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Three-dimensional buckled honeycomb boron lattice
with vacancies as an intermediate phase on the
transition pathway from α-B to γ-B
Woo Hyun Han1, Young Jun Oh2, Duk-Hyun Choe3, Sunghyun Kim1, In-Ho Lee4 and Kee Joo Chang1

In the phase diagram of elemental boron, an unknown high-pressure form was identified as γ-orthorhombic boron (γ-B28),

provoking studies of the extraordinary properties of its main building blocks, B12 icosahedra and B2 dumbbells. Although two

low-pressure phases, α- and β-rhombohedral boron (α-B12 and β-B106), are also composed of icosahedra, the detailed kinetics

and mechanisms of the structural transition from α-B12 or β-B106 to γ-B28 remain poorly understood. We report on new

metastable boron phases formed during the transition in high-pressure high-temperature conditions that were discovered using

the crystal structure search method. The metastable phases are understood to be a three-dimensional buckled defective

honeycomb lattice in which boron vacancies lead to a dynamically and mechanically stable structure with triangular motifs.

We suggest that the metastable phases act as intermediate states on the transition pathway from α-B12 to γ-B28 owing to their

structural flexibility and low enthalpies, in the framework of Ostwald’s step rule.
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INTRODUCTION

Elemental boron exhibits a variety of allotropes and B-rich
compounds owing to its electron deficiency compared with
carbon that results in the ability to form multicenter bonds such as
two- and three-center bonds.1,2 Among the three-dimensional (3D)
polymorphs, two rhombohedral phases (α-B12 and β-B106) and a
γ-orthorhombic phase (γ-B28) are known as pure boron allotropes
with structural units called icosahedra (B12), and their crystal
symmetries are determined by the arrangement of icosahedra
building blocks.1 Although the α- and β-rhombohedral phases can
be crystallized from amorphous B,3,4 their relative stability at ambient
conditions is debated. There is a general consensus that although
denser α-B12 is in a stable phase at elevated pressures, it transforms
to β-B106 as the temperature increases.5–7 However, based on
extrapolation of the phase boundary, α-B12 has been claimed to be
stable at normal conditions.8 Conversely, γ-orthorhombic boron is
stable at high pressures and its crystal structure is now well established
based on theoretical and experimental studies.5 Various experiments
have demonstrated that γ-B28 can be synthesized from several starting
materials, including amorphous boron, α-B12, and β-B106, at pressures
of 7‒20 GPa and temperatures of 1500‒2500 K.5–9 Other boron
phases such as α-tetragonal (T-B50 or T-B52) and β-tetragonal boron
(T-192 or β-B192) also contain icosahedra but have been suggested
to be intermediate phases formed during structural transformations

under high-pressure high-temperature conditions according to
Ostwald’s step rule.5,6,9,10

Although α-B12 and γ-B28 contain distorted cubic close-packed
B12 icosahedra, the structural difference is that γ-B28 has additional
B2 dumbbells occupying all the octahedral cavities. The bonding
characteristics of the icosahedra and B2 units are well studied in
these two allotropes: two- and three-center bonds coexist within
and between icosahedra, enabling icosahedra that satisfy electron
counting rules and possess bond polarity attributed to the spatial
asymmetry of the charge densities in three-center bonds.11–13 In γ-B28,
despite the predominantly covalent bonding nature between the B
atoms, there is a partial charge transfer between the B2 units and the
B12 icosahedra in a NaCl-type structure, resulting in polar covalent
bonds.5 The partial ionicity of γ-B28 is supported by experimental
measurement of the electron density distribution13 and explains the
pressure dependence of the band gap, which is less than that
of covalent α-B12, and the transverse optical-longitudinal optical
phonon splitting, which commonly occurs in polar materials.5,14,15

