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Two-dimensional (2D) Cairo pentagon materials have attracted tremendous interest due to their exotic physical
properties. Based on first-principles calculations, we predict that monolayer penta-BP, is a promising Cairo
pentagon-based 2D material simultaneously harboring a negative Poisson ratio and intrinsic superconductivity.
The Poisson ratio exhibits strong anisotropy with alternating positive-negative signs, and its value along the
diagonal direction is more negative than that of pentagraphene. The medium-strength coupling between the
Fermi-surface electrons and a phonon mode majorly originating from the P, dimers leads to a superconducting
transition estimated to occur at 7; ~ 7.7 K. Moreover, we find that fluorination/chlorination can efficiently
engineer the superconductivity and mechanical properties of penta-BP,: achieving higher T; of 9.6/10.5 K,
turning Poisson’s ratio from negative to positive and enhancing Young’s modulus. These results render penta-BP,
an appealing platform to investigate unique superconductivity and mechanical properties in the Cairo pentagon

lattice.
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I. INTRODUCTION

Two-dimensional (2D) materials have appealed great atten-
tion in condensed-matter physics and materials science. Such
as their bulk counterparts, 2D materials can host intriguing
properties, such as skyrmions [1,2], superconductivity [3],
and topological electronic states [4] but with more exotic
behavior due to the reduced dimensionality, which is desirable
for electronic device miniaturization and related applications.
Since the discovery of graphene [5], a wealth of atomic-thick
crystalline materials have been experimentally realized, such
as hexagonal boron nitride [6], metal carbides, and nitrides
[7] and transition-metal dichalcogenides [8]. More recently,
thanks to the rapid advances of epitaxial growth techniques,
wafer-scale fabrication has been achieved for some monolayer
crystalline materials [9,10]. Meanwhile, various approaches
have been developed to manipulate their physical properties
for optimal applications, such as carrier doping [11-14], strain
engineering [15-17], and surface modification [18-20].

Beyond the above-mentioned 2D systems which prototyp-
ically possess hexagonal lattice structures, a novel family of
pentagon-based 2D materials [21] has also attracted growing
interests since the prediction of pentagraphene [22], a buckled

carbon sheet composed exclusively of Cairo pentagon lattice.
Such 2D pentagon materials can exhibit extraordinary proper-
ties, including the negative Poisson’s ratio [22], topological
electronic states [23,24], and room-temperature ferromag-
netism [25,26]. In recent years, several pentagon based
materials, such as penta-NipyNy4 [27] and penta-PdSe, [28],
have been successfully prepared in experiments, sparking fur-
ther enthusiasms to devise and synthesize Cairo pentagon tiled
materials with tunable properties for vast applications [21,29].
In three-dimensional bulk materials, it has been found that
pentagon-based structural motifs formed by light elements
are beneficial for emergence of phonon-mediated supercon-
ductivity under high pressure [30,31]. However, intrinsic
superconductivity in 2D, which is believed to encompass more
exotic quantum phenomena due to confined geometry [32,33],
has not yet been reported in pentagon-based 2D materials.
Using first-principles calculation, we comprehensively
study the electronic, mechanical, and vibrational properties
of monolayer penta-BP, [34], and predict it as a promis-
ing Cairo pentagon based 2D material that simultaneously
harbors a negative Poisson’s ratio and intrinsic superconduc-
tivity. The structural motifs for penta-BP,, namely, the BP,
tetrahedra and P, dimers, play important roles respectively
in its intriguing mechanical and superconducting properties.
The penta-BP, monolayer exhibits anisotropic mechanical
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also be viewed as P, dimers interconnected by B atoms.
The partially filled p, orbitals of these dimers form metal-
lic bands, whereas their vibrations contribute a considerable
portion to the electron-phonon coupling (EPC), giving rise to
a phonon-mediated superconductivity with the critical tran-
sition temperature 7. of 7.7 K. Furthermore, we investigate
the effects of surface modification on the electronic and me-
chanical properties for penta-BP, by introducing fluorine or
chlorine atoms. The resultant fluorinated/chlorinated penta-
BP; are both stable, showing enhanced EPC and higher 7; as
well as a positive Poisson ratio and a larger Young’s modulus.

