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Structural models of increasing complexity for icosahedral boron carbide with compositions

throughout the single-phase region from first principles
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We perform first-principles calculations to investigate the phase stability of boron carbide, concentrating on
the recently proposed alternative structural models composed not only of the regularly studied B;;C?(CBC) and
B»(CBC), but also of B;;(CBCB) and B,(B4). We find that a combination of the four structural motifs can
result in low-energy electron precise configurations of boron carbide. Among several considered configurations
within the composition range of By sC and B4C, we identify in addition to the regularly studied B,;C?(CBC) at
the composition of B4C two low-energy configurations, resulting in a new view of the B-C convex hull. Those
are [B2(CBC)]p.67[B12(B4)lo33 and [B2(CBC)]p.67[B12(CBCB)Jg 33, corresponding to compositions of BjysC
and B ¢7C, respectively. As a consequence, B1,(CBC) at the composition of B¢ sC, previously suggested in the
literature as a stable configuration of boron carbide, is no longer part of the B-C convex hull. By inspecting the
electronic density of states as well as the elastic moduli, we find that the alternative models of boron carbide can
provide a reasonably good description for electronic and elastic properties of the material in comparison with the
experiments, highlighting the importance of considering B1,(CBCB) and B1,(B,), together with the previously
proposed B;C”(CBC) and B,(CBC), as the crucial ingredients for modeling boron carbide with compositions

throughout the single-phase region.
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I. INTRODUCTION

Boron carbide belongs to icosahedral boron-rich solids.
Owing to its unusual bonding types, dominated by three-
center two-electron bonds, the material possesses several
prominent properties, e.g., high chemical and thermal sta-
bilities, high hardness, high melting point, etc. The material
is thus promising for various applications [1-7]. The crystal
structure of boron carbide has mostly been described by 12-
atom icosahedra, located at vertices of a rhombohedral unit
cell (R3m), and intericosahedral chains, filling the interstices
between the icosahedra [8—11]. The icosahedron consist of two
crystallographic sublattices, namely polar and equatorial sites.
Each of them bonds to six neighboring icosahedra through
the polar atoms, while each chain-end atom bridges the three
surrounding icosahedra through the equatorial atoms.

Experimentally, boron carbide exhibits a single-phase solid
solution over a relatively broad composition range, extending
approximately from 8 to 20 at. % of C[1,7,12]. Thus a situation
of B and C atoms to substitute for one another on the lattice
sites within the single-phase region is conceivable. Inspection
of the atomic configuration of the material at any given carbon
content and temperature is, however, an outstanding challenge
for both experimentalists and theoreticians. This is owing
to its structural complexity as well as the similarities of B
and C atoms in terms of the atomic form factors for x-ray
diffraction [13] and of the nuclear scattering cross sections
(''B and '?C) for neutron diffraction [11,14]. It should be

*annop.ektarawong @liu.se

2469-9950/2018/97(17)/174104(12)

174104-1

noted that the issues, regarding the solubility range [15-17]
and atomic configuration [18-21] of boron carbide, have still
been inconclusively debated.

Several first-principles studies [20-27] suggested two stable
compositions of boron carbide, i.e., B4C and B¢ sC repre-
sented, respectively, by B;;C?(CBC) [Fig. 1(a)] and B},(CBC)
[Fig. 1(b)], where the superscript p denotes the polar sublattice.
However, these two configurations are not able to accurately
provide a description of the material properties, as they resultin
large discrepancies between theoretical predictions and exper-
imental observations. For example, boron carbide is known to
be a semiconductor throughout the single-phase region [28,29],
while first-principles calculations predict a metallic state for
B1»(CBC) due to its electron deficiency [25,30,31]. Another
example of the discrepancies is that the elastic and shear moduli
of Bj»(CBC) are severely underestimated, as compared to the
experimental values [32]. Further detailed discussion of the
discrepancies can be found elsewhere [20,21,33]. Recent the-
oretical studies [18-21,32] demonstrated that configurational
disorder of B and C atoms, induced by high concentrations
of low energy B/C substitutional defects, could be the reason
for such discrepancies. Such disordered configurations of
boron carbide were, however, predicted to be favored only
at high temperature. Alternatively, Shirai et al. [33] initiated
an idea of inclusion of B,(B4) [Fig. 1(c)] with B;;C?(CBC)
and B»(CBC) in modeling boron carbide within the single-
phase region, together with its capability to compensate for
the electron deficiency in B,(CBC), and showed that such
structural models are rather low in energy comparable to that
of B12(CBC). We note that the chain motif B4 was originally
proposed by Yakel, based on the x-ray diffraction data of
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FIG. 1. Four structural motifs, used to model boron carbide in
the present work, i.e., (a) B;;C”(CBC), (b) B12(CBC), (c) B12(By),
and (d) B1,(CBCB). Instead of a linear chain, shown in (a), (b), and
(d), the B4 unit in (c) forms a rhombic chain. Red and white spheres
represent B and C atoms, respectively.

boron-rich boron carbide [9]. Following the work of Shirai
et al. [33], Rasim et al. [34,35] proposed extended structural
models, dominated not only by B;;C”(CBC), B{,(CBC), and
B12(B4), but also by B;»(CBCB) [Fig. 1(d)]. They found that
the linear CBCB chain is capable of compensating for the
electron deficiency in B;(CBC) on the same level as the
rhombic By chains, and suggested both chain units are intrinsic
defects for B12(CBC). In addition, when the right fractions
of B;;C?(CBC), B2(CBC), Bj2(B4), and B;2(CBCB) are
considered, the resulting configurations of boron carbide can
be electron precise and low in energy, thus plausibly being
an explanation to how the material retains its semiconducting
character, as the carbon content varies within the single-phase
region.

