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Boron is an intriguing element due to its electron deficiency and the ability to form multicenter bonds in

allotropes and borides, exhibiting diversified structures, unique chemical bonds, and interesting properties.
Using swarm-intelligence structural prediction driven by a machine learning potential, we identified a boron
phase with a 24-atom cubic unit cell, called c-B,4, consisting of a B¢ octahedron in addition to well-known B,
pairs and B, icosahedra at ambient pressure. There appear unusual four-center-two-electron (4c-2e) bonds in
the By, icosahedron, originating from the peculiar bonding pattern between the B, pair and B, icosahedron,
which is in sharp contrast with the 3c-2e and 2c-2e bonds in @-Bj,. More interestingly, c-B,4 is a metal with a
superconducting critical temperature of 13.8 K at ambient pressure. The predicted Vickers hardness (23.1 GPa)
indicates that c-B,4 is a potential hard material. Notably, it also has a good shear/tensile resistance (48.9/29.3
GPa). Our work not only enriches the understanding of the chemical properties of boron, but also sparks efforts

on trying to synthesize this particular compound, c-Byg.

DOI: 10.1103/PhysRevB.103.024505

I. INTRODUCTION

Allotropes, which refer to different forms of the same ele-
ment, have become a fascinating area of research in condensed
matter physics and chemistry [1-3]. Finding new allotropes,
with unique structural units and a combination of several
chemical bonds, allows a deeper understanding of the chem-
ical behavior of the elements [4-6]. On the other hand, the
preparation of allotropes is an important way to obtain func-
tional materials with fascinating properties [7-10]. A large
number of allotropes are already known, especially for the
light elements, as carbon, silicon, nitrogen, and boron, but
there are still interesting surprises to be discovered [11-17].
This is basically due to their complex potential energy sur-
faces with a plethora of local minima, which causes diversified
metastable structures (i.e., allotropes) to exist [18-22]. For
example, in addition to the five known nitrogen allotropes
[23], an allotrope with the black phosphorus structure has
been found very recently [24,25].
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Boron has three valence electrons and, following the clas-
sical valence bond theory, it can only form three covalent
bonds with three boron/other atoms forming allotropes or
compounds. However, its ability to form multicenter bonds
greatly enriches its structural diversity [26]. So far, at least
16 boron allotropes have been reported [14], with vari-
ous electronic properties (e.g., semiconductivity, metallicity,
semimetallicity, and superconductivity). On the other hand,
the properties of boron allotropes are strongly correlated
with binding patterns and the arrangement of structural units
[14,21,27]. Specifically, Pnma-Bgy, where B, icosahedra are
linked by two-atom wide boron ribbons, is a semimetal,
whereas 12,212-Bgo, in which B, icosahedra are intercon-
nected by helical boron chains, is a metal [28]. Taking into
account the complex potential energy surfaces and diversified
binding patterns of boron [29,30], which favors the formation
of novel structural units or different combinations of already
known structural units, it is still possible to find new boron
allotropes.

Recently, theoretical prediction plays a critical and lead-
ing role in accelerating the discovery of new allotropes
[22,31-34]. In this work, we employ the swarm-intelligence
structural search method combined with a machine learn-
ing potential to search for new boron allotropes at ambient
pressure containing up to 60 B atoms. In addition to
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FIG. 1. (a) Crystal structure of the c-B,4 phase. The location of the (b) By, icosahedra, (c) B, pairs, and (d) B¢ octahedra in the lattice.
The SSAANDP chemical bonding analysis of ¢-B,4 along with the occupation number (ON). In total 36 bonds are showed, including (e)
12 2c-2e o bonds, (f) 14 3c-2e o bonds, and (g) 10 4c-2e o+ bonds. The “+” symbol represents an overlap between the ¢ and 7 bonds.

replicating the four reported boron allotropes (e.g., «-By
[35], y-Bog [14], a-Ga-type B [36], and Bjy [37]), we have
found one, named c-B,4, which shows a different structural
unit (B¢ octahedron) situated at the center of the cubic unit
cell. On the other hand, the unique arrangement between B,
icosahedron and the B, pair induces a 4c-2e bond in the
B, icosahedron. More interestingly, c¢-B,4 is both hard and
superconducting.

