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Screening transition metal-based polar pentagonal monolayers
with large piezoelectricity and shift current
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Two-dimensional (2D) materials entirely composed of pentagon motifs are of interest for their wide applications. Here, we
demonstrate that in-plane polar symmetry can exist in ternary pentagonal monolayers, where the induced electric polarization is
not associated with specific conditions, such as ferroelectric phase transition, strain gradient, and layer stacking, but is an intrinsic
structural property coming from the orderly arranged polar bonds. Based on the high-throughput screening method and first-
principles calculations, we find eight stable 2D polar transition metal compounds with a number of intriguing properties. In
particular, their piezoelectric coefficients are three orders of magnitude larger than those of 2D elemental and binary pentagonal
structures, and their bulk photovaltaic shift current can reach up to 300 uA V2, superior to that of 2D conventional ferroelectric
materials such as GeS. Our identified pentagonal monolayers not only expand the family of 2D pyroelectric materials, but also hold

potential for energy conversions.
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INTRODUCTION

Polar materials with electric polarization exhibit emergent effects
and functionalities, which have been found to be crucial for many
applications such as sensors, nanogenerators, and energy
collectors. In recent years, two dimensional (2D) polar materials
have received tremendous attention because spontaneous
polarization at the nanoscale has been proved to be stable
against the depolarization field'™, and can facilitate a number of
properties distinct from their bulk phases®. Moreover, many
centrosymmetric bulk materials lose their inversion symmetry
when thinned down to single layersS, providing the potential
platform for the formation of low-dimensional polarized states.
Spontaneous polarization is fundamentally determined by the
polar symmetry of a crystalline structure. This can be commonly
observed in paraelectric-to-ferroelectric phase transition, where
ionic displacement reduces the lattice symmetry from centrosym-
metric to polar. Monolayer group IV monochalcogenides (SnSe,
SnS, GeSe, and GeS) are the prominent examples, in which phase
transition from a square unit cell to a rectangular one occurs at a
critical temperature (T¢)?, hence creating the ferroelectricity®. Such
symmetry breaking is also associated with the emergence of many
interesting properties, including large piezoelectric®, pyroelec-
tric’®, and bulk photovoltaic effects (BPVE)'!, which are superior to
those of 2D non-polar materials'>'>. In addition, polar symmetry
can also be achieved by external stimulus. It has been found that
strain gradient is a promising technique to generate the
macroscopic polarization, which is the flexoelectric effect. Unlike
piezoelectricity depending on the system lacking inversion center,
flexoelectricity can exist in materials of any symmetry. For
instance, by bending the nanoribbon of centrosymmetric 2D
black phosphorous (BP), the induced strain gradient can lead to
electric polarization in the out-of-plane direction'®. Moreover,
layer stacking can play a similar role in terms of symmetry
engineering. A recent experimental study showed that the in-
plane polarization can be formed at the interface of 2D WSe,/BP

heterojunction, where the emergence of a strong BPVE is
observed'”.

Although electric polarization in 2D systems can be realized by
the above-mentioned approaches, the existence of polar symme-
try requires certain conditions. It is known that spontaneous
polarization vanishes in ferroelectric materials when the tempera-
ture is above the Curie point; the flexoelectric effect usually relies
on a complicated setup for inducing large strain gradients, and
the polar interface requires the precise control to achieve the
specific stacking pattern of 2D materials. These limitations impede
the practical applications for real devices. In this regard,
alternatives with intrinsic permanent polar symmetry, the so-
called pyroelectric materials, are highly desired. However, much
less effort has been made in this field. The only studied 2D
material is the Janus MoSSe monolayer'®'’, which adopts the
sandwiched structure similar to the 2H phase of MoS,, but with
one S layer replaced by Se atoms. The surface asymmetry gives
rise to the formation of vertical permanent dipole moments.
Nevertheless, the spatial separation of electrons and holes in the
out-of-plane direction is usually suppressed by the extreme
thickness of 2D structures, therefore the responses of polarization,
such as pyroelectric and piezoelectric coefficients, are rather small
in the Janus sheets'®'®, On the other hand, since most 2D
materials are constructed by the highly symmetric hexagonal
motifs'®, the in-plane permanent polar symmetry is rarely seen in
2D materials.