In this work, we perform first-principles calculations to
investigate the phase stability, as well as electronic and elastic
properties of boron carbide. The structural models of boron
carbide are constructed through the combination of the four
structural motifs, shown in Fig. 1. We find that the electron de-
ficiency in B, (CBC) can be compensated, if the motif is mixed
with either B1,(CBCB) or B1,(B4) with a ratio of 2:1, which is
in line with the findings, lately reported in Refs. [34,35]. Based
on this rule, the composition of boron carbide is tuned from
Bo5C to B4C by varying the concentration of each structural
motif, so that our constructed models of boron carbide are
electron precise. We also aim not only to reveal the influence
of configurational disorder of the four motifs on the phase
stability and properties of the modeled boron carbides, which
have so far not been considered, but also to demonstrate
an implementation of the state-of-the-art cluster-expansion
method [36] to search for ground-state configurations of boron
carbide with compositions throughout the single-phase region,
which are currently unknown, except B4C.

Among several of our models, we identify three low-energy
configurations, leading to a revolution of the B-C convex
hull, i.e., B;;CP(CBC), [B12(CBC)ly67[B12(CBCB)ly 33, and
[B12(CBC)]o.67[B12(B4)]o.33, corresponding to the composi-
tions of B4C, Bg7C, and By 5C, respectively. As a conse-
quence, B12(CBC), previously proposed in the literature to
be a stable configuration of boron carbide at the composition
of B¢sC, is no longer part of the convex hull. In addition,
we observe large variation of electronic band gap, depending
on the composition of boron carbide and the configuration of
structural motifs, while the elastic moduli, derived from those
identified low-energy configurations, are in fair agreement
with the experiments. These findings highlight the impor-
tance of considering B;,(CBCB) and B;,(B4), together with

the previously proposed B;;C”(CBC) and B,(CBC), as the
crucial ingredients for modeling boron carbide and support
the idea proposed in Refs. [33-35]. Pushing further, we
perform a ground-state search among the configurations of the
structural units of [B12(CBC)]p.¢7[B12(CBCB)Jp.33 and predict
the ground-state configuration.

II. METHODOLOGY

A. Computational details

The first-principles total energies are calculated from the
density functional theory (DFT), where the projector aug-
mented wave (PAW) method [37] as implemented in the
Vienna ab initio simulation package (VASP) [38,39] and
the generalized gradient approximation (GGA) proposed by
Perdew, Burke, and Ernzerhof (PBE96) [40] for the exchange-
correlation functional are used. The plane-wave energy cutoff
is set to 500 eV and the Monkhorst-Pack k-point mesh [41] is
chosen for the Brillouin zone integration. We also assure that
the calculated total energies are converged within an accuracy
of 1 meV/atom with respect to both the energy cutoff and the
number of K-point grids. During the total energy calculations,
all internal atomic coordinates, volume, and cell shape are
fully relaxed. The tetrahedron method for the Brillouin zone
integrations, suggested by Blochl [42], is used for electronic
density of states calculations.

B. Structural models of boron carbide

In the present work, the structural models of boron carbide
are constructed on the superatomic level, as implemented in
the superatom-special quasirandom structure (SA-SQS) ap-
proach [20,21,32]. We note that, within the superatomic frame-
work, a whole structural motif (icosahedron + chain) will be
referred to as a superatom for the rest of this article. The models
of boron carbide are constructed within various cell sizes,
consisting of 15 up to 552 atoms, using the combination of the
four superatomic species, proposed in the literature [33-35]
(Fig. 1). Those are B;;C?(CBC), B2(CBC), B2(CBCB),
and Bi,(B4). We note further that, apart from the four said
structural motifs, other motifs, e.g., Bj2(CCC), B;;C(BBC),
B1»(BBC), etc., are not considered in the present work, as they
are not energetically favorable from thermodynamic consid-
eration, resulting in relatively high-energy configurations of
boron carbide, and they are therefore unlikely to explain the
discrepancies in the materials properties between theory and
experiments, at least at low temperature [20,21,24]. Here, the
composition of boron carbide varies between B sC and B4C,
depending on the concentration of each superatomic species.
In order to achieve the electron-precise configurations, we
compensate the electron deficiency in B}, (CBC) by employing
the following rule:

XcBc = 2(XcBcB + XB,), (1)

where xcpc, Xcscs, and xp, are the concentrations of
B2(CBC), B2(CBCB), and Bj,(B4), respectively. Detailed
explanation of how such a rule is established will be further
provided in Sec. IITA.
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In the present work, we consider 12 compositions.
For all considered compositions, except BgsC and B4C,
being represented by an individual superatom B;,(CBC)
and B;;CP(CBC), respectively, the superatoms are ran-
domly distributed by using the special quasirandom structure
(SQS) approach [43], such that their superatomic config-
urations are imitating the random alloy pattern. In addi-
tion, we also consider some selected ordered structures
of superatoms, in particular at Bjp5C and Bgg;C com-
positions, represented by [Bi2(CBC)ly¢7[B12(B4)lo.33 and
[B12(CBC)]o.67[B12(CBCB)Jy 33, respectively, in order to as-
sess the impact of superatomic configuration on the phase
stability and properties of boron carbide at fixed compositions.
The phase stability of all considered configurations of boron
carbide is evaluated through the formation energy, calculated
with respect to pure boron and carbon phases, i.e., «-boron and
diamond, respectively,

EB,C,) —[n-EB)] —[m- EC)]
m-+n

AE™™(B,,C,) = . (2

AE™™(B,,C,) is the formation energy/atom of boron carbide
B,,C, and E(B,,C,) is the total energy/formula unit of the
compound. E(B) and E(C) are the total energies/atom of
a-boron and diamond, respectively. We note that the influences
of lattice vibrations, induced by temperature, are not studied
in the present work and thus the phase stability as well as
the intrinsic properties of boron carbide will, respectively,
be evaluated and derived at 0 K. The information, such as
concentrations for each superatomic species, formation energy
with respect to the pure boron and carbon phases, and band gap,
of the considered compositions and configurations of boron
carbide is summarized in Table I.