Because B2 units are absent in the α-B12 phase, the mechanism for the
pressure-induced transformation from α-B12 to γ-B28 is not
well understood. The α-B12 and γ-B28 phases have different
numbers of atoms per unit cell, necessitating a large supercell size
to describe realistically the phase transition in theoretical simulations.
Despite such difficulties, a few studies have attempted to explain the
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transition mechanism between the two allotropes. First-principles
calculations suggested that there may be three new boron phases,
which are induced from γ-B28 under deformation, on the transition
pathway from α-B12 to γ-B28.16 However, to match the number of
atoms with that of γ-B28, additional boron atoms were intentionally
inserted into α-B12. Our understanding of the kinetic pathway to γ-B28
is lacking, and the existence of metastable intermediate phases remains
an open question.
In this work, we report the discovery of metastable boron phases,

which appear in the energy landscape at high pressures, using an
ab initio evolutionary crystal structure search method. In metastable
allotropes, icosahedra are completely broken, resulting in a 3D buckled
honeycomb lattice with triangular motifs and B vacancies. With a
certain fraction of B vacancies, the metastable structures
become dynamically and mechanically stable, but are otherwise
unstable. First-principles molecular dynamics (MD) simulations show
that B vacancies are mobile under extreme conditions such as high
pressures and high temperatures, indicating that various metastable
phases can exist depending on the concentration of B vacancies.
Based on the results, we provide a microscopic description of the
transition pathway from α-B12 to γ-B28 in which metastable phases
act as intermediate states during the structural transition in the
framework of Ostwald’s step rule.

MATERIALS AND METHODS
The enthalpy minimization and electronic structure calculations were
performed within the framework of density functional theory. We used
the functional form proposed by Perdew, Burke, and Ernzerhof for the

exchange-correlation potential17 and the projector augmented wave
potentials,18 as implemented in the VASP (Vienna Ab initio Simulation
Package) code.19 A plane wave basis set was used to expand the wave functions
with an energy cutoff of 600 eV. For Brillouin zone integration, a k-point
set was generated with a grid spacing of 0.2 Å− 1. The ionic coordinates
were fully optimized until the residual forces were o0.01 eV Å− 1. To obtain
the phonon vibrational frequencies at arbitrary wave vectors, the dynamical
matrices were calculated using a finite difference method, as implemented
in the Phonopy software.20 We used a generalized solid-state climbing
image nudged elastic band (CI-NEB) method,21,22 which is a modified
version of the nudged elastic band method, to determine the transition
pathways and energy barriers in the solid–solid transformations. For
first-principles constant pressure–temperature MD simulations, we used the
method of Parrinello and Rahman23 as implemented in the VASP code in
which the temperature is controlled by a Langevin thermostat24 with
an increasing energy cutoff up to 800 eV to eliminate the Pulay stress and
a time step of 1 fs was selected.

RESULTS AND DISCUSSION

To search for new crystal structures of elemental B under pressure,
we used an ab initio evolutionary crystal structure search method,
as implemented in the AMADEUS code.25 This method is based on
a combination of the conformational space annealing algorithm
for global optimization with first-principles density functional
calculations. The conformational space annealing algorithm uses three
aspects: local energy/enthalpy minimization, a genetic algorithm to
generate daughter solutions and simulated annealing to measure
the similarities or differences between two solutions. This computa-
tional search algorithm is very efficient to search for stable and
metastable structures because it maintains a population consisting of
distinct low-enthalpy configurations in each generation. Thus, the
conformational space annealing algorithm is similar to the
current version of USPEX.26,27 The efficiency of the AMADEUS
code has been demonstrated by successful applications for exploring
Si and C allotropes with direct band gaps.28–30 For a system with 28 B
atoms per unit cell, we found that the γ-B28 structure containing
B12 icosahedra is the most stable configuration at 40 GPa pressure
(see Supplementary Figure S1), in agreement with a previous result
based on another evolutionary crystal search algorithm, USPEX.5