In this work, we show that such polar symmetry can be realized
by employing the 2D structures entirely composed of pentagon
motifs (referred as pentagonal structure). The basic pattern for
generating in-plane permanent polarization is proposed. Accord-
ing to it, we have found a series of ternary 2D transition metal-
based pyroelectric materials by using our high-throughput
screening method. More importantly, these systems exhibit large
piezoelectric and bulk photovoltaic effects, showing great
potential for energy conversion applications.
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Basic pattern for inducing in-plane polarization in pentagonal sheet. a Monatomic planar pentagonal structure with space group of

P4/mbm. The red dashed lines show the inversion symmetry about A; atoms. b Proposed pentagon-based 2D structural model with in-plane
polarization. The As sites are occupied with two different elements, and marked in red and blue, respectively.

RESULTS AND DISCUSSION

Basic pattern for inducing in-plane polarization

Since penta-graphene was proposed?®, many other 2D pentagonal
materials have been theoretically predicted or experimentally
synthesized, as summarized in our database®'. One of the main
structural differences among them is the buckling pattern in the
out-of-plane direction, while the 2D projections of all these
structures resemble the Cairo pentagonal tessellation (see
Supplementary Fig. 1). Hence, we use a planar model to discuss
the creation of in-plane polarization for simplicity.

We begin with a monatomic planar structure, as shown in Fig.
1a. The six atoms in a unit cell can be divided into two sub-lattices,
respectively composed of the three- (A3) and four-fold coordi-
nated atoms (A,). The space group is P4/mbm (No. 127) containing
an inversion operation, making it a non-polar system. It is known
that the appearance of spontaneous polarization in a crystal
requires the polar bonds to be properly arranged in a non-
centrosymmetric system. In this structural model, the inversion
center is located at the A, site, so each A; atom is inverted to its
opposite one (marked by red dashed lines), instead of self-
inversion. Therefore, introducing two different elements on the
neighboring A; sites can simultaneously break the centrosymme-
try and form polar bonds. Figure 1b shows the proposed structure,
in which the lattice symmetry is reduced to Pmc2, (No. 26). Due to
the perpendicular alignment of As;-A; bonds, one can see that the
electric polarization is cancelled along the y-direction but can be
remained in the x-direction. Different from 2D ferroelectric
materials, such polarization results from the orderly arranged
polar bonds rather than the mechanism of ionic displacement,
thus this presented pentagonal structure belongs to the pyro-
electric system. Note that due to the similar 2D projection of
pentagonal sheets, this pattern can be applied to all 2D
pentagonal materials no matter how the buckling is in the out-
of-plane direction.

Identification of ternary pentagonal monolayers

Figure 1b gives us a hint that the ternary compounds are the
potential candidates for polarized pentagonal sheets, as one can
see the three colored atoms. In our previous studies, two ternary
pentagonal monolayers (penta-BCN??, and penta-CNP23) have
been predicted by using the atomic substitution and molecule
assembling methods. However, it is known that Cairo tessellation
commonly exists in the pyrite (FeS,) and arsenopyrite (FeAsS)
structures as a hidden layer (see Supplementary Fig. 2), and recent
advances have been made in the experimental synthesis of 2D
penta-PdSe,?* and penta-NiN,'® sheets, which suggest that
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pentagon motifs could be more preferred in transition metal
compounds. From this perspective, we try to find stable ternary
pentagonal monolayers containing transition metal elements via a
high-throughput screening process. Our main idea is that many
2D materials have their parent bulk counterparts, so it is possible
to obtain these 2D systems by using physical or chemical
exfoliation techniques. Therefore, we aim to search the bulk
crystals composed of ternary pentagonal layers.

Figure 2 plots the screening process, in which the searching
protocol starts from an initial set of crystals extracted from the
Materials Project (MP) Database?®. Entries with one transition
metal and two different non-metal elements are retrieved, where
we only consider the compounds matching the experimentally
determined materials in the Inorganic Crystal Structure Database
(ICSD)?5, and with an energy above convex hull less than 50 meV.
Such constraints are able to ensure the thermodynamic stability of
the selected materials. Under these conditions, the initial dataset
provides a starting point of 307 bulk structures that can be
analyzed to find the target candidates.