C. Elastic properties calculations

To derive the elastic properties, strains € with =1% and
+2% distortions are applied to the supercells of boron carbide
without volume conservation. We avoid residual stresses by
relaxing the lattice parameters and the internal atomic coor-
dinates, such that pressures are always less than 10° Pa. The
elastic constant C;; are then obtained from the second-order
Taylor expansion of the total energy [44,45],

L82E(el, .. €6)

Ci = R e S
T Voo de0e; |,

; 3

in which Voigt’s notation is used to describe the strain €; and the
elastic tensor C;; [46,47]. E(ey, .. . ,€q) is the total energy of the
supercell, distorted by the correspondingly applied strains ¢;,
while Vj is the equilibrium volume of the undistorted supercell.
It is worth noting that the inclusion of different superatomic
species in modeling induces distortion, breaking the symmetry
of boron carbide. Furthermore, the SQS approach in principle
breaks the point-group symmetry. To deal with these issues,
we employ the projection technique, suggested by Moakher
et al. [48], to derive the rhombohedrally averaged elastic con-
stants C;, following the procedure described in our previous
works on boron carbide [16,32]. Thus twelve independent
elastic constants, i.e., Ci1, Ci2, Ci3, Ci4, Caa, Co3, Co4, Cs3,

Cy4, Css, Cs6, and Cgg, must be calculated to obtain the six
averaged elastic constants, given by

Ci1 = 3(Ci1 + C) + 3C12 + 3Cos, (4a)
Cip = §(Ci1 + C) + 3C12 — 3Ces, (4b)
Ci3 = 3(Ci3 + Ca), (4¢)
Cis = 1Cis — 1Cos + 1 Cs, (4d)
Ci; = Ci3, (4e)
Cas = 1Cus + Css, (4f)
Ceo = 3(C11 — Co). (4g)

In the present work, we use the Voigt-Reuss-Hill (VRH)
method [49] to determine isotropic polycrystalline elastic
moduli of boron carbide.

III. RESULT AND DISCUSSION
A. Compensation of electron deficiency in B;,(CBC)

Based on the electron counting rule of Longuet-Higgins
and Roberts [50] for interpreting the electronic structure and
stability of icosahedral boron-rich clusters, 48 electrons/unit
cell are required to complete the valence band of boron carbide
and to result in a semiconducting state. This requirement is,
however, only fulfilled for B4C, represented by B;;C?(CBC).
B 5C represented by the idealized B,(CBC) is, on the other
hand, electron-deficient due to the substitution of B for C?
atoms, resulting in one hole/unit cell. Ektarawong et al. [21]
previously demonstrated that the electron-deficient state of
B2(CBC) can be cured by thermally activated configurational
disorder of B and C atoms. Such disorder, however, resulted in
relatively high-energy configuration of boron carbide, which
was predicted to be thermodynamically stable only at very high
temperature.

Recently, another concept of compensating for the electron
deficiency in B, (CBC) through the inclusion of either Bj>(B4)
or B12(CBCB) has been introduced, respectively, by Shirai
et al. [33] and Rasim et al. [34,35]. In this section, we revisit
such an issue in order to reveal a mechanism of both B1,(By)
and B> (CBCB) to compensate for the electron deficiency in
B2(CBCO).

To start with, we generate a 3 x 2 x 2 supercell of the
idealized B> (CBC) (180 atoms). Since B1,(CBC) lacks one
electron/unit cell, the generated supercell of Bj,(CBC) has
12 holes in the valence band, as shown in Fig. 2(a). We find
that the exchange of a unit of B;»(CBC) to either B;,(CBCB)
or Bj»(B4) can compensate the electron deficiency for two
additional units of B1,(CBC), as can be seen from the number
of holes in the valence band decreasing from 12 to 9 [Figs. 2(b)
and 2(c)]. We note that a unit of B;,(CBCB) or B{,(B4) can
be considered as a dilute defect in a matrix of B1,(CBC).
Interestingly, both defective structures are stable with respect
to the idealized B,(CBC) and pure boron phase, indicated by
the negative formation energies (not shown). These findings
are in line with the recent works [33-35], and will be served
as arule [Eq. (1)] for building up electron-precise superatomic
configuration of boron carbide in the following sections.
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TABLE L. Considered 12 compositions and 55 configurations of boron carbide. A E™™ denotes the energy of formation, calculated with
respect to a-boron and diamond. AAE indicates the energy, relative to the convex hull (Fig. 3) at the same composition. E, is the GGA-
PBEO96-calculated electronic band gap, while the numbers in the parentheses show the distance from the valence band edge to the midgap states,
observed for B4 313C and B4 306C.

