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Low-lying electronic states with giant linear dichroic ratio observed in PdSe2

Chenyi Gu,1,2 Xiaowei Liu,3 Cheng Chen,4,5,6 Aiji Liang,4,5,6 Wei Guo ,1,2 Xinrui Yang,1,2 Jian Zhou ,1,2 Chris Jozwiak,6

Aaron Bostwick,6 Zhongkai Liu,4,5 Shi-Jun Liang,3 Yulin Chen,4,5,7 Feng Miao,3,* Eli Rotenberg ,6 and Yuefeng Nie 1,2,†

1National Laboratory of Solid State Microstructures, Jiangsu Key Laboratory of Artificial Functional Materials,
College of Engineering and Applied Sciences, Nanjing University, Nanjing 210093, China

2Collaborative Innovation Center of Advanced Microstructures, Nanjing University, Nanjing 210093, China
3Institute of Brain-Inspired Intelligence, National Laboratory of Solid State Microstructures, School of Physics,

Collaborative Innovation Center of Advanced Microstructures, Nanjing University, Nanjing 210093, China
4School of Physical Science and Technology, ShanghaiTech University, Shanghai 201210, China

5ShanghaiTech Laboratory for Topological Physics, Shanghai 201210, China
6Advanced Light Source, Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA

7Department of Physics, University of Oxford, Oxford OX1 3PU, United Kingdom

(Received 25 May 2022; revised 23 August 2022; accepted 26 August 2022; published 20 September 2022)

Palladium diselenide (PdSe2), a recently exploited transition metal dichalcogenide material with a thickness-
dependent band gap, anisotropic optical response, and high air stability, has shown excellent performance in
electronics and polarization photodetection. However, the origin of the intriguing optical response in this material
from a perspective of electronic band structure, including the orbital character and the experimental demonstra-
tion of its indirect band gap, has not yet been explored. By applying polarization-dependent, angle-resolved
photoemission spectroscopy and density functional theory calculations, we measured an indirect band gap of
bulk PdSe2 to be ∼0.36 eV. Moreover, the orbital-resolved electronic band structure reveals a top valence band
dominated by Pd-d3z2−r2 and Se-pz orbitals, which gives rise to an unprecedented giant linear dichroic ratio of
10, showing a huge orbital-induced anisotropy. Our results elucidate the semiconducting nature of PdSe2 and
propose PdSe2 to be an intrinsically orbital-engineered material with giant anisotropy for polarization-related
optical applications.
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Introduction. Polarization of light and its measurement
are of great interest in various areas of science, including
diffractive optics [1], nanophotonics [2], bionics [3], etc. Re-
cently, anisotropic layered materials have demonstrated their
great advantages in the design of polarization photodetec-
tors [4–9] using their intrinsic optical anisotropy other than
extrinsic geometric effects [9]. Among the emerging two-
dimensional (2D) materials for polarization photodetectors,
palladium diselenide (PdSe2) has recently been brought under
the spotlight [10–16]. The pentagonal intralayer Pd—Se bond
networks of PdSe2 make its symmetry (space group Pbca
[10,11]) lower than that of hexagonal 2D materials [17,18]
and endow it with anisotropic mechanical, thermal, electronic,
and optical properties [14,19–21]. Moreover, PdSe2 features
extraordinarily high air stability [4,10,22], which facilitates
the fabrication of PdSe2-based devices, including field-effect
transistors and photodetectors [4,11,21,22]. In contrast to the
exploited transport and optoelectronic properties, the study of
the electronic band structure of PdSe2 is mainly about theo-
retical calculations [4,10,12,19,20,22–26] until very recently
experimental approaches like angle-resolved photoemission
spectroscopy (ARPES) were conducted to this material, re-
vealing the general band structure with a strong kz dependence
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[27,28]. Currently, however, as an outstanding material for
polarization photodetection, the response of its electronic
band structure to light polarization has not yet been explored.
Moreover, as a key parameter in the design of semiconducting
devices, the calculated band gap of this compound remains
controversial, and direct momentum-sensitive measurement
of it is highly desired.

In this work, we reveal the orbital character of the
electronic band structure of bulk PdSe2 via polarization-
dependent ARPES and density functional theory (DFT)
calculations [29–37]. The conduction band minimum (CBM)
is located slightly away from the high-symmetry lines near the
Brillouin zone corner, and the indirect band gap is ∼0.36 eV.
The polarization-dependent ARPES measurements show that
the valence band (VB) top is dominated by Pd-d3z2−r2 and
Se-pz orbitals, giving rise to a giant linear dichroic ratio of
the top VB.