In an effort to discover ternary compounds with pentagonal
layers, the space group (P2,/c, No. 14) was used as the descriptor
to search bulk materials with arsenopyrite configuration in the
previous study?’. However, this method has two limitations that
not all materials with P2;/c symmetry have the arsenopyrite
structure and not all ternary compounds with inside pentagonal
layers solely exist in the P2,/c lattice. In order to make a more
comprehensive screening, we designed an approach to identify
the target structures. The first step is to extract a single layer from
the bulk materials. As illustrated in Fig. 2, when the cutting plane
is parallel to the (001) surface, the atomic coordinates within the
unit cell will be rearranged in descending order of the
components along the [001] direction (see Supplementary Fig.
3). Because there are six atoms in a unit cell of the pentagonal
sheet, we pick out the first six atoms and project them onto 2D
plane. Then we compare the symmetry between the projected
structure and the proposed one (Fig. 1b). If the projected
monolayer has the Pmc2, symmetry, its corresponding bulk phase
will be regarded as the target candidate. Note that this step of
symmetry comparison can ensure the As-As; bonds being
polarized, excluding the possibility that the neighboring A; atoms
are with same elements (see Supplementary Fig. 4). Since the
cleavage can be along any direction, we also consider the cutting
plane parallel to the (100) and (010) surfaces, and use the similar
procedure to identify the target bulk materials.

By applying the full protocol to all 307 bulk structures in the
initial dataset, we identify 66 materials that have the pentagonal
tessellations as shown in Supplementary Table 1. In terms of their
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Fig.2 High-throughput screening funnel for the ternary pentagonal semiconducting monolayers. The scheme of searching for such sheet
from a bulk compound composed of pentagonal layers is presented in the orange dashed box.

lattice symmetries, these materials are classified into seven sets
with space groups of P2,/c, P24,2,2,, Pca2,, Pmn2,, Pbcn, Pbca, and
P2,3 (see Supplementary Fig. 5). The description of these systems
can be seen in the Supplementary Information. One can see that
our results not only reproduce the arsenopyrite-like materials with
P2,/c symmetry reported by the previous work?’, but also find
another six types of bulk crystals with inside pentagonal layers,
hence indicating the reliability and feasibility of our approach.
Generally, the screened systems are composed of group VIIIB,
group V, and group VI elements with a non-layered structure,
while some exceptions occur in Pt-IV-VI compounds. In addition, a
layered crystal of PdSSe is identified, which can be seen as a
derivative of PdSe,?*.

In the next step, the pentagonal monolayers are obtained by
exfoliating the 66 identified bulk materials. After fully geometry
optimization, we obtain 53 distinct 2D ternary structures by
excluding the unfavorable and repeated configurations. To
evaluate the thermodynamic stability, we calculate their formation
energies (Ef) by using the following definition:

Er = {Etot — 2% (Em + Ea + Eg)} /6, (1

where Eq is the total energy of the ternary system, Ey, Ea, and Eg
are the energy per atom of the transition metal and two non-
metal elements in their ground state bulk phases, respectively. As
shown in Fig. 3, negative E¢ is found in most Nickel-group (Ni, Pd,
and Pt) compounds and a small part of Cobalt- and Iron-group
(Co, Rh, and Fe) compounds, which are considered as the
energetically favorable candidates. To check their dynamic and
mechanical stabilities, we then calculate the phonon spectra and
elastic coefficients for the screened systems. Results are summar-
ized in Supplementary Fig. 6 and Supplementary Table 2.
Materials, without imaginary vibrational frequencies and satisfying
the Born-Huang criterion®® (C11Cx — C3,>0 and Cee>0), are
considered to be both dynamically and mechanically stable. These
combined criteria reduce the original set of the 53 monolayers to
the 17 stable structures, as marked by the blue bars in Fig. 3.
Besides the non-centrosymmetry, another condition for electric
polarization is that a material should be nonconductive. By
employing both the PBE and HSE06 functionals, finite band gaps
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are found for eight structures, i.e., penta-CoPSe, CoAsS, RhSbS,
RhPSe, PdSSe, PtGeS, PtSiSe, and PtSiTe (red marked in the caption
of Fig. 3), which therefore can be regarded as 2D pyroelectric
materials possessing permanent polarization. The band gaps
calculated at the HSEO6 level are in the range from 0.79 to 2.17 eV
(see Supplementary Table 2), well matching the infrared and
visible light window, hence could be beneficial for optoelectro-
nics. Because pyroelectric polarization is an intrinsic structural
property, the thermal stabilities of the screened systems are
further examined by performing the ab initio molecular dynamics
(AIMD) simulations using the canonical (NVT) ensemble?. The
results (see Supplementary Figs. S7 and S8) show that except
penta-CoPSe, all the other seven semiconducting pentagonal
structures can withstand temperatures at least up to 1500 K, which
is larger than the Curie temperatures of many 2D ferroelectric
materials, such as In,Se;*°, elemental group V monolayers?’,
group IV monochalcogenides®?, and group IV tellurides®3, there-
fore exhibiting great potentials for high-temperature device
applications.

Next, we make a few remarks on the preparation of these
selected systems. Among them, the most promising one could be
the PdSSe monolayer as its bulk phase has a vdW layered
structure. Previously, Hulliger has demonstrated that the structural
configuration of ternary PdSSe remains in its two corresponding
binary phases3*3°, therefore it is expected that the PdSSe
monolayer can be synthesized by using mechanical exfoliation
similar to the case of PdSe,. The calculated exfoliation energy is
28.01 meV A2, which is close to that of PdSe, (26.55 meV A~2)
and h-BN (~28 meVA~2), indicating the feasibility of its
exfoliation process. For other pentagonal systems, the neighbor-
ing layers are covalent bonded in the non-layered bulk structures,
thus the corresponding monolayers might be synthesized via a
high-pressure technique'®, or chemical method like chemical
vapor deposition. We note that some 2D pentagonal transition
metal compounds have been proved to be energetically favorable
among their allotropes®”. So, we further performed a global
structure search for the 2D ternary pentagonal compounds using
the CALYPSO code. It is found that penta-PtGeS is the ground

npj Computational Materials (2022) 40



npj

Y. Guo et al.

PtBiSe H =
| —

| —
S

PtSiSb

PtSiTe
PtSiSc -

PdBiTe - 1
]

%\
~a5 002095 se 0.

\L\N S

penta-PdSe,-like

i i
RuSbTe

RuSbSe i
uShSe | Janus configuration

RuPS
FeSbTe
FeSbSe -
FeSbS
FeAsSe -
FeAsS

FePS

—
1

T T

-0.4 -0.2 0

,i:’//'-lm Mot
—_—— SR

™
0.2

T

T
04 0.6 0.8

Formation Energy (eV per atom)

Fig. 3 Formation energy of the 53 ternary 2D pentagonal structures. The blue bars represent the 17 structures that are confirmed to be
dynamically and mechanically stable. The compounds marked in red in the caption are semiconductors. The inset images are the side views

for the stable structures.

state structure (see Supplementary Fig. 9), thus indicating the
feasibility of experimental synthesis of this 2D material, while
other structures are in their metastable states.

Geometric structures and mechanical properties

In Fig. 3, we show the side views of the 17 stable monolayers
(including the metallic systems). Among them, all Ni- and Pd-
based compounds, as well as CoAsS, adopt the penta-PdSe,-like
structure (see Supplementary Fig. 1), namely, the monolayer
features a planar tetra-coordination of the transition metal atoms,
and puckered pentagons with a vertical buckling. The only
difference is that penta-CoAsS has a Janus configuration, i.e., the
As and S atoms are respectively located at the top and bottom
layers inducing a vertical polarization, while the two surfaces in
other systems are equivalent. For 2D ferroelectric materials,
switchable dipole moments in both in-plane and out-of-plane
directions are found for a-In,Se;%. Here, we show that permanent
dipole moments along two directions can be realized in
pyroelectric penta-CoAsS monolayer. The buckled configuration
also exists in penta-FeAsS, CoPSe, RhPSe, PtSiSe, and PtSiTe, and
the buckling patterns in these structures are very different from
the previously reported 2D pentagonal materials, implying the
structural diversity of the pentagonal sheets. In addition, we notice
that penta-RhSbS and PtGeS are completely planar, sharing
similarity in configuration with the recently synthesized penta-
NiN, sheet'® in Cairo tessellation.

