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Structural motifs and bonding in two families of boron structures predicted at megabar pressures
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The complex crystal chemistry of elemental boron has led to numerous proposed structures with distinctive
motifs as well as contradictory findings. Herein, evolutionary structure searches performed at 100 GPa have
uncovered a series of metastable phases of boron, and bonding analyses were carried out to elucidate their
electronic structure. These polymorphs, dynamically stable at 100 GPa, were grouped into two families. The
first was derived from the thermodynamic minimum at these conditions, α-Ga, whereas channels comprised
the second. Two additional intergrowth structures were uncovered, and it was shown they could be constructed
by stacking layers of α-Ga-like and channel-like allotropes on top of each other. A detailed bonding analysis
revealed networks of four-center σ -bonding functions linked by two-center B-B bonds in the α-Ga based
structures, and networks that were largely composed of three-center σ -bonding functions in the channel-based
structures. Seven of these high-pressure phases were found to be metastable at atmospheric conditions, and their
Vickers hardnesses were estimated to be ≈36 GPa.
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I. INTRODUCTION

The potential for structural diversity in boron clusters [1,2],
sheets [3,4], and crystalline lattices [5–7] arises from boron’s
propensity to adopt novel multicenter bonding schemes to
accommodate its three valence electrons. Various stable and
metastable polymorphs of elemental boron have been pro-
posed as superhard [8–10], superconducting [11–14], and
even topological materials [15]. Furthermore, because of its
higher density and tensile strength as compared to plastics,
this low-Z material offers an option as an ablator in inertial
confinement fusion and high-energy density experiments, and
its phase behavior as a function of temperature and pressure
is of extreme interest [16,17]. The structural chemistry of
boron, including metastable phases that could be created in
experiment, must be understood in order to accurately model
its behavior under such conditions.

Some of the synthesized forms of elemental boron are il-
lustrated in Fig. 1. At ambient pressures two elemental phases,
both based on packings of B12 icosahedra, are known. The unit
cell of the α-rhombohedral polymorph, which can be synthe-
sized at T < 1300 K, contains a single icosahedron linked to
neighbors by classic two-center two-electron (2c-2e) bonds
between polar atoms, and three-center two-electron (3c-2e)
bonds between equatorial atoms. The idealized 105-atom unit
cell of the β-rhombohedral polymorph, which can be accessed
at higher temperatures, contains an outer layer of eight icosa-
hedra at the corners and 12 icosahedra along the edges, with
two fused icosahedra in the middle connected by an interstitial
boron atom. Multiple computational studies have explored the
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relative energetics of these two polymorphs [18–29]. Much
emphasis has been placed on unravelling the role of defects
on the stability of the β phase [6,26,27]. With these defects
taken into account, first-principles calculations on the stabil-
ities of the α and β polymorphs have shown that β-B is the
thermodynamically preferred phase at ambient pressure and
below the melting temperature down to very low temperatures
[23,25,26]. At T = 0 K, the enthalpy difference between the
two polymorphs is within the experimental uncertainty [29].
Tetragonal boron allotropes have also been synthesized. It has
been questioned whether one of these, T-50 [30–33], can be
stable in its pure form, whereas it is generally accepted that
the other, T-192 [34–36], is the only allotrope other than α-
or β-rhombohedral boron that is synthesizable at atmospheric
pressures, although others have been reported [37–39].

Computations have predicted the following sets of struc-
tural phase transitions for boron: α-B12 → γ -B28 → α-Ga at
19 and 89 GPa [40]. The orthorhombic unit cell of γ -B28 fea-
tures B12 icosahedra and B2 dumbbells arranged in a rock-salt
pattern. The structure of this phase, which was first synthe-
sized in 1965 by Wentorf [41], was elucidated via experiment
and theory more than 40 years after it was made [40,42]. The
disputed question of electron transfer between the dumbbells
and icosahedra, and the possibility of ionic behavior in an el-
emental phase, have led to numerous studies of the electronic
structure and bonding in this allotrope [9,40,43,44].

Von Schnering and Nesper were the first to propose that
boron could adopt a Cmca symmetry α-Ga structure that does
not contain any icosahedral motifs [45]. First-principles calcu-
lations have verified the stability of this phase under pressure
[46,47], and predicted its superconducting behavior [13]. It is
suspected that the synthesized superconducting boron phase
whose critical temperature, Tc, was measured to be as high
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FIG. 1. Select experimentally observed allotropes of boron. At
ambient pressures the (a) α- and (b) β-rhombohedral forms pre-
dominate, with transitions to the (c) γ -orthorhombic and (d) α-Ga
phases at 19 and 89 GPa, respectively. The characteristic icosahe-
dra of boron-based structures (green, free standing; blue, face- and
vertex-sharing) are evident in the phases that are preferred at lower
pressures.

as 11 K at 250 GPa [12] corresponds to the α-Ga structure.
Recently, the synthesis of this polymorph has been reported at
115 GPa and 2100 K, and the phase has been dubbed ζ -B [48].
We note that static compression of β-B105 leads to amorphiza-
tion at ≈100 GPa, not to the lower enthalpy α-Ga phase. This
may be a result of the slow kinetics of boron phase transitions
[49]. Such kinetic effects are believed to be important in α-B12

where static compression of both doped and undoped sam-
ples showed a transition to a superconducting phase without
a structural transformation [50–52]. Theoretical calculations
predict a hitherto unobserved transformation to a nonicosa-
hedral P63/mcm symmetry structure above roughly 375 GPa,
the Tc of which was estimated to be 44 K at 400 GPa [14,53].