II. COMPUTATIONAL DETAILS

The crystal structure search is performed with the swarm-
intelligence CALYPSO method [38—40] driven by a modified
version of the Gaussian approximation potential (GAP) [41].
Compared with the original GAP [42], the atomic-centered
symmetry function [43], rather than the smooth overlap of
atomic positions [44], was used as descriptors to describe
neighboring environment of B atoms. The CALYPSO method
has been successfully applied in many systems, including Cgq4
clusters, [41] Cyo [45], TiO, [46], and some organic materi-
als [47]. In this work, the already known four stable boron
phases («¢-Bj2, y-Bas, @-Ga-type B, and B) are successfully
replicated [14,37,48-52], demonstrating the reliability of the
method in the global structure search. More detailed informa-
tion can be found in the Supplemental Material [53].

The underlying structural relaxation and electronic
properties are carried out by employing the Vienna ab initio
simulation package (VASP) [54,55]. The electron-ion interac-
tion is represented by the full electron projection augmented
wave method [56], and 25*2p' are treated as valence electrons
of B. The plane wave basis with a kinetic energy cutoff of
800 eV is used, and a Monkhorst-Pack scheme [57] with a
dense k-point grid spacing of 27 x0.03 A! is chosen to ensure
a good convergence of the total energy. Phonon calculations
are performed by using the finite displacement approach [58]
in the PHONOPY code [59]. First-principles molecular dynam-
ics simulations [60] using the canonical NVT are performed

with a time step of 1 fs to evaluate the thermal stability of the
predicted structures. Electron-phonon coupling (EPC) calcu-
lations were performed with density functional perturbation
theory using the Quantum-ESPRESSO package [61].

III. RESULTS AND DISCUSSION

A. Structure, chemical bonding, and stability

After an extensive structural search at ambient pressure, we
found a cubic structure with the space group Pm3, containing
24 atoms in the unit cell, named c-By4 [Fig. 1(a)]. Within
this structure, three inequivalent B atoms occupy the crystal-
lographic 6g (0.3528, 0.5000, 0.0000), 6h (0.7204, 0.5000,
0.5000), and 12j (0.0000, 0.8414, 0.2540) sites, which form
three kinds of structural units, i.e., B¢ octahedron, B, pair, and
B, icosahedron, Figs. 1(b)-1(d), located at the body center,
face center, and vertex of the cubic lattice, respectively. The
B atoms in B, units are connected with the vertex B atoms
in the By, icosahedra and the B¢ octahedron to form a dense
three-dimensional packing structure. Notably, B¢ octahedron
appears in the reported boron allotropes, but it has also been
observed in metal borides at ambient (e.g., BeBs, MgBg,
CaBg, LaBg, and YBg) [62—64] and high pressures (e.g., BaBg
and KBg) [65,66].

It is well-known that B atoms tend to form multicenter
bonds, playing a key role in stabilizing allotropes and B-rich
borides [26,67]. Furthermore, the presence of B¢ octahedra
and the unique bonds between B, structural units and B,
icosahedra lead us to explore the characteristics of these
chemical bonds. Here, the solid state adaptive natural den-
sity partitioning (SSAdANDP) method [68], whose efficacy has
been verified in a plethora of compounds [69,70], is used to
study the binding patterns in c-Bys. The unit cell of c-Boy,
with 72 valence electrons, presents 12 2c-2e bonds at the
junction between B, icosahedra and B, pairs [Fig. 1(e)], eight
3c-2e bonds in B¢ octahedra, and six 3c-2e bonds at the inter-
section between B¢ octahedra and B, pairs [Fig. 1(f)]. More
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FIG. 2. Total energy of c-B,4 as a function of the volume per
atom in comparison with those of «-Bjy, y-Byg, and a-Ga-type
boron.

interestingly still, 10 4c-2e bonds appear in the B, icosahe-
dral unit [Fig. 1(g)], which is in sharp contrast with the B
icosahedron in «-Bj, (i.e., with strong 2c-2e and weak 3c-
2e bonds) [14,71]. This could be attributed to their different
atomic arrangements. Specifically, in c-B4 every boron atom
in the icosahedral unit B, is bonded to B atoms in B, units,
forming 12 B-B bonds (Fig. S2). In «-Bj,, the icosahedral
units connect each other with six pairs of B-B bonds. The
4c-2e bonds have been observed in two-dimensional (2D)
materials, such as the a-boron sheet [69], and have also been
reported in boron triangle units of bulk &’ boron [72], whose
atomic arrangement is completely different from the B,
icosahedron. The unique bonding combination might induce
different electronic properties. In addition, the average B—B
bond length in ¢-Byy is 1.77 A, which is equal and slightly
shorter than 1.77 A in «-B, and 1.82 A in y-Bog. The average
Mulliken overlap population of c-By4 (0.63) is slightly larger
than that of ¢-Bj, (0.56) and y-B,g (0.55), indicating that B-B
bonds in c-By4 are stronger.