The buckled configuration has two effects on the mechanical
properties as compared with the planar one. Firstly, the elastic
coefficients are generally smaller in buckled structures. A rational
understanding is the atomic positions can relax along the vertical
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direction, hence structure deformation is prone to happen under
external strain. This is beneficial for piezoelectric response, which
will be discussed below. Secondly, negative Poisson’s ratio (NPR)
can be observed in buckled pentagonal sheet?®. The elastic
coefficient C;, is calculated to be negative for penta-PtSiSe,
PdSbSe, and PdSbTe (see Supplementary Table 2), which in turn
leads to the emergence of NPR along principal axes with values of
—0.16, —0.70, and —0.38, respectively. Compare to other 2D
materials, such as phosphorene (—0.027)%°, silica (—0.123)*°, and
borophane (—0.053)*!, these results imply that the three
pentagonal sheets are good 2D auxetic materials with multiple
applications in fastener, sensors, and tension activatable substrate.

Electronic properties

To provide insights into the electronic structures of the
semiconducting systems, we show the band structures with and
without spin—orbit coupling (SOC) of penta-PdSSe as an example
in Fig. 4a, and those of the other monolayers in Supplementary
Fig. 10. One can see that the SOC effect can lead to a splitting in
both the valence and conduction bands ranging from ~10 meV
(PtGeS) to ~230 meV (PtSiSe), which is comparable to the value of
transition metal dichalgonides*?. This could be appealing for
valleytronics due to the broken inversion symmetry in these
pentagonal systems. Moreover, the ternary pentagonal structures
belong to P2; or Pmc2, space group containing screw axis.
According to a previous study®*#4, such non-symmorphic
symmetry operator {g|t} can protect the degeneracies in the
invariant lines of the Brillouin zone, where gk = k. This is the case
for the X—M path, along which the stick-together bands are
observed. The degeneracy is related to a large density of state
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valence bands, and ¢ the corresponding partial DOS.

(DOS), thus could lead to enhanced optical responses as will be
discussed below. The bonding characters are further explored by
considering a wider range of electronic bands. In Fig. 4b, ¢, it is
clear to see that from —15 to —11 eV, the Se/S s orbitals contribute
to two sets of deeply localized bands, which respectively
correspond to the bonding and antibonding states resulted from
the formation of the Se-S bonds. For the range of —6.5 to 3.5¢eV,
the Pd d orbitals and the Se/S p orbitals play a dominant role. Due
to the square-planar coordination of Pd atoms, there are four
splitted energy levels (from highest to lowest) for d orbitals: b;q
(dxa—y2) bog (dyy), a14 (dy2), and e, (dy, dy,). Fatband analysis (see
Supplementary Fig. 11) implies that the by, by, and ay4 interact
with Se/S p orbitals, forming the lower bonding states (—6.3 to
—3.6eV) and the higher antibonding states (—0.5 to 3 eV), while
the e, contribute to the nonbonding states in the energy window
from —3.6 to —0.5eV. The bandgap is found to lie in the
antibonding region, which is also confirmed by the calculated
wave functions for the VBM and CBM in Supplementary Fig. 12.

