39–42 The presence of 
this mode proves that Raman spectroscopy is sensitive to layer-
dependent symmetry breaking, even in relatively thick samples, 
consistent with earlier findings in PdSe2.33,37,41 

To further confirm the modes’ symmetries, we performed 
polarization-dependent Raman measurements. Examples of 
polar plots for several vibrational modes are shown in Fig. 5, 
while the full set is provided in the SI (Fig. S5 and Fig. S6). The 
intensities of two modes (~384 cm-1 and ~482 cm-1) remained 
unchanged, indicating B symmetry. All other modes displayed 
twofold symmetry, meaning they belong to a pure A or mixed 
A-B symmetry. Furthermore, the mode at 245 cm-1 shows a 
pronounced polarization-dependent frequency shift, increasing 
by ~2 cm-1 in the cross-polarized compared to the parallel-

Fig. 3 Spectroscopic ellipsometry measurements showing (a) the dielectric function 
and (b) the refractive index and extinction coefficient of PdS2 layer.

Fig. 4 Raman spectrum of multilayer PdS2 on Si substrate. Bulk PdS2 vibrational modes 
are labeled in black, vibrational mode activated due to symmetry reduction in violet, and 
silicon substrate modes in green.
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polarized configuration. This behavior confirmed its assignment 
to overlapping Ag1 and B1g1 vibrational modes.

 Vibrational modes at 520 cm-1 and 300 cm-1 originate from 
the substrate.43–45 It is worth noting that several earlier reports 
inadvertently assigned Si vibrational modes around 300 cm-1 
and 420 cm-1 to PdS2; a detailed discussion of this issue, 
together with Fig. S7 showing Si Raman spectrum, is provided in 
the SI. Based on our results, we rule out the presence of the 1T 
phase,6 partially sulfurized Pd film (PdS),46 and elemental 
sulfur.47 The observed Raman-active phonon modes are not 
only fingerprints of symmetry, structure and purity, but also 
play a role in modulating ultrafast dynamics, as discussed later.

As previously mentioned, multilayer PdS2 has a symmetry 
different from its bulk counterpart. Even-layered PdS2 lacks 
inversion symmetry and belongs to the C2v (mm2) point group,48 
enabling SHG. Because our sample contains regions with 
varying number of layers (Fig. 2a), we used SHG microscopy to 
locate an area with non-vanishing SHG response. The presence 
of SHG is consistent with theoretical expectations based on the 
crystal structure, and with previous reports on PdSe2,42 further 
confirming that our PdS2 sample crystallizes in the 2O phase.

Polarization-resolved SHG (P-SHG) plots shown in Fig. 6, 
together with representative symmetry-allowed intensity 
patterns for the C2v (mm2) point group,49–51 of the even layered 
2O PdS2, illustrate qualitative consistency with the expected 

symmetry behavior. The shapes of the polar plots are governed 
by the relative magnitudes of the susceptibility tensor elements 
and the angular orientation of the zigzag (ZZ) crystal directions. 
Variations in the P-SHG polar plot shapes reflect the anisotropy 
of the orthorhombic PdS2. Furthermore, the observed SHG 
response demonstrates that PdS2 remains sensitive to layer-
dependent symmetry breaking, even in the multilayer sample.

Ultrafast Dynamics and Coherent Phonon Generation

Ultrafast pump-probe spectroscopy in reflection geometry was 
used to investigate the photoinduced reflectance response of 
PdS2 under 440 nm pump pulse excitation. Since pump photon 
energy significantly exceeds the material’s bandgap, electrons 
are efficiently excited from the valence band to the conduction 
band, generating a hot electron-hole plasma. Following pump 
excitation, a nonthermal carrier distribution relaxes toward a 
thermalized state through carrier–carrier and carrier–phonon 
scattering, followed by carrier cooling toward the band-edge 
extrema.52 
The early-time (below 5 ps) DR map of PdS2 is shown in Fig. 7a, 
along with selected spectral slices at various probe pulse delays 
(Fig. 7b), and time traces (Fig. 7c and 7d) at specific probe 
wavelengths. The photoinduced response features a broad 
positive DR change (ΔR/R > 0) spanning ~580–930 nm at early 
delays, with a weaker negative signal (ΔR/R < 0) at shorter 
wavelengths. The broad positive DR signal is consistent with a 
pump-induced modulation of the absorption coefficient, where 
an increase in absorption over this spectral region can produce 
a positive differential reflectance response.53–55 Similar pump-
induced increases in absorption over a comparable spectral 
region have been reported previously in PdSe2, supporting this 
assignment.27,30,53 The negative ΔR/R signal observed at shorter 
wavelengths spectrally overlaps with the pronounced 
absorption peak of PdS2 (Fig. 3) suggesting its origin in bleaching 
of optical transitions associated with the absorption peak. 