The thermodynamic stability of the predicted structure
can be used to evaluate the feasibility of the experimental
synthesis. Figure 2 shows the calculated total energy versus
volume of c-B,4, compared to the three already reported boron
allotropes (e.g., «-Byy [35], y-Bog [14], and «-Ga-type B
[36]). At ambient conditions, it can be clearly seen that «¢-B
has the lowest value of the total energy per atom, and «-Ga-
type boron shows the maximum one, which is consistent with
previous reports [14] and supports the reliability of our calcu-
lations. At ambient pressure, c-Byy is 0.139 eV/atom lower in
energy than «-Ga-type boron, but 0.134 and 0.107 eV/atom
higher in energy than «-Bj, and y-Bgs, respectively. Several
metastable phases have been synthesized with much higher
energy than the most stable phase, such as M-carbon (0.283
eV/atom higher than graphite) [12], the nitrogen allotrope
with black phosphorus structure (1.12 eV/atom higher than
a-N) [24], and the Si-III structure (0.16 eV/atom higher than
Si-I) [73]. These results imply that c-B,4 could be synthesized
in certain conditions and exist as a metastable phase.

Phonon dispersions of c-By4 without any imaginary fre-
quency in the whole Brillouin zone demonstrate that it
is dynamically stable at both ambient (Fig. S3) and high
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FIG. 3. (a) The electronic band structure of c-B,4 at 1 atm. (b)
Projected density of states (PDOS) of c-B,, with different occupying
sites at 1 atm. (c) The Fermi surface for c-B,4 at 1 atm. (Fig. S5 shows
the Fermi surface associated with each band crossing the Fermi
level.) (d) The Eliashberg spectral function a>F(w) and integrated
electron-phonon coupling parameters A(w) of c-B,4 at 1 atm. (e) The
calculated stress-strain relations of phase c-By4 in the three stress
tension directions. (f) The calculated stress-shear for ¢-B,; in the
three principal symmetry crystallographic directions.

pressures (i.e., 25 and 50 GPa, Fig. S3). To examine the
thermal stability, ab initio molecular dynamics simulations are
also performed with the canonical (NVT) ensemble at 1000 K,
using the Nosé thermostat [60] with a step of 1 fs. We model
the system using a 2 x 2 x 2 supercell that has 192 B atoms.
Energy fluctuations at 1000 K are shown in Fig. S4, and the
initial and final structures are also presented. Interestingly,
the framework of c-B,4 maintains its original configuration at
1000 K, exhibiting an outstanding thermal stability. Further-
more, c-Byy satisfies the criteria for mechanical stability, as
will be discussed later.

B. Electronic properties and superconducting

The appearance of different B¢ octahedra and unique 4c-2e
bonds in the B, icosahedra stimulate us to explore its elec-
tronic properties. The calculated electronic band structure and
the corresponding projected density of states (PDOS) at the
Perdew-Burke-Ernzerhof (PBE) level are shown in Figs. 3(a)
and 3(b). Unexpectedly, c-By4 is a metal with several bands
crossing the Fermi level, which is in sharp contrast with the
nonmetallic @-Bj, [14] and y-B,g [14] but similar to the
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a-Ga-type boron [36] at ambient pressure. PDOS analysis
shows that its metallicity comes mainly from the contribution
of B 2p. On the other hand, there is a strong overlap between
B 2pin B, units and B 2p in B¢ octahedra and B, icosahedra,
indicating the formation of strong chemical bonds, in line with
the previous chemical bond analysis. The contribution of B 2s
in B}, icosahedra to metallicity is much higher than that of
the B, units and Bg octahedra, which could originate from
the unique 4c-2e bonds in the B, icosahedra. In addition, a
well-defined Fermi surface nesting appears along X—R and
R—M [Fig. 3(c)], with highly dispersive bands in the two
directions. On the contrary, flatter bands associated with more
localized electronic states appear along X—R, which induces
a high electronic density of states near the Fermi level.