In addition, we found a new B allotrope with the second-lowest
enthalpy structure, which has 14 atoms in the primitive cell with the
C2/m space group (Figure 1a).
The metastable C2/m allotrope contains no B12 icosahedra,

in contrast to α-B12 and γ-B28, and exhibits a metallic band structure
(see Supplementary Figure S2). The crystal structure of the
C2/m allotrope is composed of buckled hexagonal layers and B
vacancies. In the absence of B vacancies, the buckled layers are simply
stacked without lateral displacements, forming a 3D hexagonal lattice
with the P63/mmc space group (Figure 1a). Each layer has a buckled
honeycomb geometry, similar to monolayer silicene,31 but with more
significant buckling. Owing to strong interlayer bonding, the B atoms
have an eightfold coordination with similar intra- and interlayer
bond lengths, leading to triangular motifs. Although the hypothetical
P63/mmc structure is unstable because it violates the electron counting
rules, it turns into a dynamically stable structure by introducing B
vacancies, similar to the two-dimensional (2D) α-sheet.32 In the
C2/m phase, two B atoms in the unit cell that corresponds to
eight primitive cells in the P63/mmc structure are missing, resulting
in a vacancy concentration of ν= 1/8. The optimized structural
parameters for the P63/mmc and C2/m structures are summarized in
Supplementary Table 1. Recently, two metastable B allotropes with the
P21/c and C2/c space groups, which do not contain B12 units, were

Top view

Side view

Figure 1 Structures and vibrational spectra of three-dimensional hexagonal
boron. (a) Top and side views of the atomic structures of the hex-B0
and hex-B1/8 allotropes in the three-dimensional buckled honeycomb
lattice, which have P63/mmc and C2/m space groups, respectively. The blue
and green circles represent the B atoms with different heights in
each buckled layer, and red circles indicate B vacancies in the hex-B1/8
allotrope. (b) The phonon spectra of the hex-B0 and hex-B1/8 allotropes
at zero pressure.
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reported,33,34 and their concentrations of B vacancies were ν= 1/7
and 1/9, respectively. To describe different vacancy concentrations,
we use hex-Bν notation such as hex-B0, hex-B1/9, hex-B1/8 and
hex-B1/7 for allotropes with the P63/mmc, C2/c, C2/m and P21/c
space groups, respectively, in the 3D hexagonal lattice. The
classification parameter ν is analogous to the hexagonal hole
density η used to distinguish various planar forms from 2D triangular
lattice.32 In 3D allotropes, we find that vacancies tend to disperse
rather than aggregate, forming various configurations with different
space groups.
To investigate the dynamical stability of hex-Bv, we examined

the full phonon spectrum. It is known that a flat triangular
boron lattice is unstable with respect to a buckled shape owing to
occupation of the antibonding states from three-center bonds.32

When hexagonal holes are introduced in the 2D triangular lattice,
for example, in the boron α-sheet, the lattice stability is greatly
enhanced because hexagonal holes embedded in the triangular
lattice serve as scavengers of extra electrons, giving rise to delocalized
π-bonds near the holes instead of three-center bonds.35 Conversely,
honeycomb and Kagome lattices are unstable owing to the lack of
electrons from excess holes. In 2D metal-B systems such as MoB4,

36

TiB2
37 and MgB6,

38 the electron transfer from metal ions to B
networks balances the number of electrons, stabilizing the honeycomb
and Kagome lattices. Similarly, the stability of 3D hex-Bν
allotropes can be understood as a 3D extension of the 2D triangular
lattice. Notably, B vacancies in hex-Bν allotropes act as acceptors
similar to hexagonal holes in the α-sheet and allow for balancing of