The Thomas-Fermi-Dirac model predicts that compression
increasingly leads to bonding delocalization and the formation
of simpler crystal structures with large coordination numbers.
However, recent theoretical and experimental discoveries have
shown that the behavior of elements under pressure may be
much more complex [54], as in the case of lithium [55,56],
sodium [57,58], and aluminum [59]. Moreover, experimental
variables such as the temperature and compression mecha-
nism (static vs dynamic) can affect the phases that are formed.
For boron, in particular, discrepancies between the measured
and calculated shock Hugoniot, as well as the computed melt-
ing temperatures, suggest that new post-α-Ga phases can be
formed at megabar pressures [17].

With this in mind, herein we employ evolutionary algo-
rithms coupled with first-principles calculations to predict
metastable phases of boron at 100 GPa. Two families of
allotropes with distinct structural and bonding motifs, one
based on derivatives of the α-Ga structure and the other on
phases containing channels, the enthalpies of which are within
100 meV/atom of the thermodynamic minimum, are found.
The results suggest that many more related allotropes of boron
can be constructed based on simple building blocks arranged
and rearranged with different periodicity and alignments, as
well as intergrowths of these two structure types. In addition
to α-Ga, six of the discovered polymorphs are metastable at
atmospheric pressures, and their estimated Vickers hardnesses
are comparable to rhombohedral α-B and orthorhombic γ -B28

[8,60,61].

II. COMPUTATIONAL DETAILS

Structure searches were carried out using the XTALOPT

evolutionary algorithm (EA) version r11 [62,63] on unit cells
containing 8, 12, and 20 boron atoms at 100 GPa. The initial
set of random symmetric structures was produced via the
RANDSPG algorithm [64], and duplicates were identified and
removed from the gene pool using the XTALCOMP algorithm
[65]. Structures within 150 meV/atom of the most stable
phase found, α-Ga, were fully optimized, and those within
100 meV/atom (a total of ten phases) were chosen for fur-
ther analysis. The structural coordinates, relative enthalpies,
equations of state (EOS), and other computed parameters are
provided in the Supplemental Material (SM) [66].

Geometry optimizations and electronic structure calcu-
lations (densities of states, band structures, and electron
localization functions [67]) were performed via density func-
tional theory (DFT) as implemented in the Vienna Ab Initio
Simulation Package (VASP) [68,69] using the Perdew-Burke-
Ernzerhof (PBE) gradient-corrected exchange and correlation
functional [70]. The projector augmented wave method [71]
described the core states, and the boron 2s22p1 electrons
were treated explicitly. In the structure searches the geome-
tries were optimized with the accurate precision setting in a
two-step process. First, the atomic positions were allowed to
relax within a set unit cell, followed by a full relaxation. A
plane-wave basis set with an energy cutoff of 600 eV, and a
�-centered Monkhorst-Pack scheme [72] where the number
of divisions along each reciprocal-lattice vector was chosen
such that its product with the real lattice constant was 30
Å, was employed. These values were increased to 800 eV
and 50 Å for precise reoptimizations and electronic structure
calculations. Phonon densities of states and band structures
were obtained using the supercell approach as implemented
in the PHONOPY code [73] in concert with VASP.

In order to obtain the dynamical matrices of the channel-II
and intergrowth-I phases at ambient pressure, the QUANTUM

ESPRESSO [74] implementation of density functional per-
turbation theory was used. The boron pseudopotential was
generated using the VANDERBILT code with the PBE func-
tional, with a valence configuration of 2s22p1. Additional
details, including Brillouin-zone sampling meshes and Gaus-
sian broadening parameters, can be found in the SM [66].
The Allen-Dynes modified McMillan equation [75] was then
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used to estimate the Tc, assuming a value of 0.1–0.13 for the
Coulomb pseudopotential.

Helmholtz free-energy data under finite temperature condi-
tions for the α-Ga and channel-I phases, including the electron
thermal and vibrational contributions, were calculated un-
der the quasiharmonic approximation as implemented in the
PHONOPY-QHA script. The data at various volumes were fit-
ted to a volume integrated third-order Birch-Murnaghan EOS
[76], which then gave the pressure, and the Gibbs free energies
were obtained thereafter.

The LOBSTER package [77,78] was used to calculate the
crystal orbital Hamilton population (COHP) [79], and the
negative of the COHP integrated to the Fermi level (−iCOHP)
between select atom pairs. A bonding analysis was performed
using the solid-state adaptive natural density partitioning
(SSAdNDP) method [80], an extension of the adaptive natural
density partitioning method [81] for molecules to solids. A
periodic implementation of the natural bond orbital (NBO)
technique [82,83] interfaced with SSAdNDP was used to
project the plane-wave density onto the 6-31G basis set. Cal-
culations performed with the cc-PVTZ basis [84] on a subset
of the structures yielded similar results (see the SM [66]). The
visualization module of the SSAdNDP code was employed
to generate Gaussian cube files for each bond, which were
visualized using the VESTA software package [85]. Powder
x-ray-diffraction patterns for each structure were generated
using the DIAMOND software package [86].

III. TWO FAMILIES OF METASTABLE BORON PHASES

The evolutionary searches carried out at 100 GPa identified
α-Ga as the most stable phase, in agreement with previous
theoretical studies [40,46,47,87], and the recent synthesis of
this phase in a diamond anvil cell at 115 GPa and 2100 K [48].
Provided the energy or enthalpy of a metastable phase is not
too high, it could potentially be made by a judicious choice
of the temperature, heating method, pressure, and starting
material, or by using synthesis techniques to access phases
far away from equilibrium [88]. A data mining study of the
Materials Project high throughput database, which contains
DFT energies computed at T = 0 K of structures found in
the Inorganic Crystal Structure Database, was recently carried
out to quantify the thermodynamic scale of metastability [89].
The 90th percentile of the DFT-calculated metastability of all
of the known inorganic crystalline materials was found to be
≈70 meV/atom. However, examples of known polymorphs
with energies ≈150 meV/atom above the ground state illus-
trated that a low energy of metastability did not necessarily
correspond with synthesizability. With this in mind, we chose
to analyze the phases identified by the EA search whose
enthalpies computed within the static lattice approximation,
were within 100 meV/atom of the α-Ga phase. Several recent
notable examples of metastable materials that have been syn-
thesized under pressure include superconducting PHn [90–93]
and CSHx [94–96] phases.