Early-time dynamics include a two-stage decay 
accompanied by a spectral blueshift, with zero-crossing 
wavelength shifting from ~580 nm initially to ~550 nm at later 
times. To describe the spectral evolution and quantify the early-
time dynamics we used a global analysis procedure using 
Glotaran software.56 The data are well described by a three-
compartment sequential model, with the corresponding fitting 
results shown in Fig. S8. Applying the same model at additional 
pump fluences gives qualitatively similar behavior, again 
resolving the same two-step early-time dynamics (Fig. S9). The 
first two time constants extracted from the global fit, 370 ±7 fs 
and 1.143 ± 0.009 ps, account for the rapid evolution of both 
amplitude and spectral shape observed immediately after 
excitation. The third component corresponds to the spectral 
response of cold carriers, characterized by a nearly constant 
spectral shape with a decaying amplitude, whose amplitude 
dynamics will be discussed below. In the global analysis, this 
component was assigned an effectively infinite lifetime in order 
to separate the long-lived carrier population from the ultrafast 
spectral evolution at early delays. The associated spectra of all 
compartments exhibit a progressive shift of their maxima 

Fig. 5 (a,b) Polarization dependent intensity of vibrational modes, showing a A-mode 
signature with a two-lobe pattern (a) and an B-mode signature with angle-independent 
intensity (b). (c,d) Vibrational mode frequencies as a function of polarization angle. Panel 
(c) shows angular modulation that resolves two nearby frequencies with distinct 
polarization behavior, consistent with overlapped A and B modes, while (d) shows a 
constant frequency, indicating a pure mode.

Fig. 6 P-SHG polar plots measured with a fixed analyzer aligned (a) parallel and (b) 
perpendicular to the laboratory X-axis while rotating the incident polarization. The 
points show the measured SHG intensity, while the solid red line represents 
representative symmetry-allowed intensity patterns for the C2v (mm2) point group.50
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toward shorter wavelengths, as shown in Fig. S8a. As seen in 
similar materials, BGR effect takes place upon ultrafast pump 
absorption due to enhanced screening of the Coulomb potential 
caused by photoinduced carriers and reduces the effective 
bandgap.27,28,30 Following the initial BGR induced by carrier 
screening, the subsequent reduction of screening within the 
first few picoseconds,28,57 leads to recovery of the bandgap and 
a blueshift of the absorption edge.58 At the same time, carrier 
cooling and redistribution toward the band extrema result in 
state filling near the band edge, further modifying the effective 
absorption. Owing to the steep absorption profile in this 
spectral region, these changes produce large variations in the 
absorption coefficient and, consequently, in both the imaginary 
and real parts of the refractive index via the Kramers–Kronig 
relations, giving rise to the observed DR response. To further 
examine whether pump-induced modification of the 
equilibrium optical transition can account for the positive 
transient response, we performed a simple model calculation 
based on the dielectric function extracted from ellipsometry, in 
which the equilibrium dielectric response was shifted, the 
corresponding real part was recalculated via the Kramers–
Kronig relation, and the optical response of the air/PdS2/SiO2/Si 
stack was evaluated using a transfer-matrix formalism (Fig. 
S10). The calculation qualitatively reproduces the measured 
positive transient signal, supporting the interpretation that the 
broad positive DR response originates from a pump-induced 
modification of the equilibrium optical transition, such as the 
BGR-driven shift discussed above. This shift changes the 
imaginary part of the dielectric function in the probed spectral 

region and therefore gives rise to a pump-induced increase in 
absorption.