Supercell size Percentages (%) of each superatomic species AEfrm AAE E,

Composition at. % C (no. of atoms) B;;C?(CBC) Bj;(CBC) Bj(CBCB) Bj;(By) (meV/atom) (meV/atom) (V)

BiosC 8.6905 3 x2x2(184) 66.67 33.33 —69.701 6.473 0.990
3x2x2(184) 66.67 33.33 —70.550 5.624 1.617

3% 2 x 2 (184) 66.67 33.33 —75.053 1.121 1.671

3% 2 x2(184) 66.67 33.33 —59.157 17.017 metal

3% 2 x2(184) 66.67 33.33 —72.438 3.736 0.994

3% 2 x 2 (184) 66.67 33.33 —73.373 28.009 1.375

3% 2 x2(184) 66.67 33.33 —75.338 0.836 1.310

3 x 3 x 2 (276) 66.67 33.33 —76.174 0 1.345

3 x 3 x 2 (276) 66.67 33.33 —64.865 11.309 1.184

3 x 3 x 2 (276) 66.67 33.33 —73.328 2.846 0.890

3 x 3 x 2 (276) 66.67 33.33 ~73.416 2.758 1.568

3 x 3 x 2 (276) 66.67 33.33 ~70.913 5.261 1.116

3 x 3 x 2 (276) 66.67 33.33 —72.460 3714 1.210

3 x 3 x 2 (276) 66.67 33.33 —72.216 3.958 1.248

3 x 3 x 2 (276) 66.67 33.33 —74.828 1.346 1.008

3% 3 x3(414) 66.67 33.33 —46.813 29.361 0.653

3x3x3(414) 66.67 33.33 —71.844 4.330 0.952

3% 3 x3(414) 66.67 33.33 —71.125 5.049 1.089

4 %3 x3(552) 66.67 33.33 —69.202 6.972 0.994

4 x 3 x3(552) 66.67 33.33 —72.702 3.472 1.185

4 %3 % 3(552) 66.67 33.33 —74.245 1.929 1.606

Bgs7C 10.145 3 x 3 x 2 (276) 66.67 11.11 2222 —81.050 2.589 1.406
Be.056C 12568 4 x 3 x 3 (549) 25 50 8.33 16.67 —84.412 11.709 0.937
Bes/C 13.043 3 x2x2(184) 66.67 33.33 —86.396 12.172 0.131
3% 2 x2(184) 66.67 33.33 —94.267 4.301 0.969

3% 2 x2(184) 66.67 33.33 —95.110 3.458 1.445

3% 2 x 2 (184) 66.67 33.33 —77.333 21.235 metal

3% 2 x2(184) 66.67 33.33 —98.260 0.308 1.550

3 %2 x2(184) 66.67 33.33 —92.563 6.005 0.980

3% 2 x 2 (184) 66.67 33.33 —96.499 2.069 1.119

3 x 3 x 2 (276) 66.67 33.33 —98.568 0 1.674

3 x 3 x 2 (276) 66.67 33.33 —94514 4.054 1342

3 x 3 x 2 (276) 66.67 33.33 —85.129 13.439 0.390

3 x 3 x 2 (276) 66.67 33.33 —95.228 3.339 1.370

3 x 3 x 2 (276) 66.67 33.33 —97.744 0.824 1.405

3 x 3 x 2 (276) 66.67 33.33 —88.863 9.705 0.328

3 x 3 x 2 (276) 66.67 33.33 —93.211 5.358 0.879

3 x 3 x 2(276) 66.67 33.33 —94.230 4338 1.018

3% 3 x3(414) 66.67 33.33 —83.353 15.215 1215

3% 3 x3(414) 66.67 33.33 —91.852 6.716 0.918

3x 3 x3(414) 66.67 33.33 —93.928 4.639 1.148

4% 3% 3(552) 66.67 33.33 —89.339 9.229 0.539

4 %3 x3(552) 66.67 33.33 —92.711 5.856 0.667

4 x 3% 3(552) 66.67 33.33 —92.941 5.627 1.010

BesiC 13.138 4 x 3 x 3 (548) 33.33 44.44 5.56 16.67 —83.750 15.224 1.356
By.C 13.158 5 x 3 x 2 (456) 40 40 20 —89.380 9.676 1.137
BysC 13333 1x1x1(15) 100 —90.142 9.662 metal
Bg1C 13.868 4 x 3 x 3 (548) 33.34 44.44 11.11 11.11 —88.136 13.952 0.667
By.125C 14.035 5 x 3 x 2 (456) 40 40 6.67 1333 —89.962 12.836 0.656
Bu313C 18819 3 x3x2(271) 94.44 5.56 —~112.667 10.541 2.392
3% 3 x2(271) 83.33 11.11 5.56 —114.917 8.291 2.169

(1.167)
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TABLE 1. (Continued.)

Supercell size Percentages (%) of each superatomic species AEfm™ AAE E,
Composition at. % C (no. of atoms) B;;C?(CBC) Bj(CBC) B;(CBCB) Bj;(By) (meV/atom) (meV/atom) (eV)
B4306C 18.847 5 x 3 x2(451) 90 6.67 333 —118.524 4.802 1.979
(0.987)
5x 3 x2(451) 90 6.67 333 —120.944 2.383 2.967
(1.916)
5x 3 x2(451) 90 6.67 3.33 —121.452 1.875 2.975
(1.755)
B,C 20 I x1x1(15) 100 —128.246 0 3

Although B>(CBCB) and B;(B4) units are capable of
compensating the electron deficiency in B;»(CBC) at the same
level, their mechanisms are somewhat different. By further
inspecting the number of electronic states of the valence band,
we find that replacing B> (CBC) by B,(CBCB) gives rise to
four midgap states [see Fig. 2(b)], but the number of electronic
states of the valence band remains unchanged. In this particular
case, the number of holes reduces from 12 to 9 through three
additional valence electrons from the extra B atom in the chain.
On the other hand, replacing B, (CBC) by B»(B4) does reduce
the total number of electronic states of the valence band by
2. Those states might be split off from the valence band and
become part of the midgap states [see Fig. 2(c)]. Considering
this together with the fact that the B4 chain possesses a valence
electron more than the CBC chain, there remain in total nine
holes in the valence band.