Table I lists the space groups and enthalpies [with and
without zero-point-energy (ZPE) corrections] with respect to
the α-Ga phase of the structures chosen for further analysis.
Phonon calculations confirmed they were dynamically stable
at 100 GPa. Generally speaking, phases that were related

TABLE I. Enthalpies (meV/atom) of the ten most stable boron
allotropes predicted at 100 GPa with and without zero-point-energy
(ZPE) corrections relative to the enthalpy of the α-Ga phase.

Structure Space group �H �H+ZPE

α-Ga Cmca 0.0 0.0
Channel-I C2/m 12.5 15.1
Channel-II C2/m 45.8 47.5
Intergrowth-I C2/m 51.1 52.7
Channel-III C2/m 61.9 63.2
α-Ga’-I P1̄ 63.9 65.7
α-Ga’-II P1̄ 70.8 71.9
α-Ga’-III P42212 77.1 76.6
Intergrowth-II P1̄ 85.3 85.9
Channel-IV Ima2 89.2 90.2

to α-Ga had a lower ZPE than the channel structures, with
α-Ga having the second lowest ZPE and the channel-I phase
the highest. The quasiharmonic approximation was used to
calculate the relative Gibbs free energies of the α-Ga and
channel-I phases (see SM [66], Figs. S17– S20). These cal-
culations revealed that finite temperature conditions stabilize
the channel-I structure more than the α-Ga phase, although the
α-Ga phase remains thermodynamically preferred at 100 GPa
up to 1000 K. However, the channel-I phase (to be described
below) is within kBT , where kB is the Boltzmann constant,
of α-Ga at room temperature. While distinct from one an-
other, a number of morphological connections could be drawn
between these phases, resulting in two main families—those
based on α-Ga, and those featuring channels. Additionally,
two phases arising from the intergrowth of the α-Ga and
channel structures were identified.

The first group of structures is derived from the α-Ga
phase, which is the thermodynamic minimum. As shown
in Fig. 2(a) this Cmca symmetry structure is composed of
layers of sheared honeycomb nets stacked in an ABAB...
pattern along the a axis. Figure 2(b) highlights another view-
point: layers of buckled triangular sheets of boron atoms that

FIG. 2. Illustration of the α-Ga structure of elemental boron
(ζ -B) [48]. It can be viewed as (a) a layered structure consisting
of sheared honeycomb nets, with thicker contacts along short B-B
distances, and (b) layers of buckled trigonal nets connected by the
short B-B contacts highlighted in (a). The light green and dark green
boron atoms do not lie in the same plane.
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FIG. 3. Boron allotropes related to α-Ga. The (a) α-Ga’-I and
(b) α-Ga’-II structures are based on stacks of sheared honeycomb
nets with different stacking orders and shearing patterns. The (c, d)
α-Ga’-III phase can be directly derived from α-Ga by rotating every
buckled layer by 90◦ from the layer above it.

are stacked along the c axis and connected by short B-B
contacts measuring 1.63 Å comprise this phase. Within the
buckled sheets, the B-B distances are slightly longer, rang-
ing from 1.67 to 1.75 Å. The building blocks of the α-Ga
polymorph, whether seen as layers of buckled boron nets or
stacked sheared hexagonal nets, are reminiscent of known
two-dimensional (2D) arrangements of boron, such as the
α-sheet or buckled 2D arrays [3,4]. This perspective links the
layered high-pressure boron phases to the motifs which arise
in 2D boron structures [97].

The structural features of three of the metastable phases
found, denoted as α-Ga’-I, -II, and -III, place them within the
same family as α-Ga. As shown in Fig. 3, the first of these
polymorphs, with P1̄ symmetry, is constructed via an AB-
CABC... stacking of sheared honeycomb nets. The shearing
pattern differs from that of the parent α-Ga structure, resulting
in a changed repeat period and a much lower symmetry. How-
ever, rotating the crystal by 90◦ still reveals stacked layers of
buckled triangular nets of boron, a consistent feature in these
α-Ga-based structural derivatives. The α-Ga’-II phase, also
of P1̄ symmetry, consists of yet another ABCABC... stacking
pattern, this time not only of hexagons but also of pentagons
and octagons. Lastly, the α-Ga’-III phase, with P42212 sym-
metry, is an ABAB... stacking of sheared hexagonal layers
very similar to that of the parent α-Ga structure. However,
viewing it as layers of buckled triangular boron nets stacked
along the c axis reveals that every other net is rotated by 90◦
relative to the ones above and below, resulting in a 42 screw
axis.

One could imagine multiple other derivatives of the α-Ga
structure based on different shearing or stacking patterns of
hexagonal nets; indeed, several more such polymorphs were

produced by XTALOPT, although out of the range of enthalpies
we considered. Moreover, the Imma symmetry o-B16 phase
proposed by Fan et al. [87] is built from sheared honey-
comb nets. At 100 GPa we calculate its enthalpy as being
33 meV/atom higher than that of α-Ga, in line with the
structures presented here, although it was not found in our EA
searches. Finally, these differing shearing or stacking patterns
could be considered as defects or stacking faults in a crystal
of the α-Ga phase, which appear as small regions of one of
the derivative phases, leading to a nonzero configurational
entropy.