Semiconducting nature and general band structure. Bulk
PdSe2 has an orthorhombic lattice with space group Pbca and
point group D2h [10,11,38]. The crystal model with a cor-
rugated pentagonal Pd-Se network is illustrated in Fig. 1(a).
Experimental results on the electronic band structure of PdSe2

are relatively rare compared to other 2D materials. One pos-
sible reason is that, due to the strong interlayer coupling of
PdSe2, the sample surface becomes uneven, with multiple
flakes after cleavage in the ARPES chamber, as shown in
Supplemental Material Fig. S1 [39]. The surface of these
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FIG. 1. (a) Crystal model of PdSe2 and the 3D Brillouin zone with high-symmetry points and paths. (b) Calculated band structure of bulk
PdSe2 along the high-symmetry path. The color scale represents a dispersion of kz from 0 (red) to π/c (blue), and the overbars mean that the
corresponding notations are only distinguished by kx and ky. (c) Measured band structure along the high-symmetry path. The calculated band
structure with kz = 0 is appended with an energy shift for comparison. (d) Constant energy maps taken at E–EF = 0 and −0.3 eV. (e) VB
fine-cuts measured along the �−X [cut 1 in (d)] and �−Y [cut 2 in (d)] directions. The peak positions of the bands away from the Fermi level
are labeled by fitting the momentum distribution curves. (f) Fitted peak positions in (e).

flakes are (001) planes of the crystal but not perfectly aligned,
resulting in nonuniform photoemission. To solve this prob-
lem, we performed the experiment in a synchrotron-based,
spatially resolved ARPES system with a spot size of ∼40 μm
so that the detected photoelectrons are from one single flake.
First, we begin with the general electronic band structure
along the high-symmetry paths as illustrated in the three-
dimensional (3D) Brillouin zone of bulk PdSe2 in Fig. 1(a).
The calculated band structures along the high-symmetry path
�−X−S−Y−�(�)−Z shown in Fig. 1(b) indicate that the
VB top is located at the � point, where the overbars mean
that the corresponding notations are only distinguished by
kx and ky. The color scale indicates the kz evolution from 0
(red) to π /c (blue), showing the strong kz dependence of the
energy bands, which is in agreement with previous ARPES
work [27] and consistent with the strong interlayer coupling
of PdSe2 compared to other 2D materials, as shown in Sup-
plemental Material Table SI [27,39–41]. The measured band
structure of the as-cleaved sample along the high-symmetry
path �−X−S − Y−� − Z shown in Fig. 1(c) is well consis-
tent with our calculations and previous ARPES work [27,28].
During the measurement, the incident light is linear horizontal
with respect to the ground, and the used photon energy (88 eV)
corresponds to the � plane in kz (see Supplemental Material
Fig. S2 for details [39]). The broadening of the bands and
additional weak bands can be attributed to the kz-broadening
effect [42]. To trace the conduction band (CB), a constant en-

ergy map is taken at the Fermi level (E–EF = 0 eV), as shown
in Fig. 1(d). However, no additional feature is observed other
than the weak spectral weight originating from the valence
band maximum (VBM) at the � point, suggesting that no CB
crosses the Fermi level, and the sample is a p-type semicon-
ductor. Due to this semiconducting behavior of bulk PdSe2,
the CB of the as-cleaved sample lies above the Fermi level and
cannot be observed, given the fact that only the occupied states
are detectable in conventional ARPES technique. Besides,
the in-plane hole effective masses of the VB along the a-
and b-axes are found to be similar, which can be seen from
the nearly circular hole pocket in the constant energy map
0.3 eV below the Fermi level, as shown in Fig. 1(d), and the
similar peak positions of the VB along two directions shown
in Figs. 1(e) and 1(f), suggesting that the reported electrical
transport anisotropy of PdSe2 [43] is mainly caused by other
extrinsic effects like anisotropic defects distribution [44].

Band gap of bulk PdSe2. To investigate the CB of PdSe2

and obtain the band gap, we performed in situ potassium
deposition to dope electrons into the sample surface, and thus
shifted the energy band downward by approximately 0.56 eV
with respect to the Fermi level (see Supplemental Material
Fig. S3 [39]). The CB was successfully observed in the sub-
sequent constant energy map 50 meV below the Fermi level,
as illustrated in Fig. 2(a). The CBM consists of four electron
pockets located slightly away from the Brillouin zone corners,
which is in good agreement with our DFT results in Fig. 2(b)
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FIG. 2. (a) Measured constant energy map 50 meV below
the Fermi level after potassium deposition showing the electron
pockets. The Brillouin zone boundary is indicated by the orange
dashed-line rectangle. (b) Calculated energy contour map showing
the CBM around the Brillouin zone corner with the coordinate
(±0.786 π/a, ±0.929 π/b). (c) Band dispersion taken along the
gray line in (a). The CBM and VBM are observed simultaneously.
Energy distribution curves of the CB (red) and VB (blue) taken
from the corresponding lines are placed on the right side with an
integrating width of 0.02 Å–1 (4 pixels). The indirect band gap �E is
∼0.36 eV. (d) Calculated kz dispersion of the bottom CB and the top
VB. The � and Z planes correspond to kz = 0 and π/c, respectively.