B. Revolution of the B-C convex hull

We note that, to achieve electron-precise superatomic
configurations, we restrict ourselves to the four superatomic
species, shown in Fig. 1, as well as the rule of com-
pensating the electron deficiency for B,(CBC) [Eq. (1)],
established from the findings in the previous subsection.
In this particular case, we consider in total 55 configura-
tions of boron carbide, and its composition ranges from
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FIG. 2. Density of states of (a) 12B,(CBC), (b) 11B,(CBC) +
B2(CBCB), and (¢) 11B,(CBC) + B,(B4). The highest occupied
state is located at 0 eV and indicated by the dashed line.

BipsC to B4C, in particular at BysC and Bgg;C com-
positions, represented by [Bi2(CBC)ly¢7[B12(B4)lo.33 and
[B12(CBC)]o.67[B12(CBCB)Jo 33, respectively. Table I lists the
information, e.g., concentrations for each superatomic species,
formation energy with respect to the pure boron and carbon
phases, and electronic band gap, of all 55 configurations
of boron carbide. Figure 3 illustrates the formation energies
AE®™™ of the 55 configurations of boron carbide, calculated
with respect to pure boron and carbon phases, i.e., ¢-boron and
diamond, respectively.

As shown in Fig. 3, several of our superatomic config-
urations are relatively stable with respect to the idealized
B2(CBC) (open black circle), previously proposed to be
part of the B-C convex hull, together with B;;C?(CBC)
(dashed lines) [20-27]. Among those, we identify three
low-energy configurations (filled solid circles), resulting
in a revolution of the convex hull (thick solid lines).
Those are B} C?(CBC), [B12(CBC)]o.67[B12(CBCB)]o 33, and
[B12(CBC)]o.67[B12(B4)]lo.33, corresponding to compositions
of B4C, B 7C, and B¢ 5C, respectively. As aresult, Bj,(CBC)
at B¢ 5C composition is no longer a stable configuration, as it
is clearly above the convex hull. Our obtained results are in

B IO.SC B6.67C B4C

F QO-© Previously proposed convex hull |
N @@ Convex hull (This work)
-0.0251— N [ Other superatomic configurations | |

AEP™ (eV/atom)
——

&
\

-0.125 —

15 20 25

FIG. 3. Formation energy AE™™ of boron carbide, calculated
with respect to o boron and diamond. A set of thick solid lines,
connecting filled black circles at By sC, Bgs;C, and B,C, indicates
the B-C convex hull, derived from all of the configurations, listed
in Table I. A set of dashed lines, on the other hand, indicates
the previously proposed convex hull, consisting of B 5C, given by
B2(CBC) (open black circle) and B4C.
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line with the findings, recently reported in Refs. [34,35], and
also confirm the theoretical prediction, suggested by Shirai
etal. [33], that B;»(CBC) is not the lowest energy configuration
of B6_ 5C.

We emphasize that, although the two configurations at
Beg.67C and B 5C, being part of our sketched B-C convex hull
[Fig. 3], possess the lowest energy, as compared to the other
configurations considered at the same composition, there is no
guarantee that such configurations are really their global mini-
mum in energy, i.e., ground state, at the corresponding compo-
sitions. Itis worth noting that there are indeed a number of ways
to define a superatomic formula at one particular composition.
For example, rather than [B1,(CBC)]g.¢7[B12(CBCB)]g .33, the
superatomic formula of B¢ ¢7C can be given by

[B11CP(CBC)123/59[B12(CBC)l24/50[B12(B4)]12/59-

In principle, at a given composition of boron carbide, one needs
to consider all possible superatomic formulas and configura-
tions, before a final conclusion concerning the ground state at
that composition can be drawn.

However, it should also be noted that determining the
ground-state configurations of boron carbide at any given
carbon content and configurational phase transitions at elevated
temperatures is a huge challenge to the alloy theoreticians even
at the superatomic level due to a variety of superatomic species
of boron carbide, leading to the problems typical of multicom-
ponent alloys. In the present work, an attempt to search for the
ground-state configuration of [B;2(CBC)]g.¢7[B12(CBCB)]o.33
has been made, and will be discussed in Sec. III D.

Concerning the phase stability of B.43C, having been
claimed in experiment to be the upper limit of the carbon
content for boron carbide, we have demonstrated in Table I that
the structural models of B4 3C, that are composed of B12(B4),
B2(CBC), and B{;C”(CBC) and are electron precise, exhibit
relatively low-energy configurations. Their formation energies
were found to be less than 5 meV /atom above the revised B-C
convex hull at 0 K; see Table I and also Fig. 3. One would
thus expect that B4 3C is thermodynamically favored over B4C
at elevated temperature due to the mixing entropy. This might
also be an explanation of why synthesizing boron carbide with
the stoichiometric composition of B4C (20 at. % C) at high
temperature in general results in a mixture of boron carbide
with the carbon content slightly lower than 20 at. % and free
graphitelike carbon [7,51,52].