The second family of phases found in the EA searches fea-
tures large open channels. The three most stable members of
this group, dubbed channel-I, -II, and -III, are shown in Fig. 4.
As in the case of α-Ga and its derivatives, they can be viewed
as stacked layers of buckled boron nets. However, unlike the
triangular nets in the α-Ga derivatives, parallelograms and
pairs of triangles join to form diamondlike motifs that com-
prise the nets. Instead of being connected by B-B bonds, as in
the α-Ga family, the buckled layers in the channel structures
are joined by strips that also contain these parallelogram and
diamond motifs, as shown in the insets. In the channel-I phase,
two open parallelogram units are adjacent in these connecting
strips [Fig. 4(a), inset]. The channel-I phase was also recently
identified as a member of a family of superhard phases gener-
ated from structure searches on boron-rich B-C phases [98].
The channel-II phase can be viewed as a distorted version
of the Al network comprising the I4/mmm BaAl4 structure
type [99]. In fact, a recent theoretical study suggested that
a boron allotrope with this symmetry could be made by re-
moving the Na atoms from an I4/mmm NaB4 phase that
was predicted to be stable under pressure, and quenching to
1 atm [11]. Placing this open-channel boron framework under
pressure might yield the channel-based structures highlighted
here. Another predicted compound that features similar, al-
beit larger channels based on networks of B4 diamond and
square motifs is a Pnnm-B16 phase whose electronic structure
reveals exotic topological states [100]. The “fused borophene”
family contains a number of structures with similarities to the
channel structures presented here [98] . Finally, a series of
high-pressure metastable structures based on supercells of a
base P63/mmc structure was found using Pickard and Needs’
ab initio random structure searching method [53], some of
which feature purely hexagonal channels in another possible
link between the α-Ga-based and channel-based families.

Changing patterns and repeat periods of strips of diamonds
and squares in the buckled nets give rise to the channel-I,
-II, and -III structures, which all possess C2/m symmetry. In
comparison to these, the channel-IV phase shown in Fig. 5,
which assumes the Ima2 space group, is more complex.
Whereas the buckled layers in the three C2/m symmetry
phases are connected by planar strips composed of diamonds
and squares, the connections in the channel-IV structure are
crimped, resulting in a visually less open channel. As illus-
trated in Fig. 5(b), the channel-IV phase can also be viewed
as a derivative of α-Ga that is constructed from layers of
hexagonal nets in such a way that leads to the formation of
channels.

Finally, the two structures shown in Fig. 6, dubbed
intergrowth-I and intergrowth-II, which contained distinct
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FIG. 4. Channel-based family of boron structures that contain diamondlike B4 motifs made from two edge-sharing triangles, along with
more open parallelograms (strips connecting buckled layers are shown in the insets), with different arrangements producing different phases:
(a) channel-I, (b) channel-II, and (c) channel-III. The buckled layers comprising these phases are made from two adjacent rows of diamondlike
motifs separated by a single row of parallelogram units in (d) channel-I, or alternating strips of diamondlike B4 units and parallelograms as in
the (e) channel-II and (f) channel-III structures.

FIG. 5. (a) The channel-IV structure is built up of corrugated
strips of B triangles (inset) connecting buckled layers of B atoms,
leading to open channels in the phase. (b) It can be alternately viewed
as another derivative of the α-Ga structure built up of sheared hexag-
onal nets. (c) The buckled layers of this structure reveal a complex
pattern of diamondlike B4 and open parallelogram motifs.

α-Ga and channel-like regions, were identified. In the first of
these, with C2/m symmetry, the two regions of near equal
size are intergrown along the c axis. In Fig. 6(a) regions of the
α-Ga structure are drawn with thicker connections between
atoms, highlighting the sheared honeycomb motifs, whereas
thinner lines connect boron atoms within the channel-based
regions (highlighted in gray; see inset). In intergrowth-I, a
view of the buckled layers reveals that each boron atom is
linked in a purely triangular network. The open parallelo-
grams seen in purely channel-based structures are thus not
present, due to the small spatial extent of the channel-based
regions in the intergrown phase. In intergrowth-II, with P1̄
symmetry, the two regions are again intergrown along the
c axis, although with the channel structure-based regions
(highlighted in gray) being much larger than in intergrowth-I.
Consequently, the distortions of the buckled layers present in
intergrowth-II are similar to those seen in the polymorphs that
only contain channels. Additionally, as with the multiple pos-
sible adaptations that could be imagined for the α-Ga deriva-
tives, one can anticipate a plethora of possible intergrowths
between the α-Ga and channel structures, with differing repeat
periods and relative amounts of each phase being incorpo-
rated. Indeed, one might imagine blurring the line between
an intergrowth structure as shown here and two crystals with
α-Ga and channel morphology interfaced with one another.
The structural features of the polymorphs presented here
also echo those found in boron-containing binary compounds
[54]: the graphenelike nets in high-pressure polymorphs of
LiB [101], the short B-B contacts in Li4B [101], and the
boron ribbons of MgB6 appearing as fragmented buckled
nets [102].
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FIG. 6. (a) The intergrowth-I structure, and one of its (b) buckled
layers. (c) The intergrowth-II structure, and (d) one of its buckled lay-
ers. Both phases are based on the α-Ga and channel structures, with
thicker bonds highlighting α-Ga-based regions. Gray backgrounds
span channel-based regions (shown in the insets), which are larger in
the intergrowth-II structure.