(see Supplemental Material Fig. S4 for details [39]). More-
over, we can determine the size of the band gap in bulk PdSe2

by observing the CBM, which is a controversial issue both in
theoretical and experimental works, as summarized in Table I
[45–48]. In our experiments, the gap size is obtained by the
simultaneous observation of the VBM and CBM as shown in

TABLE I. Reported gap size (Eg) of bulk PdSe2.

Method Eg (eV) Ref.

Theory
mBJ 0.15 [11]
mBJ 0.17 this work
PBE-GGA 0 [4]
optPBE-vdW -0.02 [10]
optPBE-vdW 0.25 [12]
HSE06 0.57 [26]
GW 0.45 [45]

Experiment
Optical absorption 0.5 [46]
Electrical transport 0.3 [47]
STS 0.06(±0.02) [48]

the energy-dispersive fine-cut in Fig. 2(c). The sample was
azimuthally rotated so that the VBM and CBM were detected
by a single cut along the gray line in Fig. 2(a). Obviously,
the VBM and CBM form an indirect band gap. The energy
distribution curves (EDCs) cutting through the VB and CB,
indicated by the blue and red dashed lines, are drawn together
and give an energy difference �E of approximately 0.36 eV
between the VBM and CBM. Since the photon energy used
here was fixed at the � plane, it is necessary to investigate
the kz dependence of the top VB and the bottom CB to verify
if �E is the global minimum in the whole k-space or not.
According to the DFT calculations in Fig. 2(d), both the CBM
and VBM are obtained in the � plane, confirming that the
measured �E of approximately 0.36 eV is indeed the band
gap of bulk PdSe2. As such, the indirect band gap of bulk
PdSe2 is experimentally demonstrated with momentum res-
olution for the first time.

Orbital character of the valence bands. The orbital char-
acter of the energy bands plays an important role in the
periodicity doubling of the band structure and the strong in-
terlayer coupling in PdSe2 [27,28]. Although calculations are
made to analyze the orbital character of PdSe2, experimen-
tal investigation is limited to the unoccupied states [27]. In
ARPES measurements, an incident photon source with linear
polarization can distinguish states with specific symmetry
relative to the plane defined by the incident light and the
photoelectrons emitting toward the electron analyzer, which
is called the mirror plane [49,50]. From the definition, one
can notice that the mirror plane is not related to the symmetry
of the sample crystal. To investigate the orbital character of
PdSe2, we measured the valence band structure with both
p-polarized (linear horizontal with respect to the ground in
our case) and s-polarized (linear vertical) light. The cuts were
taken along the �−X direction with a photon energy of 88 eV
(� plane in kz), and the geometry of the measurement is
depicted in Fig. 3(a). The sample was manipulated to make
the b-axis of the crystal perpendicular to the ground, and the
mirror plane overlaps with the a−c plane of the crystal. By
switching between p- and s-polarization of the light, differ-
ent bands were detected, as shown in Fig. 3(b), indicating
different symmetry of the bands. To index these bands, we
calculated the orbital projected density of states (DOS) and
orbital projected band structures of bulk PdSe2 along the �−X
direction. The total DOS is mainly comprised of Pd-d and
Se-p orbitals, as illustrated in Fig. 3(c), which is consistent
with previous work [27,28]. Moreover, by comparing the or-
bital projected band structures in Figs. 3(d) and 3(e) with the
measured band structures in Fig. 3(b), we can understand the
difference between the s- and p-polarization measurements
and obtain the orbital-resolved valence band structure, which
is elucidated next.

According to previous ARPES work [49,50], the s- (p-)
polarization of the light would only detect electronic states
whose wave functions are odd (even) with respect to the mir-
ror plane. Considering the p and d states under an octahedral
crystal field [27,28], the s-polarized light would detect py,
dxy, and dyz orbitals, while the p-polarized light would detect
px, pz, dxz, d3z2−r2 , and dx2−y2 ones in our case. Therefore,
the Pd-dxy, Pd-dyz, and Se-py orbitals can be detected by s-
polarized light. However, due to the negligible spectral weight
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FIG. 3. Investigation of the orbital character. (a) Schematic drawing of the measuring geometry. The b-axis is perpendicular to the ground.
The mirror plane is shown in blue color. (b) Measured VB fine structures along the �−X direction with s- and p-polarized light. (c) Calculated
DOS of bulk PdSe2. The inset shows the vertically magnified plot near the Fermi level. (d–e) Calculated Pd-d and Se-p orbital projected
valence band structures along the �−X direction.

