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ABSTRACT: Stacking engineering has emerged as an effective strategy for tuning the
physical properties of layered materials. Inspired by the recent experimental synthesis of
penta-PdTe, sheets [Liu, L.; et al. Nat. Mater. 2024, 23, 1339], we demonstrate, based on
systematic symmetry analysis and first-principles calculations, that bilayer penta-PdTe,
exhibits a strong in-plane polarization; in particular, its ground state possesses a prominent
spontaneous polarization (P = 1.70 X 107" C m™"), leading to a giant shift current with a

value as high as 125.49 uA V72, which is much larger than the corresponding values of
bilayer penta-PdSe, (43.86 uA V) and penta-PdS, (29.17 uA V~*). The underlying
mechanism is further elucidated through an analysis of the transition intensity and shift
vector distributions in reciprocal space as well as the charge transfer of the X (X = Te, Se, or
S) dimers in real space. Our findings highlight pentagonal materials as a promising platform
for designing polar materials with strong bulk photovoltaic effect responses.

he photovoltaic effect, which enables the direct

conversion of light into electricity, has attracted
significant attention due to the growing demand for clean
and renewable energy solutions. Among various photocurrent
conversion mechanisms, the bulk photovoltaic effect (BPVE) is
particularly promising, as it can occur in a single material
without requiring doping.' > Unlike p—n junctions, the
photovoltage generated by BPVE is not constrained by the
Shockley—Queisser limit, and BPVE can produce an open-
circuit voltage exceeding the band gap, making it highly
attractive for high-efficiency solar cells.” Early studies have
shown that the photocurrent collection via BPVE with an
efficiency larger than 10% can be achieved in the first-order
photovoltaic effect in ferroelectric hybrid and oxide perov-
skites, which has motivated considerable research on ferro-
electric photovoltaics.”® From a physical perspective, BPVE is
a second-order nonlinear optical response;” ie., j* = 6**(w)
E,(w)E*(w), where j° represents the current density
component in the a direction, E,(®) and E.(®) denote the
component of the light electric field in the b and c¢ directions,
respectively, while ¢ (@) is for the shift current conductivity
tensor. The dominant factor for BPVE is the shift current,
which arises from the difference in the wave function centers
between the valence and conduction bands upon photo-
excitation.”” This fundamental requirement restricts BPVE to
noncentrosymmetric materials.’

Polar materials are of particular interest for BPVE
applications, as their intrinsic electric polarization can facilitate
shift current generation under both polarized and nonpolarized
light illumination,'” thereby enhancing the BPVE response.
Consequently, numerous two-dimensional (2D) polar materi-
als have been experimentally synthesized or theoretically
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predicted as promising BPVE candidates, including single-
layer group IV monochalcogenides,"’ 2D hybrid perovskites
[CH,(CH,);NH,],(CH;NH;)Pb,Br,,'* a@-In,Ses,'> and
CuIanSé.14 However, most 2D single-layer materials are
centrosymmetric and thus lack BPVE properties. This
limitation can be overcome through specific layer stacking
configurations,"” significantly expanding the pool of 2D
materials suitable for BPVE applications. Recent theoretical
advancements have established a generalized group theory
framework for bilayer stacking ferroelectricity (BSF),'
providing a systematic approach for predicting and designing
polar materials with enhanced BPVE performance.

Beyond stacking-induced symmetry breaking, incorporating
low-symmetry structural motifs has emerged as a key strategy
in the rational design of polar materials. Since the theoretical
proposal of penta-graphene (PG) in 2015,"” substantial efforts
have been dedicated to designing and synthesizing over 210
new 2D pentagonal materials.'"®'” Compared with conven-
tional hexagonal 2D materials, pentagonal materials exhibit
more complex atomic coordination environments that facilitate
the formation of polar bonds. The reduced symmetry of
pentagonal motifs, in contrast to hexagonal ones, enables the
emergence of spontaneous polarization. The unique geometry
of these pentagonal materials naturally facilitates electric
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Figure 1. (a) Two simply stacked bilayer penta-PdX, (X = Te, Se, S) structures. (b) Symmetry analysis of the bilayer penta-PdX, (X = Te, Se, S)

sheet along with the mirror plane M,,, with the top view of the stacking configurations for translation points G (0,0),A (% a,0),B (0, % b), and C (