the number of electrons, inducing delocalized π-bonds. For the
hex-B1/8 and hex-B1/7 allotropes with the C2/m and P21/c space
groups, no imaginary phonon modes were found (Figure 1b),
indicating that these structures are dynamically stable. Conversely,
the hex-B0 structure without vacancies suffers from extra electrons
and exhibits imaginary phonon modes (Figure 1b). Notably, as
hole carriers are added to the hex-B0 structure, the imaginary
phonon modes disappear, confirming that B vacancies have a
role in dynamical stability (see Supplementary Figure S3). In
addition to the dynamical properties, we investigated the mechanical
properties of the C2/m and P21/c structures by calculating the
elastic constants (see Supplementary Table S2). Using stress–strain
relations and Hill’s formula,39,40 we note that the elastic constants
satisfy mechanical stability criteria for the monoclinic cells of the
C2/m and P21/c structures. Based on the results, it is inferred that
the metastable C2/m and P21/c structures are likely formed under
high pressure.
The relative enthalpies of hex-Bν and other boron allotropes

(see Supplementary Figure S4) are plotted as a function of pressure
in Figure 2a. The α-B12 phase first transforms to γ-B28 at 19 GPa and
then to α-Ga-type B at 90 GPa, in agreement with previous
calculations.5,41 Near the transition pressure of 19 GPa, the
enthalpy of the hex-B1/8 structure is ∼ 100 meVper atom higher than
those of α-B12 and γ-B28. However, the hex-B1/8 and hex-B1/7
allotropes become more stable than the α-B12 phase as the pressure
increases above 62 and 80 GPa, respectively (Figure 2a). Conversely,
although the hex-B1/7 structure has 3 meV per atom lower energy

a

b

Figure 2 Enthalpies of various B allotropes. (a) The relative enthalpies of
various B allotropes (see Supplementary Figure 4) plotted as a function of
pressure. (b) The relative enthalpies of five hex-Bν allotropes with different
concentrations of B vacancies, ν=5/32, 1/7, 1/8, 3/28 and 3/32, as a
function of pressure.

hex-B1/8hex-B2/9

Figure 3 Migration of B vacancy. (a) The migration barriers for B-vacancy as
a function of pressure for three different pathways. Boron vacancies are
indicated by red circles, and the arrows represent their moving directions.
(b) The fluctuations of potential energy and density during first-principles
molecular dynamics (MD) simulations plotted for the hex-B2/9 allotrope at
50 GPa and 1500 K. The vertical dotted line represents the simulation time
when a structural transition occurs from hex-B2/9 to hex-B1/8 during constant
pressure–temperature MD simulations.

Phase transition pathway from α-B to γ-B
WH Han et al

3

NPG Asia Materials



than the hex-B1/8 structure at zero pressure, the hex-B1/8 structure
becomes more stable at pressures 46 GPa. In recent experiments,
it was suggested that α-tetragonal boron, T-B50 or T-B52, may act as
an intermediate phase during the structural transition from β-B106
to γ-B28.6,9 However, the relative enthalpies of T-B50 and T-B52
rapidly increase with increasing pressure, as shown in Figure 2a,
indicating that the hex-B1/8 structure is more likely an
intermediate phase.
To investigate a possible transition pathway, we assumed that all

of the B12 icosahedra in α-B12 are broken during the structural
transformation. Then, the intermediate structure can be represented
by an arrangement of B vacancies in the hex-B0 structure. For two
supercells containing 28 and 32 atoms in the hex-B0 structure, we
considered various concentrations of B vacancies, such as ν= 3/32,
3/28, 4/32 (= 1/8), 4/28 (= 1/7) and 5/32. For each vacancy
concentration, we searched for the lowest enthalpy configuration of
B vacancies at zero pressure using the AMADEUS protocol and
examined the relative stability of five hex-Bν structures under pressure,
as illustrated in Figure 2b. Among the hex-Bν allotropes, the hex-B1/7
allotrope had the lowest enthalpy for low pressures o6 GPa. In the
pressure range of 6‒80 GPa, the lowest enthalpy structure is the
hex-B1/8 allotrope. As the pressure increases above 80 GPa, the
B allotropes with low vacancy concentrations such as hex-B3/28
and hex-B3/32 become more stable. Thus, there is a tendency
that denser structures with lower vacancy concentrations are preferred
as the pressure increases.
Because the type of hex-Bν allotrope depends on the vacancy

