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ABSTRACT: Palladium diselenide (PdSe,), a novel two-dimensional dichalcogenide, has
garnered widespread attention due to its exceptional optoelectronic properties. Unveiling the
matrix element effect in layered semiconducting materials is essential for optimizing the
performance of optoelectronic devices. However, no dedicated study has yet been reported on
the photon energy and temperature dependence of this effect in PdSe,. In this work, we
conducted a direct investigation of the electronic band structure of PdSe, as a function of
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temperature, employing photon-energy-dependent angle-resolved photoemission spectroscopy R .
(ARPES). The wave vector asymmetry and signal drop at the valence band maximum stem from ° ?Ko o P
A 200K

the matrix elements involved in the photoemission process. This effect is influenced by both the
sample’s temperature and the photon energy. Our findings provide clear, direct evidence of the
matrix element effect in PdSe,, which is dependent on both the temperature and photon energy.
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B INTRODUCTION

Due to their unique layer-dependent optical and dielectric
properties, two-dimensional (2D) materials have demonstrated
broad application prospects, emerging as essential components
in the development of innovative optoelectronic devices.' ™
Recently, a new class of 2D dichalcogenide materials (the
formula is MX,, where M = Pd, Pt and X = S, Se) has garnered
significant interest because of their distinct layer-dependent
physical properties.”” Among these, PdSe, features a unique
puckered pentagonal structure, which endows it with
significant potential for applications in optics, electronics,
and thermoelectrics.” ' Furthermore, PdSe, not only exhibits
excellent air stability, a unique linear dichroism conversion
phenomenon, and high carrier mobility but also demonstrates
long-wavelength infrared photoresponsivity and a wide adjust-
able bandgap that can be modified upon thickness, originating
from the unusual interlayer couplings.”'' ™" These properties
make PdSe, an excellent candidate for the next generation of
broadband polarization-sensitive photodetectors. For example,
few-layered PdSe,, produced by mechanical exfoliation, has
been currently utilized in the manufacture of photodetectors
operating in the visible, infrared, and near-infrared spectra,
demonstrating promising performance.”'>"*~'¢

A comprehensive understanding of the electronic band
structure of PdSe, is crucial to improving its performance in
practical applications. ARPES is a potent experimental
technique for probing the electronic band structure and
orbitals within crystals.17 In ARPES measurements, photons
are directed at a material, and the photoelectric effect is
harnessed to determine the band structure. When the energy of
the incident photons exceeds the energy required to liberate
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electrons from their bound states, electrons are emitted into
the vacuum through the photoelectric effect. These emitted
electrons are then captured by an electron analyzer, which
measures their kinetic energy and emission angles. In a typical
photoelectron spectroscopy experiment, the ARPES photo-
emission intensity I(k, E) is proportional to the overlap
integral between the initial state wave function ¥; and the final
state wave function W;. I(k, E) can be transformed according to
the interaction operator H,,, to yield I(k, E) « Zﬂi|M’gi|2,
where lefi is the photoemission matrix element (M’fl = PHA.
PI¥%, A is the electromagnetic vector potential, and P is the
electronic momentum operator). Mjf,,- depends on the geometry
of the experimental setup, the photon polarization, and the
photon energy."®'? The matrix element does not directly
reveal band dispersion; however, it can influence the intensity
of photoemission signals. Specifically, the symmetry of the
orbitals and their spatial distribution can cause certain matrix
elements to vanish or peak for particular configurations, which,
in turn, affects the observed band structure. Therefore, the
matrix element effect is indispensable for gaining a deeper
understanding of the physical properties of materials. For
instance, polarization-dependent ARPES measurements reveal
that the valence band top is primarily composed of Pd-d;>_>
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Figure 1. (a) Layered crystal structure of PdSe,. (b) Schematic diagram for the bulk Brillouin zone of PdSe,. (c) Constant-energy contour acquired
at a binding energy of 0.4 eV by the p-polarized light (hv = 23 eV).
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Figure 2. (a) High-resolution ARPES maps of PdSe, along the k, high-symmetry direction in the photon energy range of 14—35 eV at 7 K. (b)
Photon-energy-dependent energy distribution curve acquired at k, = 0 1/A. The arrows represent the valence band tops. (c) Photon-energy-

dependent momentum distribution curve acquired at E — Ex = —0.3 eV. The arrows indicating the asymmetric band structure are marked in the
panel.