IV. FACTORS AFFECTING STABILITY

In the static lattice approximation at 0 K the thermo-
dynamic variable governing relative phase stability is the
enthalpy, which is the sum of the internal energy and the pres-

sure volume term, given as H = U + PV . At high pressures
the magnitude of the PV term, which favors denser structures,
can be greater than that of the U term, which is a reflection of
the bonding present in the system. We therefore wondered if
the geometric peculiarities between the two families of phases
could be traced to different factors affecting their stability.
To explore the driving forces for stabilization we calculated
the aforementioned quantities for the nine metastable phases
predicted here, and compared them with those obtained for the
α-B12, β-B105, and γ -B28 phases up to 300 GPa.

For ease of visualization, the enthalpies are plotted relative
to that of the α-B12 phase in Fig. 7(a). At 0 GPa α-B12 and
a model of the β-B105 structure wherein all of the atomic
positions are fully occupied are within 26 meV/atom of each
other. α-B12 remains the thermodynamic minimum until ≈
19 GPa, at which point γ -B28 becomes the thermodynamic
minimum. The γ -B28 polymorph persists until 89 GPa, when
the α-Ga phase becomes lower in enthalpy [40]. Remark-
ably, until ≈70 GPa, the channel-I phase is actually lower
in enthalpy than α-Ga, although neither is more stable than
γ -B28. At higher pressures the γ -B28 phase becomes progres-
sively more destabilized as compared to the polymorphs found
within the EA search, a reflection of the poor space-filling
abilities of icosahedra.

Examination of Fig. 7(b) illustrates that the stability of the
channel-I structure can be linked to its low internal energy.
With increasing pressure the internal energies of γ -B28, α-Ga,
as well as the phases generated in the EA search approach and
even begin to overtake α-B12. Generally speaking, the channel
polymorphs tend to have lower internal energies than the α-Ga
derivatives, with those of the intergrowths being intermediate
between the two. Meanwhile, as shown in Fig. 7(c), the α-
Ga structure has the lowest PV contribution to the enthalpy,
with the α-B12, γ -B28, and β-B105 having the highest values,
respectively, reflecting the low packing density achieved by
icosahedra. Unsurprisingly, the α-Ga derivatives tend to be
denser than the channel phases, with the intergrowth phases
being intermediate.

Thus, the low enthalpies of the channel structures can be
traced back to their large negative internal energies, which are
offset by the large positive PV terms. In comparison, α-Ga
and its derivatives have smaller volumes, but the magnitude
of their internal energies are also smaller. The channel-IV
allotrope, the PV term of which is less than that of both
the intergrowth-II and α-Ga’-II phases, is an exception. As
previously discussed, although this polymorph resembles the
channel-based structures, it can also be considered as an α-Ga
derivative. Its relatively low PV term and high internal energy
are in line with the latter interpretation, however a closer
look [Fig. 5(a)] shows that, rather than the planar chains of
square-and-diamond boron motifs connecting buckled layers
of boron, the chains running along the c axis are themselves
corrugated, leading to a smaller relative volume.

V. BONDING ANALYSIS

The prevalence of peculiar bonding schemes in boron-
based materials [20,45,103–107] including the γ -B28 phase
[40,43,44], which frequently involve multicenter bonds, led
us to wonder what sorts of curious features were present in
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FIG. 7. (a) Enthalpies of select phases of boron, including those listed in Table I, with respect to that of α-B12 as a function of pressure.
(b) The internal energy of these boron phases relative to α-B12. (c) The PV contribution to the enthalpy of these boron phases relative to that
of the α-Ga polymorph. Channel-based phases tend to have a lower internal energy, while those based on α-Ga have smaller PV contributions
to the enthalpy.

the discovered polymorphs, and if their sorting into structural
families heralded similar bonding arrangements. To investi-
gate this we began by calculating the electron localization
function (ELF) for each polymorph; a summary of the results
obtained for the α-Ga, channel-I, and channel-II phases at
100 GPa is presented in Fig. 8. For α-Ga, ELF maxima are
observed along the short 1.63 Å B-B contacts connecting the
buckled nets that lie in the ac plane, suggestive of classic
two-center two-electron (2c-2e) bonding regions. Such max-
ima are also present in the ELF plot for the channel-I phase
along B-B contacts 1.62 Å apart, on the edges shared by
two parallelograms within the chain of parallelograms and
diamonds that connect the buckled nets in the bc plane. ELF
maxima are also present within the triangles comprising the
B4 diamondlike motifs, and along the buckled nets, although
these are spread over a larger region. Finally, the ELF maxima

FIG. 8. Isosurface (isovalue = 0.8) plots of the ELF for the (a) α-
Ga, (b) channel-I, and (c) channel-II structures at 100 GPa. Plots of
the ELF in the (d) (100) plane of α-Ga, (e) (010) plane of channel-I,
and (f) (010) plane of channel-II are also provided.

within the channel-II structure are located within the B4 dia-
monds, similar to the channel-I phase, although no signatures
of 2c-2e bonding interactions are detected. As shown in the
plots provided in the SM [66] (Figs. S8–S14) these general
features are present in the remaining structures, with the α-Ga
derivatives displaying ELF maxima indicative of 2c-2e bonds
formed along the short contacts connecting buckled nets, and
the maxima in the channel-based compounds arising within
the diamond motifs.