concentration, the migration of B vacancies strongly affects
their structural stability. We calculated the B-vacancy migration
barrier using a solid-state CI-NEB method.21,22 For the hex-B1/8
structure, which has four vacancies in an orthorhombic hex-B0 unit
cell, we considered three migration pathways, as shown in Figure 3a.
Along pathway 1, a vacancy hops from one buckled layer to its

adjacent layer, whereas it migrates to the first and third nearest
neighbor sites within a buckled layer, which are denoted as pathways 2
and 3, respectively. The migration barriers along the three
pathways are plotted for pressures from 20 to 50 GPa. Along
pathways 1, 2 and 3, the migration barriers at 20 GPa are estimated
to be 0.52, 1.24 and 1.53 eV, respectively. Although the interlayer
hopping is relatively easier, it is expected that vacancy diffusion
within the buckled layer also occurs at elevated temperatures. When
γ-B28 is synthesized from amorphous boron, α-B12 and β-B106,
extreme conditions such as high pressures and high temperatures
are usually adopted.5–9 We examined the thermal motions of atoms in
the hex-B1/8 structure by calculating the mean squared-displacements,
defined as oR2ðtÞ4 ¼ 1

N

� �
∑N

i¼1 R
!

iðtÞ � R
!

ið0Þ
���

���
2
, through first-

principles MD simulations at 1500 and 2200 K. For the γ-B28 phase,
which was taken as a reference structure for comparison, we
found almost no fluctuations in mean-squared displacement at
2200 K (see Supplementary Figure S5). In the case of hex-B1/8,
although the mean-squared displacements are o0.5 Å2 at 1500 K,
they significantly increase to 4‒6 Å2 during 80 ps at 2200 K.
The enhanced mean-squared displacements are largely accompanied
by the migration of B atoms within the same buckled layer. Thus,
our results support the general tendency of migration of B vacancies
at high temperatures.
To examine the effects of pressure and temperature on the

movement of vacancies, we performed constant-pressure MD simula-
tions at 500 and 1500 K. For the initial configuration, we chose the
hex-B2/9 structure with a relatively high concentration of vacancies
in which 8 vacancies are randomly distributed in the 36-atom
orthorhombic unit cell of hex-B0. From the enthalpy–vacancy–
concentration curves shown in Figure 2b, the initial structure is
expected to transform to hex-Bν allotropes with lower vacancy
concentrations as the pressure increases. At a low temperature of
500 K, we found no structural change and only small fluctuations of

hex-B1/8 B28

B12 hex-B1/7Transition state A

Transition state C

a

b

Figure 4 Transition pathways from α-B12 to γ-B28. The atomic structures during the stepwise transformations (a) from α-B12 to hex-B1/7 and (b) from
hex-B1/8 to γ-B28, with the lowest enthalpy barriers (α1 and γ1 in Figure 5b) from the solid-state climbing image nudged elastic band (CI-NEB) method.
The purple circles denote the B atoms that undergo major movements. The red arrows represent the directions of atomic movements, and the blue
dotted lines indicate the formation of new bonds when a configuration changes to the next configuration. The red circles in (b) represent B2 dumbbells to
be formed in γ-B28.
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the potential energy even when the pressure increased to 50 GPa
(see Supplementary Figure S6). Conversely, at 1500 K, the potential
fluctuations were greatly enhanced. At 40‒50 GPa, the mass density
significantly increased, accompanied by large potential fluctuations,
indicating a reduction of the vacancy concentration (Figure 3b).
During variable cell-shape MD simulations at 40 and 50 GPa, we
found that the buckled planes were reoriented when vacancies
migrated to form denser structures. Although the final configuration
was not well identified due to thermal fluctuations, it is clear that B
vacancies are very mobile at high pressures and high temperatures,
thus the hex-Bν structure without B12 icosahedra is flexible, in
contrast to α-B12 and γ-B28.
Although both α-B12 and γ-B28 consist of close-packed icosahedra,