11
S b).

polarization, positioning them as highly promising candidates
for BPVE applications.zo_23 Furthermore, sliding ferroelec-
tricity was recently proposed in the penta-PdSe,/penta-PtSe,
van der Waals heterostructure®® and trilayer penta-NiN,,”’
further expanding the scope of pentagonal materials in BPVE
application.

Motivated by the recent experimental synthesis of penta-
PdTe,*® we systematically explored the evolution of electric
polarization across all possible stacking configurations of
bilayer penta-PdTe, through symmetry analysis. Additionally,
we confirmed that the ground state of bilayer penta-PdTe,
exhibits in-plane electric polarization with strong BPVE
responses through density functional theory (DFT) based
first-principles calculations.

We perform first-principles calculations using the Vienna ab
initio simulations package based on density functional theory
(DFT).”” The exchange—correlation interaction is treated with
the generalized gradient approximation within the Perdew—
Burke—Ernzerhof form.”® The projector augmented wave
method is used for describing the interaction between valence
electrons and ion cores.”” The valence electrons are expanded
by a plane-wave basis set with its kinetic energy cutoft of 450
eV. We adopt the dispersion correction for the total energy
(DFT-D3 scheme)® to semiempirically include the vdW
interactions. The vacuum space of 25 A is added along the
nonperiodic direction of the primitive cell to avoid interactions
between neighboring images. The first Brillouin zone is
sampled by usin§ a Monkhorst—Pack k-point mesh with a
grid of 9 X 9 x 1.°" All the structures are fully optimized with a
convergence threshold of 1 X 107* eV A~ for force and 1 X
107 eV for energy. The Heyd—Scuseria—Ernzerhof (HSE06)
hybrid functional™ is used for calculating the electronic band
structures. The finite displacement method®® implemented in
the Phonopy code’* is used for calculating the phonon spectra
of structures using their 4 X 4 X 1 supercells. Ab initio
molecular dynamics (AIMD) simulations for these systems are
performed using the canonical ensemble with a Nosé—Hoover
thermostat.”® To avoid the uncertainty of stability caused by
the constraints of periodic boundary conditions, 3 X 3 X 1
supercells were used in the AIMD simulations. The electric
polarization is calculated with the Berry phase method.’® The
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generation pathway of electric polarization is computed by
using the climbing-image nudged elastic band method.”” Bader
charge analysis is used to grant insights into the electro-
negativity and quantify the charge distribution of the bilayer
stacking structures.”*””

Our calculations of the nonlinear photocurrent responses,
including both shift current and injection current, are derived
from the nonlinear response theory within the independent-

. : 40
particle approximation.

The numerical approach uses
maximal Wannier functions for interpolation, which ensures
gauge invariance and facilitates efficient integration over the
Brillouin zone.*'

To evaluate the shift current generation, we fit the DFT
results in the WANNIER90 code package.*”* The shift

current photoconductance under linearly polarized light is
41

ine® dk Z b b
- 3 3 fnmrmnrnm;a
T n,m

evaluated by

() = X 8(w,, — w)-

hZ

(1)

where a and b are Cartesian indices, representing the direction
of photocurrent and polarization direction of the incident light,
respectively. For the 2D system, a, b = x or y. k is the crystal
momentum, n and m are the band indexes, f,,, is the difference
between their Fermi—Dirac occupation numbers, and Aw,),, is
are both
quantities associated with the Berry connection of the Bloch

and 7

nm;a

the band energy difference. The terms r5,

wave functions, referring to the dipole matrix element and its
generalized derivatives, respectively. The coefficient d,/d, is
used for a quantitative comparison between 2D and bulk
systems, where d, is the lattice constant perpendicular to the
periodic plane and d, is the thickness of the 2D structure.