To gain a deeper understanding of the bonding features
present in these systems, we used the SSAdNDP bonding
analysis [80], an extension of the NBO technique. Within this
method, the plane-wave DFT electronic structure is projected
onto a natural atomic orbital basis and the resulting density
matrix is used to locate putative bonding functions with occu-
pancies above a user-defined cutoff. In this way, a chemically
meaningful, localized bonding scheme can be derived contain-
ing lone pairs and classical 2c-2e bonds, as well as the more
complex multicenter bonding motifs that may be required for
an accurate description of the bonding in extended systems.
Indeed, a hypothetical planar boron allotrope, the α-sheet, was
used as a proof of concept for the applicability of the SSAd-
NDP analysis, with bonding functions ranging from 3c-2e to
7c-2e being required to account for all valence electrons of the
system [80]. In addition, a novel phase consisting of stacked
wiggle α-sheets, 3D-α’ boron, was proposed to be the first
three-dimensional topological boron structure, with a spindle
nodal chain arising from the intersection of nodal lines and
rings in momentum space [15]. Its curious electronic structure
was linked to the same sorts of π bonds present in the 2D
α-sheet analog. The SSAdNDP analysis was also applied to a
recently identified metastable B24 structure, where four-center
bonds were detected within B12 icosahedra, rather than the
typical mixture of two- and three-center bonding in α-B12

[108].
Let us begin with the simplest boron allotrope considered

herein, the Cmca α-Ga phase the unit cell of which contains
eight boron atoms, resulting in a total of 24 valence electrons
to be accounted for. The SSAdNDP analysis assigns eight
of these to four 2c-2e σ -bonding functions with occupation
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FIG. 9. Isosurfaces (isovalue=0.08 a.u.) of the bonding func-
tions obtained with the SSAdNDP method for α-Ga at 100 GPa.
(a) Four 2c-2e σ -bonds between buckled layers of boron atoms
and (b) eight 4c-2e σ -bonds within buckled layers of boron atoms
account for all 24 valence electrons in the structure.

numbers (ONs) of 1.77 |e| that connect the buckled nets, as
shown in Fig. 9(a). These functions span the same region
of space as the ELF maxima, reflecting the high degree of
localization in these classical bonds. The remainder of the
electrons are apportioned to eight 4c-2e σ bonds with ON =
1.92 |e| [see Fig. 9(b)], that span the buckled nets present in
the α-Ga phase. Thus, each boron atom takes part in one 2c-2e
σ bond with a boron atom on a neighboring buckled net, and
four 4c-2e σ bonds that are shared among the surrounding
eight boron atoms in the buckled net. Each boron atom can
then be assigned one electron from the 2c-2e function and half
an electron from each of the 4c-2e functions, yielding three
electrons in total, in line with what is expected for a phase of
boron.

Figure 10 plots the difference between the converged elec-
tron density from a self-consistent calculation and that of the
noninteracting atoms for the α-Ga, channel-I, and channel-II
structures. The resulting map is positive in regions where
electron density accumulates in proceeding from the noninter-

FIG. 10. Electron-density difference isosurface plots (the posi-
tive isovalue of 0.015 a.u. is shown) for the (a) α-Ga, (b) channel-I,
and (c) channel-II structures. Bottom, buckled layers; top, chains
connecting them.

FIG. 11. Isosurfaces (isovalue=0.08 a.u.) of the bonding func-
tions obtained for the channel-I structure of boron at 100 GPa.
(a) Two 2c-2e and four 3c-2e σ -bonds between buckled layers of
boron atoms and (b) eight 3c-2e and four 4c-2e σ -bonds within
buckled layers of boron atoms account for all 36 valence electrons
in the phase.

acting picture to the density in the compound, that is, where
bonds might be expected. The results for α-Ga are in line with
the ELF, and also with the SSAdNDP analysis: significant
electron accumulation is observed along the B-B contacts that
correspond to 2c-2e bonds, whereas more delocalized regions
are found along the B4 diamondlike motifs, reflective of the
4c-4e bonds found to span the buckled net.

Next we turn our attention to the bonding framework of the
channel-I and channel-II polymorphs. In the former, the ELF
and density difference analysis both indicate the presence of
2c-2e bonds in the chains running perpendicular to and con-
necting the buckled layers. The SSAdNDP analysis confirms
this characterization, with two such bonds of ON = 1.7 |e|
per unit cell, as seen in Fig. 11. The diamondlike fragments
comprising the remainder of these chains are spanned by four
3c-2e bonds with ON = 1.9 |e|, with two of these found
in each B4 diamond motif, so that 12 electrons in total are
allocated to the chains. In the buckled layer, strips of triangu-
lar nets alternate with strips of corrugated open squares. The
bonding can be decomposed into eight 3c-2e bonds per unit
cell with ON = 1.9 |e| that lie along the edges of the triangular
net strip, and four 4c-2e bonds per unit cell with ON = 1.8 |e|
that lie in the middle, totalling 24 electrons.

The channel-I structure is peculiar among the channel
phases in the placement of two open parallelogram units ad-
jacent to one another in the chains connecting the buckled
layers, which is then spanned by a two-center bond. Con-
sequently, the local coordination of the boron atoms in the
two-center bond is very similar to that of the boron atoms in
the α-Ga structure, which each participate in one two-center
bond connecting buckled layers and four four-center bonds in
the buckled layers. The atoms involved in the two-center bond
in the channel-I phase participate in four- and three-center
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FIG. 12. Isosurfaces (isovalue=0.08 a.u.) of the bonding func-
tions obtained for the channel-II structure of boron at 100 GPa.
(a) Four 3c-2e σ -bonds between buckled layers of boron atoms
and (b) eight 3c-2e σ -bonds within buckled layers of boron atoms
account for all 24 valence electrons in the phase.

bonds in the buckled layers. Additional repetition of adja-
cent open parallelogram units could extend this network of
boron atoms involved in two-center bonds between layers
and four-center bonds within layers, leading to the bonding
scheme exhibited by the α-Ga based phases, rather than the
three-center bonds found in the channel-based structures.