C. Electronic and elastic properties of boron carbide

Besides the phase stability, as discussed in the previous sec-
tion, our calculations also reveal dependencies of composition
and configuration on the electronic properties of boron carbide.
We observe that, for those electron precise configurations,
the electronic band gap largely varies between 0.1 and 3.0
eV, as can be seen from Table I. For instance, the band gap
of the identified low-energy ordered configuration of Bg¢7C
(B10sC) is 1.67 (1.35) eV. The band gap, however, shrinks to
0.54 (0.99) eV, when its superatomic configuration is that of
a random alloy, illustrated in Fig. 4. On the other hand, the
indirect band gap of boron carbide has been experimentally
reported to fall into the range between 0.48 and 2.09 eV,
depending on its stoichiometry [55-58]. By taking into account

T T T T T
— Low-energy ordered structure
-- SA-SQS structure

Density of states (states/eV)

FIG. 4. GGA-PBE96-calculated electronic density of states of
(a) Bg7C or [B12(CBO)loe7[B12(CBCB)Jo33 and (b) ByosC or
[B12(CBC)]o.67[B12(B4)]o.33- The highest occupied state is located at
0 eV. The black solid and red dashed lines denote, respectively, the
density of states of the lowest-energy configurations, identified in
Sec. III B, and of that imitating the random alloy pattern, respectively.

also the fact that local and semilocal functionals, such as
LDA and GGA, typically underestimate the band gap of
semiconductors and insulators, the structural models of boron
carbide, composed either of B,(CBCB) or of Bi;(B4) to
compensate for the electron deficiency in Bj,(CBC), yield
a good description of electronic band gap, which is in line
with experiments and likely to be an explanation to how boron
carbide retains its semiconducting state, as the carbon content
varies within the single-phase region.

Apart from the idealized Bj,(CBC), we observed two
superatomic configurations, one at Bgg7C and the other at
BiosC, behaving as a metal. We note that these configu-
rations have been built upon the rule [Eq. (1)], established
from the findings in Sec. III A, and were supposed to be
semiconductors. The source of their metallic character may
be attributed to the overlapping between the fully occupied
valence band and unoccupied midgap states, thus resulting in
an unfavorably high-energy configuration. The influence of
superatomic arrangement on electronic properties of boron
carbide has, however, remained ambiguous, thus deserving
further investigation. We, moreover, consider the elastic prop-
erties of boron carbide by focusing on the three identified
low-energy ordered configurations at B1osC, B¢ ¢7C, and B4C
compositions. In the present work, we calculate the elastic
constants and moduli of [B;2(CBC)]y¢7[B12(CBCB)]p 33 and
[B]z(CBC)]Q_m [B]g(B4)]0.33, while those of B11C1’(CBC) are
taken from our previous work of boron carbide [32], also
calculated using the approach described in Sec. II C. Note
that the reliability of our approach, used to calculate the
elastic properties of boron carbide, has been confirmed and
discussed in Ref. [32]. The elastic moduli of boron carbide,
calculated in the present and our previous works, as well as the
corresponding experimental data, available in the literature, are
given in Table II, and Fig. 5 illustrates a comparison between
the experimentally measured and calculated Young’s modulus
of boron carbide at different compositions. For comparison
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TABLE II. Calculated averaged elastic constants C; i

bulk modulus By, shear modulus Gy, and Young’s modulus £y of boron carbide and

a-boron, obtained from the Voigt-Reuss-Hill (VRH) approach. Experimental values of elastic moduli, available in the literature, are given in
parentheses for a comparison purpose. The unit for elastic constants and moduli are GPa.

Composition Configuration Cu Cn C;3 Cu Cx Cu By Gy Ey Ref.
B,C B;;C?”(CBC) 559 123 68 24 524 169 239 200 469 [32]*
(247) (200) 472) [531°
(235) (197) (462) [54]¢
B,4;sC (237) (197) (463) [53]b
B5¢C (236) (197) (462) [531°
BgsC B»,(CBC) 516 118 74 7 451 106 222 156 379 [32]*
[B12(CBC)]5[B1:C*(BBC)]p 5 523 122 69 21 471 170 225 190 445 [32]*
(231) (189) (446) [531°

Be/C [Bia(CBO)loe/[Bia(CBCB)Joss 504 125 69 26 547 146 231 177 423 This work
B,,C (178)  (150)  (352) [53]°
BoC (183) (150) (319) [531°
(130) (132) (348) [531°

BiosC [B12(CBC)]y.67[B12(B4)]o.33 506 104 73 6 492 170 222 195 452 This work

B B, (a-boron) 453 110 40 26 606 207 210 200 457 This work

2Reference [32]: Ektarawong et al. (GGA).
PReference [53]: Gieske et al. (Expt.).
“Reference [54]: Manghnani et al. (Expt.).

purposes, the elastic constants and moduli of a-boron or By,
derived in this work, are also provided in Table II, and they are
in good agreement with the previous calculations, performed
by He and Zhong [59].