II. METHODS

The electronic structures, phonon spectra, and EPC are
calculated using the QUANTUM ESPRESSO package [35] with
norm-conserving pseudopotentials [36] and Perdew-Burke-
Ernzerhof (PBE) exchange-correlation functional [37]. The
cutoff for kinetic energy and charge density are 100 and 400
Ry, respectively. The structural models are separated from
its adjacent periodic images by vacuum layers of 15 and
25 A for pristine and surface-modified penta-BP,, respec-
tively. A Monkhorst-Pack mesh of 18 x 18 x 1 k points is
employed for electronic Kohn-Sham states, and a 9 x 9 x 1
g mesh is employed for the phonon and EPC calculations
implementing the density functional perturbation theory [38].
Superconducting critical temperature 7. is estimated by the
McMillian-Allen-Dynes formula [39—41],

Wiog 1.04(1 + 1)
T. = —Zexp| - :
1.2 A —p*(140.621)
where u* is the Coulomb pseudopotential for which we
choose a typical value 0.1. A is the EPC constant, which is

calculated from first principles via integrating the Eliashberg
spectral function o*F () [39],

2
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The mechanical properties are calculated using the Vienna
ab initio simulation package (VASP) [42] code and postpro-
cessed using the VASPKIT package [43]. The plane-wave cutoff
energy is 540 eV for valence electrons with the projector
augmented-wave method [44] and PBE functional [37] im-
plemented for treating the ion core region and the electron
exchange correlation, respectively. The Hellman-Feynman
force tolerance is 0.01 eV //ok on each ion, and the total en-
ergy convergence criteria for the self-consistent calculations
is 107 eV.

ey

III. RESULTS AND DISCUSSION

A. Structural and electronic properties

As shown in Fig. 1(a), the top view of penta-BP; clearly
sketches the beautiful Cairo pentagonal tiling whereas the
side view displays buckling of the 2D sheet composed of
three atomic layers. Important structural parameters are sum-
marized in Table I. The in-plane (IN) lattice constant is
calculated to be a = 4.55 A, and the buckling between the B
layer and one of the P layers is 1.0 A. Figure 1(b) shows a
slightly distorted BP, tetrahedron (termed as tetra-BP,) which
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FIG. 1. Crystal and electronic structures for penta-BP,. (a) Top
and side views of the crystal structure. Blue balls denote B atoms,
whereas orange and red balls denote P atoms above and below the
B atomic plane, respectively. (b) Structural details of the tetra-BP,
in penta-BP,. (¢) Fermi surface in the 2D Brillouin zone. The color
bar maps the Fermi velocity. (d)—(f) Band structures and (g) density
of states, projected onto P p,, P s+ p, + p,, and B sp® orbitals,
respectively.

constitutes the structural skeleton. The optimized B-P bond
length is 1.97 A, close to that in cubic BP [45]. Assembling
of the tetra-BP, via sharing corner P atoms leads to formation
of P, dimers [Fig. 1(a)] with the optimized P-P bond length of
2.16 A. A simple electron counting can be performed based
on such a structure: as a Group-III element, B in a tetra BP4
can share less than one electron per B-P bond. Consequently,
despite the formation of three bonds around each P atom
(two B-P bonds and one P-P bond), the P atom does not
reach a full shell eight-electron configuration, implying that
the compound is a metal.

Figures 1(c)-1(g) show the first-principles Fermi surface,
band structures, and density of states (DOS) projected onto

TABLE 1. Structural parameters (lattice constants a, buckling
height &, and characteristic bond lengths) and mechanical properties
(elastic constants C;;, Young’s modulus E, and Poisson ratio v) for
pristine and F,BP,/C1,BP,. The values for Ey;,/Emax are distributed
along the 0°/45° direction, and those for vy, /vmax are distributed

along the 45°/90° direction, respectively.