Besides the spectral evolution, a reduction in the transient 
amplitude on sub-picosecond to picosecond timescales has 
been attributed in similar materials to carrier cooling25,28,30,59 

and to defect-assisted carrier capture.26,29,59 Given that defects 
are common in CVD-grown TMDs,60,61 a trapping contribution is 
likely present in our sample. In DR response, carrier cooling, 
BGR recovery, trapping, and band-edge filling act concurrently, 
so the observed spectral evolution and amplitude change 
reflects the time-dependent balance of these effects. 

The recovery dynamics of the photoinduced response at 
later times (above 5 ps), corresponding to cold carriers, can be 
described with two decay constants, obtained by single-
wavelength fitting (see Fig. S11), yielding average decay times 
of 240 ± 30 ps and 2.0 ± 0.1 ns, largely independent on the probe 
wavelength. A moderate increase in decay time is observed only 
for probe wavelengths longer than 800 nm indicating that this 
spectral region is more sensitive to a different population of 
states, likely closer to the band edge, which relax more slowly. 
Repeating the same fitting procedure for different pump 
fluences yields decay constants that remain unchanged within 
experimental uncertainty (Fig. S12), indicating no significant 
fluence dependence of the long-lived relaxation dynamics in the 
investigated fluence range. The two decay constants reflect 
contributions from multiple recombination pathways, such as 
intrinsic recombination and lattice-mediated processes,25,53,62 
as well as defect- or surface-assisted recombination.26,27,54 Their 
exact origins, however, remain uncertain. In the noble-metal 
TMD family, reported decay constants span from tens of 

Fig. 7 (a) Early-time differential reflectance map of PdS2, excited with 440 nm pump pulses at 1.3 mJ/cm2 fluence and probed with white light supercontinuum. (b) Selected 
spectral traces. (c) Time traces up to 5 ps. (d) Time traces up to 1.8 ns.

Page 6 of 12Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
Ju

ne
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/1
4/

20
26

 6
:1

9:
51

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6NR00537C

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6nr00537c


Journal Name  ARTICLE

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 7

Please do not adjust margins

Please do not adjust margins

picoseconds to several nanoseconds, depending on material, 
layer thickness, synthesis method, and sample quality.25–

27,53,54,62 
In the early-time response shown in Fig. 7a and 7c, a fast 

oscillatory modulation is evident. It originates from the 
generation of optical CPs through ultrafast pump 
excitation.53,63,64 Two principal mechanisms underlie the 
generation of such CPs: impulsive stimulated Raman scattering 
(ISRS)65 and displacive excitation of coherent phonons (DECP).66 
In strongly absorbing materials like PdS2 and with above-
bandgap photoexcitation conditions, DECP mechanism is 
expected to dominate.64 Here, ultrafast carrier excitation 
causes a sudden shift in the lattice potential, displacing atoms 
from equilibrium and initiating a collective vibrational motion 
described by cosine-like oscillations. This mechanism 
predominantly excites totally symmetric Raman-active 
modes.63,64,67–69 In our measurements, a dominant oscillatory 
mode with a frequency of 243.7 cm-1 (period of 136.8 fs) is 
extracted via Fourier transform (FT) of the DR signal (Fig. 8a). 
This mode is consistent with the measured Ag1 symmetric 
vibrational mode (Fig. 4). The amplitude of the Ag1 CP 
modulation, exhibits a wavelength dependence that closely 

follows the shape of the positive DR signal (Fig. 8b). Since the 
DR response is consistent with a pump-induced shift of the 
dielectric response, the spectral profile of the CP amplitude 
suggests that the CP response reflects a similar shift-like 
modulation of the same dielectric feature.30,67,70 Due to the 
short oscillation period being comparable with our IRF and the 
oscillatory signal being superimposed with the nonoscillatory 
signal, the fitting procedure does not result in accurate 
determination of oscillation phase to verify the generation 
mechanism. With increasing fluence, and consequently a higher 
density of excited charge carriers, a shift in the phonon mode 
frequency is observed, as shown in Fig. 8c. The trend of the 
frequency shift in the DR measurements aligns with the steady-
state Raman measurement at zero fluence, providing additional 
validation. Mode softening under photoexcitation is of 
electronic origin, as suggested by prior reports on TMDs, where 
similar behavior was attributed to transient carrier populations 
and deformation potential coupling effects.71–74 Notably, 
phonon frequency renormalization is a time-dependent 
process,73 with an initial, fast electronic softening followed by 
slower thermal contributions. Because the CP oscillations in our 
experiments decay rapidly and the analysis employs a full time-