In nonmagnetic systems, injection current is mainly induced
by circularly polarized light (CPL); the injection current under
CPL irradiation is evaluated by**

https://doi.org/10.1021/acs.jpclett.5c01522
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Figure 2. Potential energy surface associated with the interlayer sliding of the bilayer penta-PdTe,. (b) Top and side views, (c) phonon spectrum,
and (d) evolution of the total potential energy with simulation time during the AIMD simulations at 300, 600, and 900 K for bilayer penta-PdTe,.
The inset is the top view of the bilayer penta-PdTe, supercell at the end of the simulation at 900 K.
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the m™ and n™ bands.

Recently, monolayer penta-PdTe, with a Cairo tessellation
structure was successfully synthesized through symmetry-
driven epitaxy growth.26 Notably, this monolayer shares the
same C,, symmetry as the previously synthesized penta-
PdSe,* and penta-PdS,* monolayers, collectively classified as
penta-PdX, (X = Te, Se, S). According to Neumann’s
principle,”” the symmetry elements governing any physical
property of a crystal must include all the symmetry elements of
the crystal's point group. Theoretical analysis reveals that
bilayer structures of penta-PdX, follow identical symmetry
creation and annihilation rules when subjected to equivalent
sliding vectors. Although the monolayer penta-PdX, belongs to
the c2/m1l centrosymmetric layer group (no. 18), its bilayer
counterparts, depending on their stacking configurations, can
exhibit three distinct polarization types: in-plane polarization, a
combination of in-plane and out-of-plane polarization, or
nonpolar state, based on the BSF theory.'®

For a simply stacked bilayer (i.e, without any relative
translation), there are two possible stacking configurations, as
illustrated in Figure la. In the first configuration, the two layers
are stacked with identity symmetry, while in the second
configuration, they are related by mirror plane M,,. It can be
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seen that any pure translation O = {Elz,} (including {Elz,}G)
cannot break the inversion symmetry of the centrosymmetric
monolayer. Consequently, the bilayer penta-PdX, can only
possess C,, or C; symmetry, suggesting that spontaneous
polarization is impossible based on O = {Elz,}. Here, O
represents the transformation operator, 7, is the in-plane
translational part, and Ggy is the point group of the monolayer,
while the mirror reflection M,, enforces symmetry breakage in
bilayers, enabling the bilayer penta-PdX, to adopt C,,, C, C,,
or C; polar symmetry under the translation O = {M,z.},
which may induce spontaneous polarization in the bilayer
penta-PdX,. Therefore, we focus on bilayer penta-PdX, with
mirror plane M,, symmetry for further investigation.

As illustrated in Figure 1b, four typical stacking config-
urations exhibit in-plane polarization under C,, symmetry,

represented by sliding vectors G (0, 0), A (% a,0), B (0, % b),
and C (% a, % b), where a and b are the lattice vectors. The G,

A, B, and C stacked bilayers exhibit in-plane polarization under
C,, symmetry. Additionally, sliding vectors along the G — B
and A — C paths correspond to stacked bilayers with in-plane
polarization under the C, symmetry, those along the G — A
and B — C paths exhibit combined polarization under C;
symmetry, and the bilayers with general sliding vectors exhibit
combined polarization under the C, symmetry. The controlled
synthesis and precise tuning of bilayer stacking configurations
can be realized through several experimental approaches,
including strain engineering combined with chemical vapor
deposition (CVD) growth,™ scanning tunneling microscope
(STM) tip-assisted manipulation,” and electric-field-driven
interlayer sliding.”® Since bilayer penta-PdX, (X = Te, Se, S)
exhibits polarized states that depend on stacking geometry,

https://doi.org/10.1021/acs.jpclett.5c01522
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of bilayer penta-PdX, (X = Te, Se, S).

strategically modulating stacking configurations in these
pentagonal layered materials offers a promising approach for
designing efficient BPVE materials.