Piezoelectric effect

Piezoelectric response refers to the electric polarization induced
by the external strain. All pyroelectric materials can exhibit
piezoelectric effects, but are different from ferroelectrics that have
a Curie temperature. It has been demonstrated that piezo-
electricity can exist in semiconducting 2D materials with penta-
graphene-like configuration (see Supplementary Fig. 1), as they
belong to the space group of P-42;m (No. 113) and its subgroups
have no inversion center. According to their lattice symmetries,
these pentagonal structures have only one effective coefficient esq
(d3e), implying that the piezoelectric polarization is perpendicular
to the sheet. However, the ultrathin configuration of 2D materials
usually inhibits the spatial separation of the positive and negative
charge centers in the out-of-plane direction®®, therefore the
magnitudes of piezoelectric coefficients are extremely small*, e.g.,
the reported ds¢ for penta-graphene is only 0.065 pm V=" 4748 For
2D ternary pentagonal sheets, the in-plane inversion symmetry is
broken, thus one can expect strong piezoelectric response in
these screened materials.

The piezoelectric coefficients are calculated by evaluating the
change of polarization in a unit cell under uniaxial strain. For the
eight semiconducting pentagonal systems, they all contain G,
symmetric operation. Here, the in-plane polarization is set to be
oriented parallel to the x-axis, thus there are two non-zero
piezoelectric tensor components e;; and eq,. The relationship
among elastic (C;), piezoelectric stress (e;), and strain coefficients
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Table 1. Piezoelectric coefficients for the eight non-metallic ternary

pentagonal sheets.

Materials e, e Cn Cso Cia dq; d,»
107°C 107 Nm™ Nm™" Nm™" pmV™"' pmV™!
m~’ Cm™’

CoPSe -11.70 —-2.03 49.15 100.23 10.14 -23.89 0.38

CoAsS —-8.64 —0.99 66.87 4884 446 -—-1287 -0.87

RhSbS —9.53 1.70 103.72 104.24 37.10 -11.20 5.62

RhPSe —10.47 1.14 36.71 59.00 7.26 —29.63 5.57

PdSSe -1141 -046 4488 6862 064 —-2541 —-044

PtGeS —15.03 —-092 11247 11431 4143 -15.08 4.67

PtSiSe —19.62 —2.83 3221 6778 —532 —6243 -9.08

PtSiTe -17.07 -1.01 2699 59.84 325 -6347 1.76

(dj) can be written as
dyy = e11Cn — 6‘12512 and d, = enCi — e11§-_12 2)
C11C227C12 C11C227C12

We have listed the values of e;; (d1) and e;; (d;,) in Table 1 and
the computational details in Supplementary Fig. 13. As expected,
one can see that the piezoelectric coefficients (e;; and e;,) of the
ternary systems are three orders of magnitudes larger than those
of the reported elemental and binary penta-graphene-like
structures*’, because there is no spatial limitation for charge
redistribution in the basal plane. We find that the value of d;; is in
the range 11.20-63.47 pmV~', which can reach half of the ds;
value (130 pm V™) of lead zirconate titanate (PZT)*°, and is larger
than the values of some prevalent piezoelectric materials, such as
a-quzrtz 23pmV=")%, AIN (5.1pmV~")*", and ZnO (9.93 pm
V~1)*2, hence showing potentials in electromechanical applica-
tions. Overall, the eight materials have similar e;; coefficients. A
slight difference is that the Pt-based structures have larger eq,
values than the other monolayers. This can be attributed to a
larger electronegativity difference between groups IV and Vi
elements as compared to that of groups V-VI elements (or S-Se).
Therefore, it is clear from Eq. 2 that d,; is mainly determined by
Ciy, ie, a smaller Gy, value leads to a larger d;; coefficient. In
general, we find that C;; has a negative correlation with the sum
of the atomic radii except the planar RhSbS and PtGeS (see
Supplementary Table 3), thus one can see that the buckled
configuration with heavier elements can make the pentagonal
structure more flexible, leading to stronger piezoelectric
responses. In addition, we notice that the values for e, (d;;) are
generally larger than those of e;; (di). This is because the
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Fig. 5 BPVE response. Components of shift current tensor for pentagonal a PdSSe, b PtGeS, ¢ PtSiSe, d PtSiSe, e RhPSe, and f RhSbS.

polarization origins from the dipole moments on the As-As bonds,
the uniaxial strain along polar direction can lead to a larger
change of bond length than that along the non-polar direction. In
Supplementary Fig. 14, one can see that the Ge-S bond length
under 0.5% x-uniaxial strain (polar) is larger than that in y-direction
(non-polar), hence a more pronounced change of polarization is
found in the former case, leading to a stronger piezoelectric
response, i.e., a larger e;; (d,;) value.