In the less stable channel-II phase the SSAdNDP analysis,
the results of which are plotted in Fig. 12, reveals that the
chains linking buckled layers composed of diamondlike frag-
ments can be described by 3c-2e bonds with ON = 1.9 |e|,
and do not contain any 2c-2e bonds. Within the buckled layer,
the strips of triangular nets are narrower than in the channel-I
structure and are spanned entirely by 3c-2e functions with ON
= 1.8 |e|. With eight 3c-2e functions in the buckled layers and
four in the connecting chains, all 24 electrons in the unit cell
are accounted for. In essence, this bonding scheme matches
the one derived for channel-I but with the 2c-2e and 4c-2e
functions deleted.

The prevalence of 3c-2e bonds in both channel phases can
be traced to features in their electron difference density maps
(bottom of Fig. 10). The map for the α-Ga phase reveals
regions of electron accumulation in the buckled layers that are
spread across four B atoms in diamond motifs. However, the
difference density in the triangular nets of the channel struc-
tures, where three-center bonding functions were detected by
the SSAdNDP analysis, displays greater concentration along
the edges of the triangular regions rather than being contained
within B4 units as in the α-Ga phase. This may reflect the
greater amount of electron localization within a region con-
strained by three atoms rather than by four.

To further support the assignment of the bonding to 2c-
2e, 3c-2e, and 4c-2e functions in the α-Ga and two channel
phases, we calculated the negative of the crystal orbital Hamil-
ton populations integrated to the Fermi level, −iCOHP, which
reflects the strength of a bond between select atom pairs. The
results, provided in Table II, highlight the relative strengths
of interaction between pairs of boron atoms involved in 2c,
3c, or 4c bonds as identified by the SSAdNDP analysis. B-B

TABLE II. The crystal orbital Hamiltonian populations inte-
grated to the Fermi level (−iCOHP) for select B-B contacts in the
α-Ga, channel-I, and channel-II phases at 100 GPa. The B-B contacts
are labeled according to the type of bonding function they comprise
according to the SSAdNDP analysis (2c, 3c, 4c, or between 3c and
4c regions).

Location Distance (Å) −iCOHP (eV/bond)

α-Ga
Interlayer (2c) 1.63 7.59
Buckled (4c) 1.67 5.38
Buckled (4c) 1.72 4.77
Buckled (4c) 1.75 4.09
Channel-I
Interlayer (2c) 1.62 6.81
Interlayer (3c) 1.58 6.58
Interlayer (3c) 1.70 5.18
Interlayer (3c) 1.72 4.68
Buckled (3c) 1.66 5.84
Buckled (3c) 1.63 5.32
Buckled (3c/4c) 1.68 4.88
Buckled (4c) 1.67 4.88
Buckled (4c) 1.71 4.48
Channel-II
Interlayer (3c) 1.59 6.14
Interlayer (3c) 1.68 5.01
Interlayer (3c) 1.70 5.11
Interlayer (3c) 1.64 5.11
Buckled (3c) 1.66 5.66
Buckled (3c) 1.67 4.77

contacts of more than 2.0 Å were neglected, as their −iCOHP
values were an order of magnitude smaller than the remaining
pairs of atoms.

By far the largest −iCOHP value, at 7.59 eV/bond, cor-
responds to the 2c-2e bond in the α-Ga structure, with the
second-largest value of 6.81 eV/bond arising from the two-
center contact identified in the channel-I phase. Between pairs
of boron atoms involved in three-center bonding functions,
the −iCOHP values range from 6.58 eV/bond (in the func-
tions connecting buckled layers in the channel-I phase) to
4.68 eV/bond (within the buckled layers in channel-I), with
most of them between 5 and 6 eV/bond. While robust, these
interactions are not as strong as those between the pairs of
boron atoms involved in two-center bonds. Finally, regions
containing four-center bonds tended to have the weakest bond
strengths, with the highest value of 5.38 eV/bond being found
within the buckled layer of the α-Ga structure and most lying
between 4 and 5 eV/bond. In this way, the −iCOHP analysis
provides additional delineation between the bonding motifs
identified by SSAdNDP and the difference density analyses.

The SSAdNDP analysis was carried out for the remaining
structures, and the results are summarized in Table III with
further details provided in the SM [66] (Figs. S8–S14). The
bonding in the α-Ga’-I, -II, and -III phases can be described by
4c-2e functions spanning the buckled triangular nets of boron,
with 2c-2e bonds bridging the buckled nets. The diamondlike
motifs that comprise the channel-III structure are filled with
3c-2e bonds. These structural motifs spanned by pairs of 3c-2e
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TABLE III. Summary of SSAdNDP analyses of boron phases at
100 GPa.

Structure Formula units 2c-2e 3c-2e 4c-2e

α-Ga 8 4 0 8
Channel-I 12 2 12 4
Channel-II 8 0 12 0
Intergrowth I 12 6 0 12
Channel-III 24 0 36 0
α-Ga’-I 12 6 0 12
α-Ga’-II 8 4 0 8
α-Ga’-III 8 4 0 8
Intergrowth-II 12 4 4 10
Channel-IV 16 4 16 4

bonds are also seen in the cubic B24 structure recently pre-
dicted by Yang et al. [108]. The channel-IV polymorph, also
interpretable as an α-Ga derivative, contains two-, three-, and
four-center bonds in arrangements reflecting its relationships
to both α-Ga and channel polymorphs. Finally, the bonding
within the two intergrowths of alternating α-Ga and channel-
like layers is characterized by two- and four-center networks
in the α-Ga based regions, while the channel-based regions
of the intergrowth-I and -II polymorphs contain four- and
three-center bonds, respectively. The three-center bonds in the
channel-like regions of the intergrowth-II phase are analogous
to the 3c bonding networks in the parent channel-based struc-
tures, while the four-center bonds found in the intergrowth-I
structure reflect the narrowness of the channel-like regions in
that structure in comparison to those based on α-Ga, which
contain four-center bonding functions in the buckled nets.