Fig. 8 (a) FT map of the fast-oscillating optical phonon component of the differential reflectance signal. (b)  FT spectra (blue) extracted from (a), showing the phonon mode and its 
amplitude dependence on probe wavelength, together with the differential reflectance spectra (orange) averaged between 0 and 1.5 ps for comparison. (c) Pump-fluence 
dependence of phonon amplitude and frequency. The left axis shows the amplitude at 700 nm, and the right axis shows the phonon frequency, revealing mode softening with 
increasing excitation density. The first point at zero fluence is derived from polarization-resolved Raman spectroscopy, corresponding to mode Ag1 only, rather than an overlapping 
Ag1 and B1g1 peak.

Fig. 9 Oscillatory signal corresponding to the CLAP mode measured at a pump fluence of 2.6 mJ/cm2. (a) Zoomed-in differential reflectance traces for selected probe wavelengths, 
showing the oscillatory component of the transient signal. Traces are vertically shifted for clarity. (b) FT map of the oscillatory signal. (c) Linear relation between 2𝑛𝑇 and probe 
wavelength 𝜆. The solid red line represents a linear fit, and the inverse slope gives the longitudinal sound velocity in Si.
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window FT, the measured shift represents a time-averaged 
value that primarily reflects the electronic component, while 
the slower thermal effects contribute less within the observed 
time window.

In addition to the optical CP discussed above, our 
measurements reveal a weak, low-frequency oscillation in the 
DR signal, most clearly visible at the highest pump fluence of 2.6 
mJ/cm2 (Fig. 9a). The oscillation period varies linearly with 
probe wavelength (Fig. 9c), indicative of traveling coherent 
longitudinal acoustic phonons (CLAPs).75,76 Upon interaction 
with the sample, the pump pulses generate a traveling strain 
wave that modifies the local refractive index as it propagates 
through the PdS2, and the underlying substrate. These strain 
waves are launched via two main mechanisms: either through 
thermally induced expansion of the unit cell or through the 
deformation potential resulting from the photoinduced charge 
carrier population. The probe pulse partially reflects off the 
propagating strain front and interferes with the beam reflected 
from fixed interfaces between the material layers. This 
interference results in the observed oscillatory signal in the DR 
traces. The dependence of the oscillation period on the probe 
wavelength is given by

𝑇 = 𝜆/2𝑛𝑣,                                           (1)
where 𝑛 is the refractive index of the medium (Si) and 𝑣 is the 
corresponding acoustic velocity. From the measurements and 
linear fitting presented in Fig. 9c, we determined the acoustic 
velocity in Si to be 𝑣 = 8250 ± 60 m/s, which agrees well with 
reported values.75,77 Notably, no observable CLAP signal is 
found in our measurements of bare Si under similar 
measurement conditions, suggesting that PdS2 acts as an 
efficient optoacoustic transducer in this layered structure. In 
the typical experiments involving semiconductive materials 
such as Si, CLAP generation often requires auxiliary 
optoacoustic transducers, realized with thin metal films or 
quantum wells deposited on the surface.75,78

Conclusions
In summary, we have conducted a comprehensive structural 
and optical characterization of multilayer PdS2. Correlative 
structural analyses confirmed sample homogeneity and 
established an average film thickness of approximately 10 nm. 
Spectroscopic ellipsometry yielded the complex dielectric 
function, from which an indirect bandgap of 1.25 eV was 
determined. Nonlinear polarization resolved SHG microscopy 
and Raman spectroscopy verified the orthorhombic 2O phase. 
Ultrafast differential reflectivity measurements revealed 
complex transient dynamics, characterized by two fast 
components (370 fs and 1.143 ps) associated with early-time 
spectral evolution and carrier cooling and trapping, followed by 
slower processes (240 ps and 2 ns) attributed to carrier 
recombination. Oscillatory modulations in the transient signal 
were identified as CPs: an Ag1 optical mode likely generated via 
displacive excitation, and a lower-frequency acoustic 
contribution arising from strain waves in the silicon substrate, 
highlighting PdS2 as an efficient optoacoustic transducer.

Collectively, these findings bridge a critical knowledge gap 
in PdS2, establish its fundamental optical properties, and lay the 
groundwork for future experimental studies and technological 
applications.
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