and Se-p, orbitals.”” Although the polarization-dependent interactions. Our study not only illuminates the behaviors of
matrix element effect in PdSe, has been examined, a the band structure in response to photon energy and
comprehensive study exploring its correlation with photon temperature variations during the photoemission process but
energy and sample temperature has not been reported so far. also lays the groundwork for versatile energy band engineering
Gaining a deeper understanding of these relationships can help in the PdSe, semiconductor.

bridge the gap between studies in the laboratory and practical
applications of PdSe, at various photon energies and B EXPERIMENTAL DETAILS

temperatures. The temperature-dependent ARPES data were acquired at the

In this work, the roles of photon energy and sample BL13U beamline of the National Synchrotron Radiation
temperature on the matrix element effect in PdSe, were Laboratory (NSRL) in Hefei, China. The photon energy was
investigated using photon-energy-dependent ARPES. By tunable from 7 to 45 eV, ensuring the detection of electronic
monitoring the valence band structures, we revealed that the states from both the bulk and near-surface regions.ZI Extreme
wave vector asymmetry and signal drop at the valence band ultraviolet light shined onto the sample surface with an angle of
maximum, which are influenced by changes in photon energy 50°, and the beam spot size (H X V) at the sample position
and sample temperature, originate from the matrix elements was about 0.3 X 0.3 mm”. The light polarization was tuned by
involved in the photoemission process. This finding can the horizontal movement of the elliptical polarization
primarily be attributed to the renormalization of interlayer undulator (EPU), producing p/s-polarized (the electric field
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Figure 3. (a) ARPES maps along the k, high-symmetry direction by the photon energy of 21 eV at various temperatures. (b) Temperature-
dependent energy distribution curve acquired at k, = 0 1/A. The arrows represent the valence band tops. (c) Temperature-dependent momentum

distribution curve acquired at E — Ex = —0.3 eV.

is parallel/vertical to the incident plane) beam. The photo-
electrons were collected with a Scienta DA30 analyzer,
equipped with an electrostatic lens, allowing Fermi surface
mapping without sample rotation. The energy and momentum
resolutions of the hemispherical analyzer were better than 15
meV and 0.2° respectively. High-quality single crystals of
PdSe, (thickness: 0.2 mm, lateral dimensions: 1 X 1 mm?),
purchased from Nanjing MKNANO Tech. Co., Ltd.(www.
mukenano.com), were cleaved at 7 K and measured under a
base pressure of less than 7 X 10™"! Torr. The energy zero in
all photoelectron spectra was set at the Fermi level that was
referenced to a copper plate in electrical contact with the
samples. No charging effect was observed during our
measurements.

B RESULTS AND DISCUSSION

The crystal structure of the puckered layered PdSe, is shown in
Figure la. A unit cell of PdSe, contains four Pd atoms and
eight Se atoms, with two Se atoms crossing the Pd layer in the
form of a Se—Se dumbbell. Layers interact via van der Waals
forces, contributing to the material’s stability. The bulk
Brillouin zone of PdSe, (Figure 1b) is characterized by its
high-symmetry directions, which are crucial for studying the
electronic band structure. Key directions include k,, ky, and k,.
These directions serve as pivotal references when examining
the band structure, which reveals the semiconductor properties
and the relationships between bands in PdSe,. The elliptical
pockets in the constant-energy contour at a binding energy of
0.4 eV by a p-polarized light of 23 eV, as shown in Figure lc,
allow us to identify the two high-symmetry directions k, and k.
Moreover, the signal drop at k, = + 0.2 (1/A) and k, = 0 (1/
A) is due to the polarization-dependent matrix element
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effect.”” This effect has been observed in another puckered
layered semiconductor of black phosphorus.*”