VI. PROPERTIES AT 1 ATM

Phonon calculations were carried out to determine which
boron allotropes could conceivably be quenched to atmo-
spheric pressures (effectively 0 GPa in our calculations). In
addition to the α-Ga structure, the channel-I and -II, α-
Ga’-I and -II, and intergrowth-I and -II phases were found
to be dynamically stable. Their enthalpies range from 199
meV/atom (channel-I) to 287 meV/atom (intergrowth-I) rela-
tive to the α-B12 phase. Band-structure calculations within the
PBE functional suggested that channel-I and intergrowth-II
were both small gap semiconductors, whereas the remaining
phases were metallic. However, the PBE functional is known
to underestimate band gaps, and inclusion of Hartree-Fock
exchange would likely open up the band gap in some of these.
For the channel-II and intergrowth-I phases, we additionally
calculated the electron-phonon coupling parameter λ, which
then was used to estimate their Tc according to the Allen-
Dynes modified McMillan equation [75]. The intergrowth-I
polymorph, which has a relatively small density of states
(DOS) at the Fermi energy, has Tc ≈ 0.0. The channel-II
structure has a larger DOS at the Fermi energy, in line with
the resulting Tc = 2–4 K.

Covalent compounds that contain boron atoms are known
to behave as hard materials. Therefore, the Vickers hard-
ness, Hv, of these phases at ambient pressure was obtained
using the Teter equation [109,110] combined with shear

moduli obtained via a machine-learning model [111] trained
on the materials within the AFLOW repository [112,113].
This method was shown to provide hardness estimates that
correlated well with experiment for a broad range of com-
pounds [114]. The estimated Hvs were 39.6 GPa for α-Ga,
32.8 GPa for the α-Ga’-I structure, and between 35.5 and
36.6 GPa for the remaining structures, all of which are slightly
higher than the Hvs of 30.5, 31.5, and 28.4 GPa obtained
for the known α-B12, γ -B28, and β-B105 phases. The m-B16

and o-B16 allotropes predicted in [87] were estimated to
be somewhat harder, whereas the I4/mmm-B4 and Pm-B17

phases from [11] were not quite as hard. However, it is well
known that both the computational and experimental methods
employed to gauge hardness are imperfect, with the latter
often yielding values that can differ by more than 10% [115].
Therefore, we suggest that the Hvs of these various allotropes
of boron at 1 atm do not differ significantly from each other.

VII. CONCLUSIONS

Evolutionary crystal structure prediction searches were
employed to identify a series of metastable polymorphs of
elemental boron at 100 GPa. Potentially synthesizable phases,
which were within 100 meV/atom of the thermodynamic
minimum at this pressure, the α-Ga structure, were fur-
ther analyzed. These could be grouped into families based
upon prevalent structural motifs: three were clearly derived
from the α-Ga phase, three were based on structures that
contained channels of boron atoms, and two were layered
intergrowths of the α-Ga structure with the channel-based
phases. One additional structure bears a clear resemblance
with the channel-based compounds, but can also be inter-
preted as another derivative of α-Ga based on layers of
sheared honeycomb nets.

An examination of the factors stabilizing these allotropes
revealed that the PV contribution to the enthalpy favored the
denser α-Ga-derived structures, while the internal energies
of the channel-based phases were lower. We further found
that finite temperature contributions stabilize the channel-I
phase more than the α-Ga structure. This effect is magnified
at lower pressures owing to the changes in the relative PV
and Helmholtz free-energy terms, suggesting that a viable
route to synthetically accessing the channel-I structure could
be a high-pressure high-temperature synthesis followed by
quenching to lower-pressure conditions.

To further understand the bonding in these phases we
employed the solid-state adaptive natural density partitioning
method, coupled with calculations of the electron localization
functions, crystal orbital Hamilton populations, and density
difference analysis. In the α-Ga structure, four-center two-
electron (4c-2e) bonds were found to span the buckled layers
with classic two-center two-electron (2c-2e) bonds connecting
these layers. All of the α-Ga derived phases were charac-
terized by these same types of 4c-2e and 2c-2e bonds. The
channel-based polymorphs, meanwhile, were largely charac-
terized by three-center two-electron (3c-2e) bonds distributed
across the diamondlike B4 motifs present in the phases. The
intergrowth structures contained features from both α-Ga and
channel-based parents. The α-Ga structure, along with six
of the predicted structures, remained dynamically stable at
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atmospheric pressures, with estimated Vickers hardnesses of
≈36 GPa.

The plethora of known and hypothesized allotropes of
boron reflect the complexity of its crystal chemistry, suggest-
ing a wealth of materials for further study under appropriate
experimental conditions. Furthermore, the structural relations
revealed in this paper indicate a possibility of numerous addi-
tional metastable variants of elemental boron based on minor
modifications or intergrowths of a few basic parent structures.
Recent advances in potential energy surface mapping with
machine learning potentials [116,117] could allow for more
detailed determination of reaction pathways towards and be-
tween these and other proposed boron structures, allowing for
even more targeted synthetic explorations. We look forward
to further experimental and theoretical explorations of the
complex crystal chemistry of elemental boron, in particular,

the twin roles of pressure and temperature in the stability
of various allotropes, including the effects of static versus
dynamic compression.
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