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Photoinduced electronic band dynamics
and defect-mediated surface potential
evolution in PdSe2
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We use time- and angle-resolved photoemission spectroscopy (TR-ARPES) combined with density
functional theory to investigate ultrafast carrier dynamics in low-symmetry layered semiconducting
PdSe2. The indirect bandgap is determined to be 0.55 eV. Following photoexcitation above this gap,
we resolve a valence band shift and broadening, both lasting less than a picosecond, consistent with
bandgap renormalization and carrier scattering, indicative of strong many-body interactions.
Subsequently, hot carriers populate the conduction band minimum and are captured by defect states.
A surface photovoltage (SPV) of ~67 meV emerges, persisting for over 50 ps, driven by defect-assisted
charge separation. The formation of native vacancies, promoted by the low-symmetry lattice, likely
gives rise to the mid-gap states responsible for this long-lived SPV response. Detailed analysis of TR-
ARPES spectra disentangles the contributions of bandgap renormalization, carrier scattering, defect
states, and SPV. These �ndings establish PdSe2 as a prototypical layered quantum material exhibiting
exotic photoresponses on ultrafast timescales.

Quantum materials composed of stacked van der Waals layers have
attracted tremendous attention in scientific research and advanced tech-
nology owing to their distinctive quantum effects and remarkable physical
properties1–5. Among these is the noble transition metal dichalcogenide
(TMDC) PdSe2. Distinct from the widely studied TMDCs such as MoS2,
WS2, and WSe2, PdSe2 features a unique puckered layered structure com-
parable to that of black phosphorus (BP)6–9, and has recently been shown to
induce anisotropic, gate-tunable spin-orbit coupling in two-dimensional
heterostructures10. Its corrugated morphology yields a low symmetry, giving
rise to exotic properties such as strong in-plane anisotropy7. Moreover,
PdSe2 exhibits high chemical stability compared to BP, which suffers from
degradation under ambient conditions, thereby limiting its
applications8,11–14. Its crystallographic direction-dependent physical prop-
erties, high electron field-effect mobility, and exceptional photodetection
performance, with a high quantum efficiency across the visible to mid-
infrared range, make it a promising candidate for next-generation electro-
nics, optoelectronics, spintronics, and valleytronics7,15–20. Despite recent
progress in uncovering various properties of PdSe2, including anisotropic
phonon response21,22, oxygen substitution effects23, linear dichroism24,

strong anisotropic magnetoresistance25, and pressure-induced
superconductivity26,27, its intrinsic electronic band structure and photo-
excited carrier dynamics remain relatively unexplored.

The features of the electronic band structure of PdSe2 are still under
debate, with studies reporting widely varying band gap values. For the bulk,
estimates range from 0 to 0.52 eV7,28–31, while for the monolayer, values
between 1.32 and 1.43 eV have been reported30,32–34. These discrepancies are
largely attributed to the choice of theoretical models and experimental
techniques. Angle-resolved photoemission spectroscopy (ARPES) has
recently been applied to investigate the band structure of bulk PdSe2

35–37.
Initial ARPES studies identified the valence band (VB) maximum (VBM) at
the Brillouin zone (BZ) center. The absence of conduction band (CB) states
at or below the Fermi level confirmed the semiconducting character35, in
contrast to earlier predictions suggesting a semimetallic nature7. Additional
ARPES investigations revealed a highly dispersive electronic band along the
interlayer direction, indicative of strong interlayer coupling38. Under in situ
electron doping via alkali metal deposition, the CB minimum (CBM)
became observable in ARPES measurements, and the indirect band gap was
estimated to be approximately 0.36 eV36. However, such doping techniques
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may alter the intrinsic electronic structure, an effect that has also been
observed in other materials, such as in BP, where band modulation and
Stark effects have been reported39. More recently, dark states in the VB of
PdSe2 were discoveredas a result of sublattice interference, rendering certain
bands invisible to ARPES across the BZs37. These interference effects stem
from multiple glide-mirror symmetries associated with the PdSe2 complex
sublattice structure and may be relevant to other quantum materials.
Additionally, temperature- and photon energy-dependent valence band
asymmetries have been observed40, adding further complexity to the
interpretation of static ARPES results.