DFT calculations were performed to study the energetics
and stability of the different stacking configurations. For the
monolayer penta-PdX,, the calculated results are presented in
Figure S1 in the Supporting Information, which is in
agreement with previous studies.”’ The configuration space
of bilayer penta-PdX, is explored by keeping the bottom layer
in the G stacking pattern fixed and sliding the top layer by r =
(ma + nb)/10, where m, n € {0, 1,2, 3,4,5,6,7,8, 9} A
stacking pattern is found to be the global energy minima on
the sliding plane, regardless of the X-site element, as shown in
Figure 2a and Figure S2. The geometries of the ground-state
bilayer penta-PdX, are depicted in Figure 2b and Figure S3.
The ground-state bilayer penta-PdX, possesses C,, symmetry
with a 2-fold rotational axis ¢y, indicating spontaneous
polarization along the [010] direction, as observed in
experiment.*’ Next, we calculated the phonon spectra of the
ground-state bilayer penta-PdX, to verify their dynamic
stability, as no imaginary phonon modes are found throughout
their first Brillouin zones (Figure 2c and Figure S3). To further
investigate thermal stability, we performed ab initio molecular
dynamics (AIMD) simulations at 300, 600, and 900 K, each
with a duration of 10 ps and a time step of 1 fs. The total
potential energies of the supercells fluctuated around constant
values during the simulations at 900 K, and their geometries
did not suffer significant distortion at the end of simulations,
indicating that the ground-state bilayer penta-PdX, are
thermally stable up to 900 K (Figure 2d and Figure S4). We
examined the mechanical stability of the ground-state bilayer
penta-PdX,. The calculated elastic constants Cj listed in Table
S1, satisty the Born—Huang criteria,> namely, C;; > 0, Cy, > 0,
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Css > 0, and C;;C,, > Cy,%, indicating that they are
mechanically stable. Based on such comprehensive stability
examinations, the ground-state bilayer penta-PdX, is found to
be stable dynamically, thermally, and mechanically. Therefore,
the following discussions focus exclusively on the ground-state
configuration.

Unlike out-of-plane polarization, the presence of in-plane
polarization requires the structure to be semiconducting,
Therefore, we calculated the band structures and the
corresponding total and partial densities of states (DOS) of
the bilayer penta-PdX, at the HSE06 level (Figure 3a and
Figure SS). The bilayers penta-PdTe,, penta-PdSe,, and penta-
PdS, are all semiconducting with indirect band gaps of 1.06,
1.52, and 1.61 eV, respectively. The DOS at the band edge is
mainly contributed by the d orbitals of Pd atoms and p orbitals
of X atoms, which is confirmed by the fatband analysis in
Figure S6. The simultaneous presence of C,, symmetry and
semiconducting properties ensures the existence of sponta-
neous polarization in bilayer penta-PdX, along the [010]
direction. To better understand the origin of spontaneous
polarization in bilayer penta-PdX,, we analyzed their
deformation charge densities (Figure 3b and Figure S7),
where the yellow and blue regions represent electron
accumulation and depletion, respectively. After the centrosym-
metric monolayers are stacked into bilayers, the centers of
positive and negative charges separate along the [010]
direction, forming electric dipole moments arranged in a
well-ordered array, thereby establishing the observed sponta-
neous polarization.

Although previous experiments have confirmed that bilayer
penta-PdSe, belongs to the C,, polar point group,” the
quantitative assessment of spontaneous polarization has
remained unexplored. To obtain an accurate evaluation of

https://doi.org/10.1021/acs.jpclett.5c01522
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Figure 4. Shift current tensors (a) @™ and (b) ¢ of the bilayer penta-PdX, (X = Te, Se, S). (c-h) The shift current, transition intensity, and
aggregate shift vector contributed from the (VB; — CB,) and (VB, — CB;) pairs of the bilayer penta-PdX, (X = Te, Se, S).