The ARPES maps of PdSe, along the k, high-symmetry
direction acquired at 7 K by various photon energies are shown
in Figure 2a. Normally, ultraviolet (UV) beams primarily
provide photoemission maps from the bulk (photon energy of
14 eV) to the near-surface region (photon energy of 35 eV) of
samples, which is determined by the inelastic mean free path
(IMEP) of the emitted photoelectrons.”’ In layered materials
such as PdS,, the sample depth probed by ARPES depends on
the inelastic mean free path of the emitted photoelectrons,
which is a function of the photon energy used in the
experiment. In terms of PdSe,, the IMFP varies with photon
energy, allowing ARPES to probe electronic states from the
near-surface region (shallow depth) to the bulk region (deeper
depth). This variation in sample depth is particularly significant
in PdSe, due to its puckered layered structure, where the
strength of interlayer interactions changes with depth. When
ARPES probes different depths within the sample, the strength
of interlayer interactions varies due to the changing local
environment. For example, at shallow depths (near-surface
region), the interlayer interactions are weaker because the
surface layer experiences reduced coordination with neighbor-
ing layers. At greater depths (bulk region), the interlayer
interactions are stronger due to the increased coordination and
overlap of orbitals between adjacent layers. This variation in
interlayer interaction strength with depth is reflected in the
ARPES intensity maps. This leads to observable changes in the
valence band structure, such as shifts in the valence band
maximum (VBM) and variations in the photoemission
intensity. The varying sample depth in the puckered 2D
PdSe, corresponds to differing strengths of interlayer

https://doi.org/10.1021/acs.jpcc.5c00015
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Figure 4. (a) Powder XRD patterns of PdSe, as a function of the temperature. The crystal planes are labeled in the figure. (b) Shift of the (002)
peak toward the smaller angle upon heating. (c, d) High-resolution XPS of the PdSe, crystal obtained at 200 and 100 K. Green curves and cyan
curves (d) represent the Se3d,/, and Se3ds), fit results at 200 and 100 K, respectively.

interactions.”® Similarly, puckered black phosphorus exhibits
an evident interlayer interaction evolution as a function of
sample thickness.”* According to a previous report,”’ the VBM
top has an out-of-plane character (Pd-d,._?), and the strong
interlayer bonding along the c-axis can be ascribed to the
strong directional character of Pd and Se dimers. The puckered
structure of PdSe, further enhances this effect, as the out-of-
plane Pd-d and Se-p orbitals play significant roles in
determining the interlayer coupling. The hybridization of
these orbitals changes with depth, leading to a renormalization
of the electronic band structure as a function of sample depth.
This renormalization is particularly evident in the wave vector
asymmetry and signal drop observed in the ARPES data, which
are directly influenced by the matrix element effects arising
from the varying interlayer interactions.

The interlayer interactions in PdSe, are influenced by the
puckered geometry of the layers. In PdSe,, the interlayer Se—
Se distance (3.75 A) is significantly larger than the intralayer
Se—Se distance (2.36 A), leading to relatively weak interlayer
coupling compared to other transition-metal dichalcogenides
(TMDs) like PtSe, (3.27 A) or CrSe, (3.59 A).”>*° However,
the directionality of the Pd-d and Se-p orbitals still contributes
to non-negligible interlayer interactions, particularly along the
c-axis. A more pronounced wave vector asymmetry and signal
drop at the valence band maximum are observed at a photon
energy of 16 eV (Figure 2a). This suggests that it is possible to
selectively enhance the emission from bonding states in PdSe,
by adjusting the photon energy. Additionally, the ARPES maps
obtained with different photon energies exhibit varying
photoelectron intensity structures. The photon-energy-de-
pendent ARPES maps confirm that the matrix element effect
in PdSe, is influenced by the injected photon energy. This is
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attributed to the varying impact of different interlayer
interaction strengths on the bonding states of Pd-ds>_2 and
Se-p, orbitals.”” To quantitatively analyze matrix elemental
effects in Figure 2a, we plot energy distribution curves (EDCs)
acquired at k, = 0 1/A and momentum distribution curves
(MDCs) acquired at E —Ez = —0.3 eV in Figure 2b,c,
respectively. As shown in Figure 2b, the top of the valence
band using 16 eV exhibits a significant shift toward higher
binding energies when using 16 eV, compared to other energy
scenarios. Similarly, in Figure 2¢, the arrows indicate a
distinctly asymmetric band structure that occurs also at 16 eV.