Although these ARPES-based studies offer valuable insights into the
electronic properties of PdSe2, a more direct method to access the unoc-
cupied states, and the bandgap is time-resolved ARPES (TR-ARPES),
which in addition enables a study of nonequilibrium carrier dynamics41–43.
This technique, widely employed in the study of quantum materials,
enables simultaneous energy- and momentum-resolved tracking of elec-
tronic states in the time-domain following optical excitation with an
ultrashort laser pulse. It also allows the investigation of transient processes
such as band structure renormalization, carrier relaxation, and coherent
phonon coupling, key to the understanding light-matter interactions. In
PdSe2, investigations into these ultrafast processes have so far been lim-
ited, focusing primarily on its optical response. These studies, mainly
using pump-probe THz spectroscopy, revealed a 4.3 THz coherent pho-
non mode coupled to interlayer charge carriers34. TR-ARPES has emerged
as an effective tool in revealing the detailed electronic response in ana-
logous layered materials such as BP, where it has uncovered phenomena
such as photoinduced band gap renormalization (BGR), broadening, and
Stark effects44–47. Moreover, TR-ARPES has enabled the exploration of the
influence of defect states on carrier dynamics48–50, as well as surface
photovoltage (SPV) effects and band bending dynamics under
photoexcitation51–54.

Recent theoretical studies have shown that intrinsic point defects in
PdSe2, particularly Se vacancies and Pd+Se vacancy complexes, can intro-
duce localized in-gap states and magnetic moments. Owing to the PdSe2

characteristic five-fold morphology, Se vacancies are energetically favorable
and highly mobile in both lateral and vertical directions, while Pd vacancies
exhibit significantly higher diffusion barriers and remain largely immobile.
This anisotropic defect behavior supports the formation of weakly

dispersive, real-space localized states that enable charge trapping and
internal field modulation in PdSe2

55–57.
In this work, we combine TR-ARPES with density functional theory

(DFT) calculations to investigate the ultrafast carrier dynamics in pristine
bulk PdSe2. This approach allows direct population of the conduction band
and a precise determination of the indirect band gap. Moreover, we resolve
the energy- and momentum-dependent relaxation pathways of photo-
excited carriers, enabling us to disentangle transient valence band renor-
malization from the emergence of a pronounced surface photovoltage
(SPV) induced by optical excitation.

Results
Electronic structure and sample characterization
The crystallographic structure of PdSe2 is shown in Fig. 1a. In its most stable
configuration, PdSe2 adopts an orthorhombic crystal structure, classified
under the Pbca space group (No. 61), with lattice parameters: a = 5.741 Å, b
= 5.806 Å, and c = 7.691 Å, determined via X-ray diffraction58. The bulk unit
cell consists of two PdSe2 layers separated by a van der Waals gap, while each
monolayer has a thickness of 5.2 Å7,59. In the top-view projection, the
monolayer forms a puckered network of non-hexagonal rings similar to the
corrugated layered structure of BP6, as depicted in Fig. 1a. Structurally, it
comprises three atomic subplanes, with Pd atoms centrally positioned and
covalently bonded to four Se atoms in the upper and lower subplanes7.

Based on theoretical calculations, we focus on the Γ-S direction, where
the band dispersion is maximal. This direction enables us to probe the VBM
and CBM (red dots in Fig. 1b), consistent with other first-principles DFT
calculations and prior experimental results35,36.

The samples were initially characterized by Raman spectroscopy using
532 nm excitation. To prevent potential sample damage, the laserpower was
maintained below 200 μW, with a spot size of 20 μm. To eliminate surface
oxidation, samples were cleaved via micromechanical cleavage using
adhesive tapeprior tomeasurement.Ramanexperimentswereperformed in
a parallel geometry with the incident and scattered lights polarized along
both the a-axis or the b-axis, as shown in the lower and upper panels of Fig.
1c, respectively. The Raman spectra of PdSe2, shown in Fig. 1c, reveal six
major peaks corresponding to in-plane and out-of-plane Ag and B1g

vibrational modes. Specifically, the Ag-symmetry modes are observed at
147.7, 209.4, and 260.6 cm−1, while the B1g-symmetry modes are found at
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Fig. 1 | Electronic structure of PdSe2. a Top and side views of the PdSe2 crystal
structure (upper part), along with a 3D representation of the Brillouin zone showing
high-symmetry points. The lower-right part illustrates the corrugated layer structure
of PdSe2. b k-resolved density of states (DOS) calculated using density functional
theory (DFT) along high-symmetry paths in reciprocal space. Red squares and dots

highlight the upper valence band and lower conduction band positions. c Raman
spectrum of bulk PdSe2 measured at room temperature using 532 nm excitation,
with the polarization of the incident light parallel to the a-axis (lower panel) and to
the b-axis (upper panel).
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