the spontaneous polarization, a centrosymmetric nonpolar
phase of bilayer penta-PdX, should be identified.”> We found
that the reference structure possesses C,, nonpolar symmetry
with E stacking configuration, as illustrated in Figure 3c. The
value of spontaneous polarization is determined by adding or
subtracting polarization quantum P, = N a to obtain a
continuously changing polarization curve, where N represents
arbitrary integers, and a represents the length of a unit cell.”
The calculated spontaneous polarizations P} of bilayer penta-
PdTe,, penta-PdSe,, and penta-PdS, are 1.70 X 107 C m™,
173 x 100 Cm ™, and 1.75 X 107 C m™}, respectively, as
shown in Figure S8, which aligns with the yy component of the
Born effective charge tensor for the X atom Z;;(X), as shown in
Figure 3d.

To explore the BPVE including shift and injection current,
we first reproduced the DFT band structures by using the
tight-binding Hamiltonian. As shown in Figure S9, they agree
well with each other. For achieving well-converged BPVE
results, an interpolated k-point mesh of 71 X 71 X 1 was used
following thorough testing, as illustrated in Figure S10. In the
penta-PdX, system, the injection current is found to be
significantly smaller than the shift current, as demonstrated in
Figure S11 and Supplementary Note 1 in the Supporting
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Information, indicating that the shift current is the dominant
contribution to the BPVE. We then examine the shift current,
which arises from the displacement of the wave function center
between the valence and conduction bands upon light
excitation. Assuming a single laser source of linearly polarized
light, the shift current conductivity is reduced to two
independent in-plane nonvanishing shift current response
tensors, *(w) and ¢”(w). Since the magnitude of the
shift current is larger than that of the injection current, the shift
current is the major mechanism contributing to BPVE. It is
worth noting that spin—orbit coupling (SOC) exerts only a
minor influence on the shift current, as demonstrated in Figure
S12. The bilayer penta-PdTe, demonstrates prominent shift
current responses with primary peak values of 96.19 A V2 at
1.58 €V for ¢*(w) and —125.49 uA V2 at 1.75 eV for
”(w), as shown in Figure 4a-b, which are comparable to
those of theoretically proposed ternary pentagonal 2D
structures” " and significantly exceed the responses observed
in many other polar systems.'"”**™°° The sign of the shift
current tensor components reflects the relative orientation
between the photocurrent and spontaneous polarization, with
the positive (negative) values corresponding to the parallel
(antiparallel) alignment resulting from the directional charge

https://doi.org/10.1021/acs.jpclett.5c01522
J. Phys. Chem. Lett. 2025, 16, 71777186


https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.5c01522/suppl_file/jz5c01522_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.5c01522/suppl_file/jz5c01522_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.5c01522/suppl_file/jz5c01522_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.5c01522/suppl_file/jz5c01522_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.5c01522/suppl_file/jz5c01522_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.5c01522/suppl_file/jz5c01522_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.5c01522?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.5c01522?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.5c01522?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.5c01522?fig=fig4&ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.5c01522?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry Letters

pubs.acs.org/JPCL

Shift current (LA V-2)

Transition intensity

(a) (b)

Shift vector (A)
(c) ;