Bulk photovoltaic effect (BPVE)

BPVE is a second order nonlinear optical response that can
generate a steady photocurrent in a single-phase material lacking
centrosymmetry. Contrary to the p-n junctions, the photo-voltage
from BPVE is not constrained by the size of bandgap, therefore
such phenomenon is promising for high-efficiency solar cells.
Ferroelectrics and piezoelectrics are the mostly studied materials
with BPVE. However, the former can only work below the Curie
temperature, while the latter cannot respond to the unpolarized
sunlight because of the non-polar structure. In this regard, our
screened 2D pentagonal pyroelectric materials are capable to
solve both problems. Here, we calculate the shift current tensor
Oabe, Which has been proved to be one of the major components
of BPVE.

The Wannier interpolated band structures with SOC are shown
in Supplementary Fig. 10, where the d orbitals for transition metal
atoms and p orbitals for non-metal atoms are selected as the
projectors according to the fatband analysis (see Supplementary
Fig. 11). Note that only non-magnetic pentagonal sheets are
considered (see Supplementary Table 2). Figure 5 shows the shift
current spectra along the polarization axis under linearly polarized
light. For making a quantitative comparison with 3D systems, we
rescale the results by assuming an effective thickness with 6 A,
which is estimated by the adjacent layer distance in vdW stacked
bulk materials. An overview of o, curves suggests that the shift
current in ternary pentagonal monolayers can reach up to the
order of 10?2 pAV~—2 covering a broad infrared and visible range.
Remarkably, significant values are found for the penta-PdSSe,
PtSiTe, and RhPSe, in which their xyy components are 326 pA V2
at hw =2.07eV, 320puAV—2 at Aw=1.83eV, and 231 pA V2 at
hw = 1.55 eV, respectively. It is known that the low efficiency of
photoelectric conversion is the major issue for the BPVE
applications. Compare with the most studied ferroelectric
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materials, such as perovskite oxides BaTiO; (5 uAV~—2)°* and 2D
GeS (~140puAV~—2)", the intensities of BPVE exhibited in
pentagonal pyroelectric monolayers are relatively large in the
same photon energy range. Note that the magnitude of 0uc
usually has a negative correlation with the band gap®>°°.
However, since the PBE functional is used to calculate the shift
current in most previous investigations, we believe that the above
comparison is acceptable despite the redshift in BPVE response
induced by the underestimated gap value.

Next, we explore the microscopic mechanism of the shift
current in 2D pentagonal sheets. Similar to the light absorption,
the &-function in Eq. 3 (see “Methods”) indicates that a large joint
density of states (JDOS) could be beneficial to improving the shift
current, as it represents the resonant band transition. Taking
penta-PdSSe as an example. One can see that the main peak-
pattern of the shift current is inherited from the JDOS profile as
shown in Fig. 6a. The positions of these peaks depend on the van
Hove singularities at different band edges. Interestingly, we find
that the energy difference (E. — E,) varies very slowly near the M
point (see Fig. 4) because both the valance and conduction bands
near the Fermi level show local minima. These bands that tend to
track each other give rise to a high JDOS at ~2 eV, which further
strongly contribute to the xyy component. In Fig. 6b, we plot the k-
resolved shift current at iw = 2.06 eV. It is clear to see that in the
momentum space, the major contribution indeed comes from the
boundary of the first Brillouin zone, namely, the region around the
M—X high-symmetry line. Transitions between the four upmost
valence bands and four lowest conduction bands play a dominant
role, as the total JDOS mainly comes from those energy states (see
Fig. 6a). Similar band structures are observed for penta-RhPSe,
PtSiSe, and PtSiTe due to the same lattice symmetry. As
mentioned earlier, the bands along M—X path are stick-together
with twofold degeneracy, thus more states can be related by a
certain photon energy. From this view, the 2D ternary pentagonal
structure might act as a prototype to design potential BPVE
materials.