As can be seen from Table II and Fig. 5, the elastic
moduli of B4C, given by B;;C’(CBC), are in excellent
agreement with the experiments [53,54]. On the other hand,
the Young’s and shear moduli of BgsC, represented by the
idealized B,(CBC), are to a large extent underestimated, as
compared to the experiment [53]. We, however, find that a close
agreement with the experiment at around Bg sC composition
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FIG. 5. Young’s modulus of boron carbide, plotted as a function
of carbon content (left y axis). The experimentally measured Young’s
modulus (filled black circles) are taken from the work of Gieske
et al. [53], while the theoretical values (filled and open red squares)
are obtained from the calculations in the present and our previous
work [32]. Filled blue triangles represent the experimental reduced
Young’s modulus of boron carbide at different carbon content (right
y axis), reported by Cheng et al. [60].

can be achieved, when the electron deficiency in B, (CBC) is
compensated by B1,(CBCB), as can be seen from the elastic
moduli of Bg¢7C or [B2(CBC)]y67[B12(CBCB)]g 33, calcu-
lated in the present work. Such an increase in elastic moduli
was previously observed in [B1,(CBC)]o5[B11C*(BBC)]p 5, in
which B;;C¢(BBC) compensates for the electron deficiency
in B12(CBC) [32]. The superscript e denotes the equatorial
sublattice. We thus attribute this to the band-filling effects,
resulting in a semiconducting state of boron carbide.

Owing to the band-filling effects, the elastic moduli of
Bo5C or [B12(CBC)Jg.67[B12(B4)]o.33 are comparable to those
of B4 67C and B4C. Apparently, the calculated results of B 5C
contradict the experimental elastic moduli reported by Gieske
et al. [53] for B77C and BoC (see Table II and Fig. 5). They
suggested that, on the boron-rich side (at. % C < 13.33), boron
carbide becomes substantially compressible because of By,
replacing B, C, in this composition range. However, our results
demonstrate that such a statement may not be true, as all of
the icosahedra, composing B sC, are Bj,. Cheng et al. [60]
have, recently, reported the experimentally measured reduced
Young’s modulus of boron carbide at different carbon content,
showing that the quantity barely changes with the carbon
content (see Fig. 5), qualitatively in line with our calculations,
while the drastic softening of elastic moduli, observed for
B77C and ByC in Ref. [53], may be attributed to porosity of the
as-synthesized boron carbide samples at those compositions.

We have demonstrated that both the electronic and elastic
properties of boron carbides of which the electron deficiency
in B, (CBC) are fully compensated either by B, (CBCB) or by
B»(B4) are in agreement with the experimental observations.
Considering this together with the findings on the phase
stability of boron carbide in the previous section, we highlight
the importance of considering B, (CBCB) and B,(B4), as well
as the previously proposed B;;C?(CBC) and B,(CBC), as
the principal structural building blocks for modeling boron
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TABLEIII. 23 superatomic configurations of [B;,(CBC)]g 67[B12(CBCB)]y 33 and their Warren-Cowley short-range-order (SRO) parameters
(a;) for the first eight coordination shells (i = 1-8). E”~PFT and E”~CF stand for the total energies per superatom (eV/s.a.), calculated from
DFT and from Eq. (6), using the fitting parameters, given by Eq. (7), respectively.

Supercell size Warren-Cowley short-range-order (SRO) parameters («;)

Conf. y (no. of atoms) a a as ay as g a; as Ev-DFT E7-CE

1 3x2x2(184) 0 0 -1/8 0 —1/8 —-1/8 1/2 0 —108.546  —108.586
2 3x2x2(184) —-1/2 1/2 —-1/2 1/2 —1/4 0 1/2 0 —108.666  —108.651
3 3x2x2(184) -3/8 1/4 -1/2 1/4 -1/8 0 5/8 1/4  —108.679 —108.684
4 3x2x2(184) 1/2 0 —1/2 0 0 —-1/2 1/2 0 —108.407 —108.396
5 3x2x2(184) -1/4 -1/4 5/8 -1/4 -1/4 —-1/8 3/4 12 —108.727 —108.726
6 3x2x2(184) 1/8 —-1/4 -1/2 —-1/4 1/8 —1/4 7/8 3/4 —108.640 —108.642
7 3x2x2(184) -1/4  -1/8 1/4 -1/8 -=3/16 1/8 1/2 0 —108.700 —108.712
8 3 x 3 x2(276) -1/6  —1/3 1/3 -1/6  —1/12 1/3 1/3 —1/6 —108.732 —108.734
9 3 x3x2(276) -1/2 1/2 —-1/4 0 —-1/4 0 0 0 —108.670  —108.659
10 3 x3x2(276) 0 0 1/2 -1/2 -1/2 -1/2 0 0 —108.526  —108.551
11 3 x 3 x2(276) 0 —1/4 —-1/2 0 1/4 0 1/2 1/4  —108.681 —108.691
12 3 x 3 x2(276) -1/3 0 1/4 0 -1/12 -1/6 1/6 -1/6  —108.719  —108.715
13 3 x3x2(276) —-1/12  1/12 -1/6 1/6 1/24 -1/3 1/4 —-1/6  —108.583  —108.604
14 3 x 3 x2(276) —-1/6 0 1/6 0 -1/12 —-1/3 1/6 —-1/6  —108.650  —108.646
15 3 x3x2(276) 0 -1/6 1/3 -1/3 —-1/4 -1/6 1/3 0 —108.665 —108.616
16 3x3x3(414) -1/2 1 —-1/2 -1/2 -1/2 1 —-1/2 1 —108.499  —108.504
17 3x3x3(414) -1/9 0 -1/9 2/9 2/9 —-1/2 -1/9 0 —108.629  —108.634
18 3x3x3(414) -1/9 -1/6 1/18 -1/9  -1/9 1/2 -1/9 —1/6 —108.661 —108.661
19 4 x 3 x3(552) 0 0 —1/24 0 0 0 0 0 —108.591  —108.577
20 4 x3x3(552) 0 —-1/8 —10/24 0 5/24 —5/24  5/24 1/3 —108.642 —108.643
21 4 x 3 x3(552) -1/12  —1/6 —1/2 -1/6 3/16 —-1/4 10/24 13/24 —108.646 —108.632
22* 18 x 18 x 18(89424) —1/2 0 0 1/2 10/24 -1/3 -1/3 —1/6 —108.794
23 4 x3x3(552) —-1/2 0 0 1/2 3/8 —1/4 -1/4 —1/4 —108.756  —108.795