686.7 86,7 341250.0
0.5 x M 054  ceeeooen ..o 05 {m " B A 4
' " 71 ' ' “h
A N | 195.0 ! S 65.0 ' a L 771875
. ' H ' P ' 4 H
' ' ' ' 1 '
' ' ' ¢ '
' . ', '
004 00 eeeeeaa--d . 296 004 | 0 E-ee-----d , 33 0.04 D - -186875
I X 5.7 . 1 X 4 ( [ X 186875.0
: | v !
- 4 7883 217 ' ‘ -450937.5
05 iec... X -0.54 ' YT | v R Y
. £ - - -1280.0 v — - v 0.0 T v -715000.0
-0.5 0.0 05 -0.5 00 05 -0.5 0.0 0s
(d) ’ ‘ 4380 (e) L > A 51.0 (t) 4233333
054 S Y >-M ¢ oSy "-'» Y ( M : 0.5 ‘ Y M
| i ' ' .’ ' R
‘ A ‘ ) 317.0 r H ' 83 J 102500.0
0.04 : ” 96.0 0.04 v , 25.5 0.0 | , -2183333
I X 196 I X I X '
' '
. . 1 s
’ ( 75.0 128 -539166.7
0.5 .F \ 0.5 F <;‘) ‘5- : .5
{ v ! - v - -‘ ¥ 46.0 v -~ v e T 00 v T T 8600000
0.5 0.0 05 0.5 0o 05 0.5 00 05
(g) 530.0 (h) 59.0 (l) o ¥ . 796.7
4 |
0.5 4 == Y A 0.5 Y . M 054 Y M
i ' A 3875 . 443 | ! L 67.5
: N : | ¥ ol ¥
| W : ' ! - :
' . ) 245 .’ H » i ' R, i . 7
0.0 ‘ 1 :X 245.0 0.0 I :x 295 0.0 i l* 3‘\ 661
] Y ! : . '
' ' H H '
' ] 1 |
' 102.5 148 ¢ ‘ 13908
0.5 - - 0.5 0.5
v . . -40.0 0.0 2 ' 21200
0.5 0.0 05 0.5 0.0 0s 0.5 0.0 0s
(J) — £ 0.0 (k) o 338 (l) - — 12167
,
054 peocc=e-- Y —————————— M 084  receee-- —\—;———————;«M 054 r Y‘ 4M
N ' \ ' ' ' N
: ’ ] -115.0 N 0 254 : 4 550.0
' d : ' . ' ' '
0.04 “ ) -230.0 0.04 AR 16.9 0.0 = . J -116.7
I X r X I X
' i '
-345.0 ' ' 8.5 -7833
B8] teccacacaccacacaacad 05] teccccccccncccacaaa 0.5 {SHR SHRPED. e S N,
. -460.0 . P . 0.0 . . . -1450.0
05 00 0s -0.5 0.0 05 -0.5 0.0 05

Figure S. k-resolved shift current, transition intensity, and shift vector of bilayer penta-PdTe, between (a-c) VB, and CB, at 7w = 1.01 €V, (d-f)
VB, and CB; at iw = 1.58 eV, (g-i) VB, and CB; at iw = 1.21 eV, and (j-1) VB, and CB, at fiw = 1.75 eV.

transfer during interband transitions.””*® On the other hand,
the secondary peaks emerge at lower energies, namely, —93.13
UA V72 at 1.01 eV for 0™ (w) and 104.46 uA V™2 at 1.21 eV
for @ (w), while they are stronger than the peaks observed in
bilayer penta-PdSe, and penta-PdS,. Notice that strong BPVE
responses are typically found in systems with stronger
spontaneous polarization.' > However, our results do not
follow this trend, where the highest shift current is found in
weakly polarized bilayer penta-PdTe,, suggesting that the shift
current and electric polarization may not be correlated in a
specific way, especially in such complex materials.”'’

To gain deeper insights into the origin of the shift current
responses, we systematically calculated the shift current tensors
of 36 band pairs (VB,—VBg; CB,—CB;) at their respective
peak positions, as detailed in Figure S13. We found that the
main contributions to the characteristic peaks of 1.01 eV in
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0*(w) and 1.21 eV in ¢”(w) in bilayer penta-PdTe, are from
the transition from the highest valence band (denoted VB,) to
the second lowest conduction band (denoted CB,), and for the
highest valence band (denoted VB,;) to the third lowest
conduction band (denoted CB,), respectively, which are
denoted in Figure S14. This is because the profound transition
matrix elements and joint density of states for these band pairs
coincide in the Brillouin zone (Figures S15—S17). The shift
current responses to photons between different band pairs are
plotted in Figure S18. Apparently, bilayer penta-PdTe, exhibits
a larger shift current response from VB, to CB, and VB, to
CB; than those in bilayer penta-PdSe, and penta-PdS,, as
shown in Figure 4c-d.