there is a structural discrepancy in that γ-B28 has additional B2 units
inserted between icosahedra. During the transition from α-B12 to
γ-B28, it is difficult to explain the formation of the B2 units if the
icosahedra are preserved. To resolve this counting problem, it is
necessary to introduce an intermediate phase that does not contain
icosahedra. Therefore, we considered the hex-Bν allotrope to be the
best candidate for the intermediate phase because of its low enthalpy
and lack of icosahedra. Moreover, the number of B atoms per unit
cell is flexible because the vacancies freely migrate under extreme
conditions. Figure 4 shows a possible transition pathway from α-B12 to

γ-B28 through two intermediate phases, hex-B1/7 and hex-B1/8,
which was obtained using the solid-state CI-NEB method. The key
features of this transition mechanism are that all of the icosahedra
of α-B12 are broken, the intermediate hex-B1/7 structure turns to the
hex-B1/8 structure by rearrangement of the vacancies, and γ-B28,
consisting of icosahedra and dumbbells, is formed. In the initial
process, some atoms in the icosahedra undergo large lattice relaxations
and rebonding with active atoms in adjacent icosahedra, as shown in
Figure 4a. As the icosahedra are completely disintegrated, the
intermediate hex-B1/7 structure is formed, maintaining the same
number of atoms per unit cell as that of α-B12. As the vacancies
are rearranged, the hex-B1/7 structure immediately turns to the
denser hex-B1/8 structure with a lower enthalpy, as demonstrated
by MD simulations (Figure 3). To visualize the formation of γ-B28, we
chose a 28-atom orthorhombic cell for the hex-B1/8 structure, as
shown in Figure 4b. In the final process, the B atoms in dense
regions are reconnected to each other and reform icosahedra
and those in vacancy channels remain as dumbbells between the
newly formed icosahedra.
During the transition from α-B12 to hex-B1/7, we considered

two different transition pathways: (i) a concerted transformation in
which all the icosahedra in α-B12 are simultaneously broken via
relaxations, and (ii) a stepwise transformation in which bond-breaking
relaxations first occur for half of the icosahedra and are proceeded by
the other half (see Supplementary Figure S7). Similar concerted and
stepwise transformations are possible for the transition from hex-B1/8
to γ-B28. In Figure 5a, the enthalpy barriers are plotted as a function of
pressure for the α-B12→hex-B1/7 and hex-B1/8→ γ-B28 transitions.
We found that the enthalpy barriers are lower for the stepwise
transitions than for the concerted transitions. In addition, we note
that the enthalpy barriers for α-B12→hex-B1/7 are higher than those of
hex-B1/8→ γ-B28, indicating that it is more difficult to break than
to assemble the icosahedra. The calculated enthalpy barriers for the
α-B12→hex-B1/7 transition were o.25 eV per atom at 20− 50 GPa.
In previous theoretical calculations for the graphite-to-diamond
phase transition,42 the enthalpy barriers for the nucleation
process were lower than those for the concerted pathways. Similarly,
for boron allotropes, the enthalpy barrier will be lower if the transition
occurs via nucleation. In the nucleation process, the hex-B1/7 and
hex-B1/8 allotropes are still expected to appear because icosahedra
are likely to be disintegrated at high-pressure high-temperature
conditions.
Figure 5b illustrates a schematic enthalpy diagram for the transition