Penta—BPz FzBPz C12 BP2
a(A) 4.55 4.62 4.72
h(A) 1.00 0.914 0.906
B-P (A) 1.97 1.95 1.98
P-P (A) 2.16 2.17 222
P-F/CI (A) N/A 1.61 2.08
Cy1 (N/m) 71.8 89.4 99.7
C1» (N/m) 8.5 14.4 26.5
Ces (N/m) 49.9 478 61.1
Emin/Emax (N/m) 70.8/89.1 87.1/99.5 92.6/124.2
Vinin/ Vina —0.11/4+0.12  0.041/0.16  0.017/0.27
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FIG. 2. Mechanical properties of penta-BP,. (a) Strain energy
under uniaxial, biaxial, and shear strains. (b) Equilibrium energy-
strain curves for the v/2 x +/2 supercell under tensile strain ¢, . The
arrows indicate the equilibrium magnitude of strain ¢;. The inset
shows the +/2 x +/2 supercell model with strain &, in the diagonal
direction of the primitive cell. Orientation-dependent Young’s mod-
ulus (c¢) and Poisson’s ratio (d) for penta-BP,. Red and blue points
denote positive and negative values, respectively.

Pp., Ps+ p.+p,, and B sp® orbitals for penta-BP,. As
expected, the Fermi level is below the P p-band top, defin-
ing two I'-centered concentric electron pockets on the Fermi
surface [Fig. 1(c)] with the inner (outer) one showing an in-
homogeneous (homogeneous) distribution of group velocity.
The metallic bands mainly stem from the P p, orbitals, which
is understandable because they have the least hybridization
with the B atoms. Consequently, these m-bonding-dominated
bands are dispersive and electron deficient. These two metallic
bands are well separated from other fully occupied or empty
bands and show degeneracy at the Brillouin zone boundary
(I'-X) as protected by the nonsymmorphic screw symmetry
[46]. The corresponding density of states exhibit two closely
aligned sharp peaks above the Fermi level, signaling clear
von Hove singularity which could be utilized for studying
electronic instability and pertinent exotic physics upon mild
electron doping [47].

B. Mechanical properties

Next we discuss the mechanical properties of penta-BP;.
The structural symmetry (P42;m space group) restricts the
elastic tensor to have three independent components, and the
elastic energy E as a function of the strain (&) can be written
as

E(e) = 3Cn&y, + 5Cney, 4 Ciaeacyy + 2Cests,. (3

where the strain tensor & has the standard definition, and
Ci; (equal to Cy), Cyz, and Cgg are the three independent
elastic constants, following the Voigt notation [48]. Based
on the first-principles total energy curves shown in Fig. 2(a),

we obtain the elastic constants Cj; = Cy, = 71.8, Cj = 8.5,
and Cgs = 49.9 N/m. Thus, the penta-BP, structure meets
the Born-Huang criteria [49]: C; > 0, Cg¢ > 0, and C11Cop >
Clz, which ensures the positive definitiveness of the elastic
tensor and the mechanical stability of the Cairo pentagonal
sheet.

Based on the obtained elastic constants, we further cal-
culate the orientation-dependent Young’s modulus E and
Poisson’s ratio v using the formulas,

AC
Ciym* + Cyn* + (C5
(Cii+ Cn — )m n* — Cry(m* +n*)