To understand the microscopic mechanism for the strong
BPVE in such pentagonal polar systems, we split the shift
current tensor into two components, i.e., the shift vector R%,
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Figure 6. Charge density difference in bilayer penta-PdX, induced by electronic transition: (a-c) from VB, to CB, at the Y point of the Brillouin
zone and (d-f) from VB, to CBj at the (0.375, 0, 0) point. Isosurface value is + 0.002 A™>. Yellow and blue regions represent charge gain and loss,
respectively. The scales of the three lattices are proportional to their lattice parameters. Red boxes highlight the representative regions for

comparative analysis of charge density difference.

and transition intensity €%,,. The shift vector characterizes the
displacement of electrons in real space during the interband
transition, while the transition intensity quantifies the optical
adsorption, together determining the magnitude and direction
of the shift current response.'' The shift vector can be
calculated with Rfm= Im[r,l:mrfm;a+ r,l:mrfm;a] / Ir,i’mlz,7 which
describes the average displacement from band m to band n
during the lifetime of an electron at reciprocal coordinate k
after absorbing a photon. As an analytical tool, we integrated
RY . over the Brillouin zone between band m and band n:*'

R @) = [13KIf, RE (0, — o) .

The separation of R%, from the integral term in eq 1 leaves
behind f Ir? I, whose integration is a measure of the
nm

transition intensity from band m to band n, written as?!

.2
e

b
€ w) =
[n,m]( ) P

b 2
f [dk]f 1, PS(w,, — o) “
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The peak position of ?[%BFCBZ](CU) is consistent with that of
0'[{',’;; ’CBZ](a)), and the peak position of ?[{,BUCBA((U) is consistent
with that of 6373 cp (@), as shown in Figure 4e-f. Although the
transition intensity of bilayer PdSe, is smaller than that in
bilayer penta-PdS,, the shift current [ojp cp (@) and
i, ce,(@)] in bilayer penta-PdSe, is larger than that in
bilayer penta-PdS,. This is because the shift vector [
Ry, ca,(@) and Rpp cp(@)] dominates the magnitude of
the shift current response, as shown in Figure 4g-h. In bilayer
penta-PdTe,, both the transition intensity and shift vector are
larger compared to those of bilayer penta-PdSe, and bilayer
penta-PdS,, resulting in its larger shift current response.
Interestingly, in such pentagonal bilayer polar materials, the
shift vector exhibits strong anisotropy, as shown in Figure 4g/h.
In bilayer penta-PdTe,, K['\VIBI,CB3](0)) has a peak value of
168.63 A eV at 1.37 eV, while Ryg cp, (@) possesses an
enormous peak value of — 63412.91 A eV~ at 1.37 eV, which
is more than 2 orders of magnitude larger than that in
R[{',B“CBB](a)).
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To understand the previous aggregate quantities, we further
plotted the k-resolved values. The k-resolved shift current,
transition intensity, and shift vector of the bilayer penta-PdTe,
at respective major peak positions of 1.01, 1.21, 1.58, and 1.75
eV are shown in Figure S. The shift current contains most
features of the transition intensity in the bilayer penta-PdTe,.
The primary contribution to the shift current in bilayer penta-
PdTe, at the peak position of 1.01 eV comes from the
transition at the high-symmetry point Y. Meanwhile, the
contributions at the peak positions of 1.21, 1.58, and 1.75 eV
originate from transitions within the interior of the Brillouin
zone as well as along the high-symmetry paths. Regarding the
shift vector, the values of R[’\C,BUCBZ](I.OleV) and