Motivated by the strong PDOS peak at the Fermi level
and the presence of steep bands along the I'—>M direction
and flat bands along the X—R direction, we have explored
the superconductivity of c-By4. The superconducting transi-
tion temperature (7;) was estimated by using the Allen and
Dynes modified McMillan equation with a typical choice of
w* = 0.1 [74-77]. The calculated T of c-By4 is 13.8 K at
ambient pressure, becoming the first superconductor among
known bulk boron allotropes at 0 GPa, and is much higher
than 6 K of 8-B at 175 GPa [78] and comparable to 2D B
polymorphs (e.g., 18.7 K for By, [79] 24.7 K for x> [79], and
17.9 K for 2D boron layer [66]).

The integrated electron-phonon coupling parameter A (w)
and Eliashberg spectral function o’F(w) are shown in
Fig. 3(d). The calculated X is 0.55, which is higher than 0.38,
0.39, and 0.39 at 160, 215, 273 GPa of a-Ga-type boron [80],
0.39 for the boron-doped diamond with 2.78% boron content
[81] and comparable to 0.61 in MgB, [82]. The contribution
of low-, mid-, and high-frequency modes to the EPC are
29.5% (below 12 THz), 22% (12 ~ 19 THz), and 48.4%
(above 19 THz), respectively. Therefore, its superconducting
mechanism is different from the low-frequency P-derived vi-
brations of the LigP electride [83], high-frequency H-derived
vibrations of high-7.H3S [84], and intermediate-frequency H-
derived vibrations of HyTe [85]. We also explored its pressure
dependence 7;.. As shown in Fig. S6, the T;. of c-By4 increases
with pressure (e.g., 14.6 K at 25 and 17.1 K at 50 GPa), which
mainly originates from the pressure-induced phonon softening
along X—R in the Brillouin zone (Fig. S3), leading to an
enhancement of X.

C. Mechanical property and hardness

The calculated bulk modulus (B), shear modulus (G),
Young’s modulus (E), and Poisson’s ratio (v) of c¢-Bys are
given in Table S3. Overall, B is a measure of the tensile
strength of the material. The higher B is, the more incom-
pressible it is. The bulk modulus (B) of c-Bys is 209.38
GPa, which is comparable to other known hard materials
[e.g., Al,O3 (254 GPa) and AIN (205 GPa)] [86,87].The ratio
between the bulk modulus and the shear modulus (B/G) is

used to measure the brittle or ductile behavior of materials
[88]. The calculated B/G of c-By4 is 1.373, which is much
lower than the criterion value (1.75) for considering a ma-
terial to be ductile. In addition, Poisson’s ratio (v) provides
a useful information about the characteristics of the bonding
forces. The resulting Poisson’s ratio of ¢-By4 is 0.207, which
shows a large lateral expansion when it is compressed [89].
Finally, the calculated Vickers hardness value of c-Byy is
23.1 GPa, which is less than that of the recent superhard
boron, orthorhombic y-Byg (50 GPa) [90]. It is comparable
to some typical hard materials [87] [e.g., WC (30 GPa), TiN
(23 GPa), ZrC (25.8 GPa), and TiC (24.7 GPa)]. Moreover,
stress-strain relations can reflect the ability of a material to
resist shear and tension. The calculated tensile stress-strain
relations of c-Byy in the three principal symmetry crystallo-
graphic directions ([001], [110], and [111]) are presented in
Fig. 3(e). When the critical tensile stain (¢) is above 0.18, the
B-B bonds between B, units and B, icosahedra are broken
(Fig. S7) along the [110] direction, corresponding to a peak
stress of 48.9 GPa. Tensile stress along the [001] direction has
the lowest peak value in the (110) plane [Fig. 3(f)] and the
shear direction [1-10] shows a peak value of 29.3 GPa.

IV. CONCLUSIONS

In search of possible boron allotropes, we explored con-
figurations that have up to 60 atoms with the help of
swarm-intelligence structural search in combination with the
state-of-art machine learning potential at ambient pressure.
A hitherto unknown pristine 3D crystalline boron, c-Byg,
is identified, that exhibits high dynamical, mechanical, and
thermal stability, as well as an alternative chemical bonding
pattern (i.e., 4c-2e bond) in the B icosahedron. Interestingly,
c-By4 shows superconductivity with a 7. value of 13.8 K
at ambient pressure; additionally, considering its predicted
Vickers hardness of 23.1 GPa, as well as its good tensile and
shear strengths of 48.9 and 29.3 GPa, respectively. Our work
should help to expand the members of the boron family, and
promote further investigations on different boron allotropes
with desirable electronic and mechanical properties.
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