Ciym* + C22n4 + (C_66 - 2Cas)m2n2

E®) =

2C12)m2n2

v(@) = —

S

where AC = C1Cyp — C122, m = cos(f), and n = sin(0) with
0 being the angle between tensile strain direction and the
lattice vector. As shown in Figs. 2(c) and 2(d), the two curves
deviated from perfect circles indicate that penta-BP, has an
anisotropic Young’s modulus and Poisson’s ratio. Specifically,
the Young’s modulus E changes from 70.8 N/m 6 = 0° to
89.1 N/m (6 = 45°), which is comparable with MoS, (129
N/m) [50], Ti,C (130 N/m) [51], and silicene (62 N/m) [52].
The magnitude of v varies from —0.11(6 = 45°) to 0.12(8 =
90°), showing a negative Poisson’s ratio (NPR) in the xy
direction. To verify the unexpected NPR, we build a v/2 x +/2
penta-BP, supercell and apply uniaxial tensile strain ¢ along
the xy direction of its primitive cell [Fig. 2(b)]. The transverse
strain g is determined by sweeping the lattice constant along
the lateral direction, relaxing the atomic positions, and locat-
ing the energy minimum. Poisson’s ratio is then calculated by
V= —6— As shown in Fig. 2(b), the transverse strain g is
positive under the tensile strains £, of 1%, 2%, and 3%, and
the estimated v magnitude is consistent with the most negative
value from Eq. (5). These results confirm that penta-BP, takes
sides in the family of NPR materials, along with the bulk of
Cairo pentagon 2D materials. Our detailed analyses by tracing
the evolution of the monolayer structure under uniaxial tensile
strain (see the Supplemental Material [53]) suggest that the
coherent rotation of the corner-sharing tetra-BP4 motifs is the
microscopic origin of the auxetic response in the perpendicu-
lar direction. Remarkably, we find that penta-BP, has larger
NPR than pentagraphene [22], borophene [54], and black
phosphorene [55], rendering it a promising auxetic material.

C. Vibration properties and superconductivity

Now let us discuss the vibrational properties, EPC, and
superconductivity of penta-BP,. The absence of imaginary
mode in the phonon spectra confirms the dynamical stabil-
ity of penta-BP,. By decomposing the phonon bands into
the P and B atomic vibrations [Fig. 3(a)], we find that for
the low-frequency optical branches from 120 to 170 cm ™!, the
vibrations are primarily from the out-of-plane (ON) displace-
ments of the P atoms. In the intermediate-frequency region
spanning from 300 to 550 cm™!, the in-plane vibrations of P
atoms constitute these optical branches. The contributions to
modes above 550 cm ™' are mainly from the atomic vibrations
of the lighter boron.
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FIG. 3. Vibration properties and electron-phonon coupling for
penta-BP,. (a) Phonon spectra weighted by the vibrations of P and
B atoms. (b) Phonon spectra weighted by the magnitude of EPC
Agv- (c) Phonon density of states (PhDOS), Eliashberg spectral func-
tion o?F (w), and cumulative frequency-dependent of EPC function
A(w). (d) Vibration mode at point I shown in (b). The symbols IP
and OP represent the in-plane (IP) or out-of-plane (OP) directions,
respectively.

By integrating the mode- and momentum-dependent EPC
Agy [(Fig. 3(b)], we find that penta-BP; is a medium-coupling
superconductor with A of 0.7, and the corresponding T; ~
7.7 K is higher than that of representative light-element-based
2D materials, such as BeP, (1.32 K) [56] and LiCq (5.9 K)
[57]. The superconductivity-related parameters are summa-
rized in Table II. As shown in Fig. 3(c), the low-frequency
range below 170 cm~! accounts for 67% of the total EPC.
The EPC A4, around the M point in the frequency range of
110-170 cm™" is particularly large, leading to a pronounced
peak in the Eliashberg spectral function a’F (w) [Fig. 3(c)].
Its resonance with the phonon density of states gives rise to
a rapid increase in A(w) in this range. We plot the vibration
mode with largest A, at M point on the second phonon
band and identify it as the in-phase vibration of the two
P atoms in the P, dimers along the out-of-plane direction
[Fig. 3(d)]. Apart from the low-frequency region, phonons

TABLE II. Superconductivity-related parameters of pristine
and fluorinated/chlorinated penta-BP,: the logarithmically averaged
phonon frequency wy,, density of states at the Fermi level N(Er),
electron-phonon coupling coefficient A, and superconducting transi-
tion temperature 7;.

Penta-BP2 FzBPz ClzBPz
Wiog (K) 222.1 239.1 286.4
N(EF) (states/Ry/cell) 232 124 16.5
A 0.7 0.74 0.71
T. (K) 7.7 9.6 10.5

with medium frequency ranging from 170 to 480 cm~! con-

tribute to the total EPC by 26%. The high-frequency phonons
above 550 cm™~! hardly contribute to the EPC.