R[’{,Bs,Cle(l.SSeV) in bilayer penta-PdTe, are significantly
larger than those of R[{/BI,CBS]( 1.21eV) and R[}\',B4,CBIJ(1.75eV),

consistent with the previously calculated aggregate shift
vectors. Moreover, because the transition intensity is always
positive (o Irfmlz), the sign of the shift current is consistent
with that of the shift vector. Unlike the transition intensity, the
distribution of the shift vector is discontinuous throughout the
Brillouin zone. Both strong positive and negative values of the
shift vector are observed in bilayer penta-PdTe,, leading to a
cancellation effect that reduces the net current after integration
over the Brillouin zone. To compare the results of bilayer
penta-PdTe, with those of bilayer penta-PdSe, and bilayer
penta-PdS,, we plotted the k-resolved values at their
characteristic energy position on a unified color bar, as
shown in Figures S19—520. The transition intensities of bilayer
penta-PdTe,, penta-PdSe,, and penta-PdS, exhibit entirely
different distributions. The distributions of both transition
intensity and shift vector in bilayer penta-PdTe, are more
extensive compared to those in bilayer penta-PdSe, and bilayer
penta-PdS,, consequently leading to the enhanced shift current
response in bilayer penta-PdTe,.

To investigate the origin of the high shift current response in
bilayer penta-PdTe, compared to bilayer penta-PdSe, and
penta-PdS,, which is counterintuitive given the lowest
spontaneous polarization of bilayer penta-PdTe, among the
investigated systems, we analyzed their related electronic
properties. Among the penta-PdX, systems, bilayer penta-
PdTe, exhibits the lowest light absorption onset due to its
smallest band gap, and thus the strongest adsorption occurs at
low energy, ie, <1.5 eV (see Figure S21). Besides, the
transition dipole moment analysis from VB, to CB, and from
VB, to CB; of bilayer penta-PdX, (see Figure S$22)
demonstrates superior dipole coupling strength in bilayer
penta-PdTe,, thus leading to its larger shift current response
from VB, to CB, and VB, to CB; than those in bilayer penta-
PdSe, and penta-PdS,. We then calculate the band-
decomposed charge density for bilayer penta-PdX, at two
critical k-points: (i) VB; and CB, at the Y point and (ii) VB,
and CB; at the (0.37S, 0, 0) point in the Brillouin zone
(Figures S23—S24), where the k-point-resolved shift current
reached its peak in bilayer penta-PdTe,. The difference in
charge density, shown in Figure 6, illustrates the charge
transfer responsible for the peak shift current. In bilayer penta-
PdX,, the charge redistribution following photoexcitation
shows distinct spatial characteristics; for VB, — CB, at Y-
point, Te dimers exhibit significantly larger out-of-plane lone-
pair electron lobes (yellow regions in Figure 6a-c) compared to
Se/S dimers. Similarly, for VB, — CB; at the (0.375, 0, 0)
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point, Te dimers show a more pronounced interlayer charge
delocalization (blue regions in Figure 6d-f). The enhanced
displacement of electron density in Te dimers stems from
weaker p_-orbital binding compared with Se/S dimers,
resulting from reduced attraction between valence electrons
and the heavy Te ion cores. The enhanced charge
redistribution in Te dimers is the main reason for the stronger
shift current response in bilayer penta-PdTe, as compared to
the bilayer penta-PdSe, and penta-PdS, counterparts.

In summary, we systematically explored the evolution of
electric polarization across the entire stacking configuration
space of bilayer penta-PdTe, through symmetry analysis. First-
principles calculations reveal that the ground state of bilayer
penta-PdTe, exhibits a significant spontaneous polarization, P}
= 1.70 X 107 C m™!, resulting in exceptionally large shift
currents reaching up to 125.49 yA V2, which is substantially
higher than those observed in bilayer penta-PdSe, (43.86 uA
V72) and penta-PdS, (29.17 uA V~2). The enhanced shift
current response in bilayer penta-PdTe, is attributed to its
stronger transition intensity and shift vector compared to those
of its PdSe, and PdS, counterparts. These findings highlight
the tuning of stacking configurations in pentagonal layered
materials as an effective strategy for designing BPVE materials,
providing new opportunities for the potential applications of
experimentally synthesized pentagonal compounds in photo-
voltaics.
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