pathway from α-B12 to γ-B28 under pressure. In α-B12, because the
interactions between icosahedra become stronger as the pressure
increases, the icosahedra are vulnerable to bond-breaking relaxations.
The enthalpy barrier for the transition from α-B12 to hex-B1/7 is
slightly reduced from 0.25 to 0.21 eV per atom as the
pressure increases from 20 to 50 GPa. This tendency agrees with the
experimental observation that the kinetic barrier between β-B106 and
γ-B28 decreases with increasing pressure.9 Once hex-B1/7 is
formed after the icosahedra are broken, it immediately transforms
to the hex-B1/8 structure with lower enthalpy. To clarify the transition
pathway between the hex-B1/7 and hex-B1/8 structures, we used the
solid-state CI-NEB method for a supercell with 84 atoms, the least
common multiple of 12 and 28 that can describe both densities of
ν= 1/7 and 1/8. As vacancies migrate, the buckled hexagonal layers are
reoriented and the density of vacancies changes from ν= 1/7 to 1/8.
In the NEB images along the pathway, the hex-B1/7 and hex-B1/8
structures coexist with grain boundaries (see Supplementary
Figure S8). The enthalpy barrier for the hex-B1/7→hex-B1/8 transition

Figure 5 Schematic diagram of the phase transition. (a) The enthalpy
barriers as a function of pressure for various transition pathways from α-B12
to hex-B1/7 (α1 and α2) and from hex-B1/8 to γ-B28 (γ1, γ2 and γ3), with
the lowest enthalpy barriers for α1 and γ1 in Figure 4. The stepwise
and concerted transformations are represented by red (α1, γ1 and γ2)
and black (α2 and γ3) lines, respectively (see Supplementary Figure S7).
(b) The enthalpy diagram for the transition from α-B12 to γ-B28 at 50 GPa
with the hex-B1/7 and hex-B1/8 allotropes as intermediate phases in
the framework of the Ostwald’s step rule. The dotted line indicates the
enthalpy barrier for the transition from hex-B1/7 to hex-B1/8, which is
considered the upper bound because of the restricted supercell geometry
(see Supplementary Figure S8).
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was calculated to be 0.17 eV per atom at 50 GPa. This enthalpy
barrier is considered the upper bound because atomic arrangements
are restricted within the supercell elongated along one direction
and only the concerted motions are considered rather than the
nucleation process. A large supercell containing thousands of
atoms may avoid such restrictions, but is far beyond the current
first-principles calculation limit. Despite the restricted cell geometry,
the transition pathway from hex-B1/7 to hex-B1/8 is obtained via
reorientation of the buckled hexagonal planes without significant
atomic rearrangements. At the final stage, icosahedra are reformed in
the hex-B1/8 structure and extra B atoms remain as B2 dumbbells.
In the transition from hex-B1/8 to γ-B28, the enthalpy barrier is only
0.08 eV per atom at 50 GPa. Based on the results, it is inferred that the
metastable hex-B1/7 and hex-B1/8 phases act as intermediate states in
the transformation from α-B12 to γ-B28 under extreme pressure
and temperature conditions. The simulated x-ray diffraction patterns
of the metastable phases (see Supplementary Figure S9) can be used
to identify unknown intermediate phases that may appear during
structural transformations.

CONCLUSION

In summary, we predicted several metastable boron phases using
the evolutionary crystal structure search method and suggest that
two metastable allotropes with C2/m and P21/c space groups
have important roles as intermediate phases during the structural
transformation from α-B12 to γ-B28 at high pressures and high
temperatures. The metastable phases, formed after the B12 icosahedra
are disintegrated, are understood to be a three-dimensional buckled
honeycomb lattice with triangular motifs and become dynamically and
mechanically stable in the presence of B vacancies. The first-principles
MD simulations showed that B vacancies are mobile at high pressures
and high temperatures, indicating the structural flexibility of the
metastable phases in contrast to other known allotropes containing
icosahedra. In the framework of Ostwald’s rule of stages, introduction
of the metastable phases enables us to explain the mysterious origin of
B2 units as well as the different arrangement of icosahedra in γ-B28.
Our results provide insights into understanding the role of metastable
B phases during structural transformations and assist in revealing the
mechanisms of other unexplained solid-solid transitions between B
allotropes that contain icosahedra.
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