D. Surface-modified penta-BP,

Benefited from the large surface-to-volume ratio and the
atomically flat geometry and surface modification usually re-
alized via chemical functionalization has been widely utilized
to efficiently tailor the physical and mechanical properties of
two-dimensional materials [18,19]. Here, we systematically
investigate the evolution of structural, electronic, vibrational,
superconducting, and mechanical properties of penta-BP;
monolayer upon surface fluorination or chlorination.

Figures 4(a) and 4(d) show the optimized crystal struc-
tures of fully fluorinated/chlorinated penta-BP; sheet with the
chemical formula of F,BP,/CI,BP,. Primary changes to the
lattice structures can be found in Table I. We see a slight
increment of the lattice constant in both ternary sheets which
could be a compromise during structure relaxation to min-
imize the repulsive interactions between halogen ions. The
buckling height between the B and the P layers is decreased to
0.914 and 0.906 A, respectively, upon fluorination and chlo-
rination. For the fluorinated/chlorinated penta-BP,, the B-P
bond length in the tetra-BPy is 1.95/1.98 A, and the P-P bond
length in the P, dimer is 2.17/2.22 A, close to those in pristine
penta-BP,. The P-F and P-Cl bond lengths are, respectively,
1.61 and 2.08 A, indicating a strong bonding.

Interestingly, unlike fluorographene/chlorographene in
which the semimetallicity of the parental graphene is fully
suppressed and a moderate band gap is opened [19], the fluo-
rinated/chlorinated penta-BP, remains metallic. As shown in
Figs. 4(b) and 4(e), both functionalized sheets have two bands
crossing the Fermi level, which indeed are still originated
from the P p orbitals according to our projected DOS analyses.
Due to the hybridization with more electronegative halogens,
the dispersions of these two bands are drastically altered and
the fillings are further diminished, resulting in a significant
change to the Fermi-surface topology. The Fermi pockets
are now mainly distributed near the Brillouin zone boundary,
showing an intriguing feature of interconnected electron and
hole pockets (Fig. S2) of the Supplemental Material [53]. The
F/CI atoms have nearly fulfilled closed p shell, lying lower
in energy, and, therefore, contribute few DOSs at the Fermi
level.

Furthermore, we examine the phonon spectra to verify the
dynamical stability of fluorinated/chlorinated penta-BP,and
calculate superconductivity-related parameters following the
same recipe, which are summarized in Table II. Appar-
ently, the fluorinated/chlorinated penta-BP, are also stable
and intrinsically superconductive with slightly enhanced A =
0.74/0.71 and T, = 9.6/10.5 K. The larger T, for the latter is
attributed to larger N (Er ) and wo,. To gain more insights into
the EPC of fluorinated/chlorinated penta-BP,, we calculate
their phonon spectra weighted by the magnitude of EPC Ag,.
As shown in Figs. 4(c) and 4(f), the EPC for fluorinated penta-
BP, mainly comes from the low-frequency phonons below
170 cm~!, which accounts for 55% of the total EPC. Be-
sides, medium-frequency phonons contribute 39% to the EPC.
As for chlorinated penta-BP,, the corresponding proportion
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become 48% and 46%, respectively. Similar to the pris-
tine case, high-energy phonons with frequencies larger than
550 cm~! are well separated from other modes by a phonon
gap and contribute marginally to the EPC in both decorated
sheets.