Temperature often serves as an effective parameter for
adjusting the band gaps of semiconductors.”* " As the
temperature increases, the thermal expansion of the lattice
can lead to changes in the interlayer distance. The expansion of
the lattice can affect the electronic structure and bonding
interactions within the material. The temperature-dependent
interlayer coupling has been certified in black phosphorus.”’
The primary role in the temperature-dependent bandgap
renormalization is played by the contribution of interlayer
interactions. Figure 3a shows the ARPES maps acquired at 7,
100, 150, and 200 K by 21 eV. The top of the valence band
exhibits a clear change upon heating; specifically, the wave
vector asymmetry and signal drop become more pronounced
as the temperature increases. The EDCs acquired at k, = 0 1/A
and MDCs acquired at E — Ep = —0.3 eV are shown in Figure
3b,c, respectively. Due to the Fermi—Dirac distribution of
electrons upon heating, the matrix element effect cannot be
observed by the valence band top shift in Figure 3b.
Fortunately, as shown by the arrows in Figure 3¢, the wave
vector asymmetry and the signal drop become more
pronounced with increasing temperature. This finding should

https://doi.org/10.1021/acs.jpcc.5c00015
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be attributed to the influence of interlayer coupling
renormalization on the orbital hybridization of the bonding
states upon heating. In the context of Pd-d and Se-p orbitals,
the change in interlayer distance due to thermal expansion can
influence the hybridization between these orbitals. The
hybridization between metal d-orbitals and chalcogen p-
orbitals (such as Pd-d and Se-p) is crucial for determining
the electronic properties of PdSe,. Theoretical studies have
shown that the electronic structure and bonding interactions in
such materials are sensitive to the interatomic distances.’”
When the interlayer distance changes due to thermal
expansion, the overlap between the Pd-d and Se-p orbitals is
altered, which can affect the hybridization state.

Specifically, an increase in the interlayer distance can lead to
a reduction in the overlap between the orbitals, potentially
weakening the hybridization. This temperature effect can result
in changes to the electronic band structure and density of
states, which in turn can influence the material’s properties
such as electrical conductivity and thermal conductivity.*’
Therefore, the thermal expansion of the lattice and the
resulting changes in interlayer distance can significantly impact
the hybridization of Pd-d and Se-p orbitals, affecting the overall
electronic and thermal properties of the material. The change
of hybridization of Pd-d and Se-p orbitals in PdSe, due to the
interlayer coupling renormalization upon heating can lead to
the matrix element effect of the wave vector asymmetry and
signal drop when the other experimental parameters remain
stable.

Normally, temperature variation may lead to changes of
defect density.** In order to clarify the role of defects in the
band top evolution upon heating, X-ray diffraction (XRD) and
X-ray photoelectron spectroscopy (XPS) measurements have
been employed. Figure 4a,b illustrates the normal peak shift
upon heating, with no appearance or disappearance of new
peaks with temperature changes. Selenium vacancies are
commonly detected as the primary defect in PdSe, crystals.”
In terms of our measurements, the Se 3d;;, and Se 3d;,,
orbitals exhibit a negligible shift upon heating, as shown in
Figure 4d. Therefore, we propose that electron-defect
scattering remains consistent across the entire temperature
range in our study, without introducing additional wave vector
asymmetry or signal drop.

B CONCLUSIONS

In conclusion, the valence band structure of PdSe, was
measured at different temperatures using photon-energy-
dependent ARPES. We observed that the wave vector
asymmetry and signal drop at the valence band maximum in
the photoemission process are dependent on both photon
energy and sample temperature. This finding can primarily be
attributed to the renormalization of interlayer interactions,
which are influenced by sample depth and temperature. Our
study lays the groundwork for bridging the gap between
laboratory research and the practical deployment of layered
PdSe,, facilitating the transition from theoretical insights to
real-world applications.
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