In summary, we have proposed a strategy for introducing in-
plane polar symmetry in pentagonal sheets. By using our
developed high-throughput screening method, we have identified
eight transition metal-based ternary pentagonal monolayers,
which can be classified into the category of 2D pyroelectrics
due to the formation of permanent polarization. The screened
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systems are thermally stable and can withstand temperatures up
to 1500 K, which is higher than the phase transition temperatures
of many 2D ferroelectric materials. By performing first-principles
calculations, we demonstrated that these materials have diverse
intriguing properties. In particular, penta-PdSSe and PtGeS exhibit
good thermodynamic stability, and the buckled penta-PtSiSe,
PdSbSe, and PdSbTe possess negative Poisson’s ratio. Moreover,
the selected semiconducting monolayers possess indirect band
gaps ranging from 0.79 to 2.17 eV, which well match the energy
window of infrared and visible light, and show stick-together
bands at the X—M line protected by the non-symmorphic
symmetry. Furthermore, due to the in-plane polarization, the
identified pentagonal sheets exhibit significant piezoelectric
responses (11.20-63.47 pmV~"), which are almost three orders
of magnitude larger than those of elemental and binary
pentagonal structures. Equally important, these 2D materials also
exhibit strong BPVE response with the maximum shift current of
300 puA V2 because of the large JDOS from the boundary of the
Brillouin zone. Our study demonstrates that 2D pentagonal
configurations provide a platform for introducing in-plane
permanent polarization, adding some members with good
properties to the pyroelectrics family, thus further expanding
the applications of 2D pentagonal materials for energy
conversions.

METHODS

Electronic properties

First-principles calculations based on density functional theory are carried
out by using the Vienna ab initio simulation package (VASP)*’. Projector
augmented wave (PAW) method?® is applied to treat interactions between
ion and valence electrons. The electronic exchange-correlation interaction
is treated by the Perdew-Burke-Ernzerhof (PBE) functional within the
generalized gradient approximation (GGA)*°. The hybrid functional
(HSE06)%° is also applied to obtain more accurate band structures. The
kinetic energy cutoff is set to be 500 eV, and the Monkhorst-Pack k-point
mesh®" with density of 2mx0.01 A=" is selected to sample the Brillouin
zone. For geometry optimization, the convergence threshold for atomic
force and energy is 0.01eVA~" and 1x107*eV, respectively. To reduce
the interaction between two adjacent layers, a vacuum space of more than
20A is used in the non-periodic direction. The Berry phase method®?
implemented in VASP is employed to calculate the intrinsic electric
polarization.

Phonon dispersions

The dynamic stability is examined by calculating the phonon spectrum. A
large 3x3 supercell is used in the finite displacement method as
implemented in the PHONOPY program®3

Global structure search

We employ the particle swarm optimization (PSO) technique implemented
in the Crystal structure AnaLYsis by Particle Swarm Optimization (CALYPSO)
code®#%¢ to seek for the low-energy structures of the 2D ternary transition
metal-based compounds in order to further check whether the pentagonal
structure is in its ground state with good energetic stabilities.

Shift current

The shift current conductance o, is a third rank tensor®”-%8, The interband
contribution is given by

ine b
Gﬂbc(o w, w 2ﬁ2 /8773 Z nm mn nma rmnrnm a)é(wmn - 0)),

(€)
where r is the element of position matrix. The r7, , is the generalized

derivatives with the definition of r?, , = % —i(AL — AL )rd., where A%,

is the Berry connection. f,, =f, —f, and hwp, = E, — E, are the
differences between occupation factors and band energies. For a more
efficient scheme to calculate the shift current conductance, we employed
the Wannier-interpolated models proposed by Julen et al.?®, where the
WANNIER90 code”® is used to obtain the Wannier functions. The k-grid
convergence for integrating Eq. 3 is carefully tested, where we use a 100 x
100 X 1 k-grid to perform the simulation. For 2D system, an effective layer
thickness (d) is employed to obtain a bulk-like optical response, where

ofbs = (dd#)ogg‘ with dp, as the lattice length along the non-periodic
direction”!
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