We also discuss the change of mechanical properties of
penta-BP, upon surface modification. By calculating the
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strain-energy curves [Figs. 5(a) and 5(d)] and fitting them with
Eq. (3), the elastic constants are obtained and listed in Table I.
One can see that the 2D pentasheet is, in general, stiffened
upon surface functionalization except for the shear modulus of
fluorinated penta-BP, showing a slight weakening. We again
calculate the orientation-dependent Young’s modulus E(6)
and Poisson’s ratio v(0) using Egs. (4) and (5). As shown in
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FIG. 5. Mechanical properties of surface-modified penta-BP,. (a) Strain energy under uniaxial, biaxial, and shear strains, (b) orientation-
dependent Young’s modulus, and (c) Poisson’s ratio of fluorinated penta-BP,. (d)—(f) the same as (a)—(c) but for chlorinated penta-BP,.
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Figs. 5(b) and 5(e), the Young’s modulus E(f) varies from
87.1 N/m (8 =0°) to 99.5 N/m (6 = 45°) for fluorinated
penta-BP, and from 92.6 N/m (6 = 0°) to 124.2 N/m (6 =
45°) for chlorinated penta-BP,. The enlarged Young’s mod-
ulus for surface-modified penta-BP, could be attributed to
the different bond characteristics which will be discussed
later. As sketched in Figs. 5(c) and 5(f), when 6 increases
from 0° to 45°, Poisson’s ratio v decreases monotonically
from 0.16 (0.27) to 0.041 (0.017) for fluorinated (chlorinated)
penta-BP,, still exhibit strong anisotropy, but the minimum
values become positive, indicating that the NPR feature of
pristine pena-BP, is fully suppressed in both cases, similar
to previously studied functionalized pentagraphene [19].
Before closing, we present more detailed analysis on the
covalency-ionicity interplay of chemical bonds [58] in penta-
BP, as well as the changes upon surface modification and
discuss their effects on the superconducting and mechani-
cal properties. In doing so, we have calculated the electron
localized function (ELF) [59], integrated local density of
states (ILDOS), and projected crystal orbital Hamilton pop-
ulation (pCOHP) [60] of pristine and fluorinated/chlorinated
penta-BP, monolayers and summarized the results in the
Supplemental Material, Fig. S3 [53]. According to the ELF
mapping in Figs. S3(a;)-S3(a3) in the Supplemental Material
[53], the B-P and P-P bonds in both pristine and functionalized
monolayers possess typical covalent nature with the highly
localized electrons mainly accumulated in the central region
of the bonds. The P-X (X = F/CI) bonds, in contrast, exhibit
ionic feature as signified by the polar distribution of the bond-
ing electrons, which mostly exist as lone pair in the pristine
monolayer. To further investigate the electronic states dom-
inating the superconductivity, we integrate the local density
of states within the energy window of [Ef -0.5 €V, E]. As
shown in Figs. S3(b;)-S3(b3) of the Supplemental Material
[53], the metallic bands of pristine penta-BP, are dominated
by the lone pair of electrons of P, featured by the large local-
ized ILDOS. In the halogenated monolayers, this portion of
charge mostly transfers to the X ions upon formation of P-X
bonds, and the low-energy states are majorly originated from
the B-P and P-P bonds, leading to a more spread distribution
of ILDOS which partially accounts for the slightly higher
T.. By inspecting the pCOHP profiles in Figs. S3(c;)-S3(c3)
of the Supplemental Material [53], we also found significant

changes upon surface modification. The antibonding states of
P-P bonds are pushed away from the Fermi level due to the
passivation of the lone pair electrons. For the B-P bonds which
largely dictates the in-plane stiffness, some antibonding states
arise right above the Fermi level in halogenated monolayers,
indicating potential strengthening consistent with our elastic
constant calculations.

IV. SUMMARY

To summarize, we predict that the two-dimensional penta-
BP; has negative Poisson’s ratio along the diagonal direction
and is an intrinsic medium-coupling superconductor. Different
from most Cairo pentagon tiled 2D covalent networks which
exhibit large insulating gap, penta-BP; is metallic with two
partially filled dispersive bands mainly from the conjugated
P p, orbitals. The in-phase vibration of the two P atoms in
the P, dimers along the out-of-plane direction contributes
to the major part of electron-phonon coupling, giving rise
to a superconducting state under 7. of 7.7 K. Furthermore,
we find that fluorination and chlorination can enhance the
EPC of penta-BP, and achieve higher 7. of 9.6 and 10.5 K,
respectively. Surface functionalization also significantly ma-
nipulates the mechanical properties of penta-BP; in terms of
enhanced Young’s modulus and suppressed negative Poisson’s
ratio. These findings would stimulate more interest on the
exploration of Cairo pentagonal superconductors and provide
valuable insight into the engineering of the physical properties
for other Cairo pentagonal 2D materials.
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