of the Pd-dxy and Se-py orbitals near the Fermi level accord-
ing to our calculations, only the Pd-dyz orbital is expected
to be prominently observed by the analyzer, which matches
well with our experimental results shown in Fig. 3(b). For
p-polarized light, the Pd-dxz orbital was clearly observed
around kx = ±1.0 Å–1, where faint features of Pd−dx2−y2 +
Se−px orbitals were also detected. More importantly, the
top VB is experimentally proved to be mainly comprised of
Pd-d3z2−r2 and Se-pz orbitals, which is vital to understand-
ing the atypically strong interlayer coupling in this material
[27]. Lastly, the lower bands around −1.0 to −1.6 eV in the
Pd-d3z2−r2 and Se-pz orbitals are absent in our p-polarized
ARPES data, and there exists spectral weight loss of the Pd-
dyz band in the s-polarized ARPES data around kx = 0 Å–1.
The spectral weight anomaly is possibly due to reasons such
as matrix element effects, and needs further investigations.
Based on the previous discussion, the orbital character of the
VB in bulk PdSe2 along the �−X direction is experimentally
resolved, and the top VB is dominated by Pd-d3z2−r2 and Se-pz

orbitals.
Giant linear dichroic ratio of the valence band. The

polarization-dependent ARPES results in Fig. 3(b) show that
the spectral weight of the top VB is strongly dependent on
the light polarization. As the linear dichroism (Ip–Is) of the
VB shows in Fig. 4(a), the VB top is p-polarization sensi-
tive when E–EF ranges from −0.9 to 0 eV. To quantify the
polarization sensitivity, we integrated the EDCs of the VB
under s- and p-polarized light within the region denoted by
the yellow rectangles, as shown in Fig. 3(b), and plotted the
linear dichroic ratio Ip/Is and the normalized linear dichro-
ism (Ip–Is)/(Ip + Is) as functions of E–EF , as illustrated in
Figs. 4(b) and 4(c). When E–EF ranges from − 0.9 to 0 eV, the
ARPES spectral weight under p-polarized light is obviously

larger than that from s-polarized light, leading to a giant linear
dichroic ratio of ∼10 (corresponds to a normalized linear
dichroism of 0.82). To the best of our knowledge, this is the
largest linear dichroic ratio among the polarization-dependent
ARPES works [51–55]. More importantly, this giant linear
dichroic ratio quantitatively demonstrates that the VBM is
dominated by the out-of-plane Pd-d3z2−r2 and Se-pz orbitals,
which is contrast to the in-plane dominated states at the CBM
revealed by previous X-ray absorption spectroscopy linear

FIG. 4. Giant linear dichroic ratio in PdSe2. (a) Linear dichro-
ism (Ip–Is ) of the VB measured along the �−X direction. Ip (Is )
corresponds to the spectral weight under p- (s-)polarized light. (b)
Integrated EDCs of the VB with s- and p-polarized light. The data
were integrated within the region denoted by the yellow rectangles as
shown in Fig. 3(b). (c) Linear dichroic ratio (Ip/Is ) and normalized
linear dichroism [(Ip–Is )/(Ip + Is )] of the VB from − 2.0 to 0.2 eV
calculated from (b).
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dichroism (XLD) measurements [27]. Our results provide a
complete picture of the orbital character near the Fermi level
together with the previous XLD results, and illustrate the
huge orbital-induced anisotropy in this material. Based on
this point, we propose PdSe2 as a novel orbital-engineered
material for optical applications. For example, the selection
rule of electric dipole transition is closely related to the light
polarization and the orbital character of the energy bands
[56], so PdSe2 with orbital-engineered band structures could
interact differently with different light polarizations and in-
cident angles [57]. In addition, compounds like PdS2 may
also exhibit similar giant orbital anisotropy, which is worth
exploring in the future.

Conclusions. The electronic band structure of bulk PdSe2

is revealed by ARPES and DFT calculations. The VBM is
observed at the Brillouin zone center, and the CBM is detected
near the Brillouin zone corner by potassium deposition, form-
ing an indirect band gap of ∼0.36 eV. Moreover, the orbital
character analysis shows that the top VB is dominated by

Pd-d3z2−r2 and Se-pz orbitals, and this gives rise to a giant
linear dichroic ratio of ∼10. Our work elucidates the semi-
conducting nature of PdSe2 and proposes PdSe2 as a novel,
intrinsically orbital-engineered material with giant anisotropy
for polarization-related optical applications.
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