2Ground state, predicted by Monte Carlo simulations.

carbide, whose frequency of occurrence varies with the global Even though the expansion, expressed in Eq. (5), is analyt-
composition within the single-phase region of boron carbide. ically exact in the limit of inclusion of all possible figures, it
This is distinctly in line with the recent work, done by Shirai must be truncated for practical purposes. For this particular
et al. [33] and Rasim et al. [34,35]. case, we only consider two-site figures up to the eighth
coordination shell. Thus 5(")_V can be defined as the Warren-

D. Search for the ground-state configuration Cowley short-range-order (SRO) parameter, «;, representing

of [B12(CBC)]p.67[B12(CBCB)Jo.33 the tW(()-)site correlation( 2f)unction for the ith coordination shell,

In Sec. III B, we have pointed out a challenge to inves- and an reduces to V™, which is the effective pair interac-

tion of the ith coordination shell. Equation (5) can then be

tigating the influence of configuration on phase stability and .
gating g p Y rewritten as

properties of boron carbide owing to its structural complexity
and large solubility of carbon, resulting in a large variety

of structural building blocks and the order among them. , 8 @
Despite such a challenge, we endeavor in the present section to EV=E + Z ViTnia; . (©)
determine the ground state of [B12(CBC)]o.67[B12(CBCB)]o 33- i=l1

To do so, we employ the Connolly-Williams cluster expansion

(CE) method [36] on the level of Bj»(CBC) and Bi2(CBCB) 5, is the number of neighbors in the ith shell. In the case
superatoms in order to derive the so-called effective cluster  of boron carbide, n; = 6 for i = 1-4 and 6-8, while ns =

interactions (ECIs), 12. To solve for the unknown quantities in Eq. (6), i.e., E'
[©) . .

EY = E 2 :V(") (m=y 5 and V;~, we model a set of different configurations of y

+ - s ) of [B12(CBC)lp¢7[B12(CBCB)lg33 with each y defined by

a particular set of aiy , and then determine EY, using DFT
EY is the total energy of [B12(CBC)lo.67[B12(CBCB)loss fora  cajculations. £ and Vi(z) can then be obtained by performing
given configuration y. S}n)iy and V;n) are the n-site correlation g Jeast-squares fit to the set of Eq. (6). Table III lists the SRO
function of a specific figure f, defined for the configuration y, parameters («;; i = 1-8) for 21 superatomic configurations
and the n-site ECI of a specific figure f, respectively. The  of [B,(CBC)]g¢7[B12(CBCB)]p 33, labeled by configuration
term E is the total energy of [B12(CBC)lo.67[B12(CBCB)lo33,  y = 1-21, and their total energies per superatom (s.a.), E7"PFT,
imitating the configuration of a random alloy stable in the limit obtained from DFT calculations. Through the input from the

of T — oo, where E}") =0 foranyn and f. 21 configurations, the fitting parameters (Hamiltonian), i.e., E’
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FIG. 6. (a) Superatomic ground-state configuration of [B;,(CBC)]y ¢7[B12(CBCB)]y 33, predicted from Monte Carlo simulations (the 22nd
configuration, listed in Table III), (b) superatomic configuration of [B;(CBC)]j67[B12(CBCB)]o 33, imitating the SRO parameters of (a) up
to the fourth coordination shell (the 23rd configuration, listed in Table III), and (c) proposed primitive unit cells of the ground state of
[B12(CBC)]o.67[B12(CBCB)]o 33, derived from (b) and represented by a supercell composed of 4 x 3 x 3 rhombohedral primitive unit cells of
boron carbide. The red and yellow spheres represent B;,(CBC) and B,(CBCB) superatoms, respectively.

and Vl.(z) (i = 1-8) in eV/s.a., are given as follows:

‘f@) —108.5746

L) 0.0742

v, 0.0443

v 0.0085

v@ | =] oo111 [ (7
Ve —0.0062

e 0.0018

v —0.0042

V;(Z) 0.0043

The total energy of [B2(CBC)]o.67[B12(CBCB)Jo 33, calcu-
lated from the fitting parameters (E?"CF), are also given in
Table III. We find that our Hamiltonian fits the 21 input con-
figurations with a root-mean-square error of 17.47 meV/s.a.,
confirming its reliability of predicting the total energy of
[B12(CBCO)]o.67[B12(CBCB)]o.33.

We then utilize the obtained Hamiltonian in canoni-
cal Monte Carlo (MC) simulations in order to search for
a candidate, representing the ground-state configuration of
[B12(CBCO)]p.67[B12(CBCB)]p.33. In this case, we use simula-
tion boxes of 18 x 18 x 18 rhombohedral unit cell (89 424
atoms), and the MC simulations are performed by using
Metropolis et al. [61] algorithm. During the simulations, the
material is cooled from 4000 to 0 K, using simulated annealing
with the temperature steps 100 K and 50 K for 7' > 2000 K
and T < 2000 K, respectively. At each temperature, the sim-
ulations include 20 000 Monte Carlo steps for equilibrating
the system and then 10000 more steps for obtaining the
proper averages of the total energies and SRO parameters.
The total energy EYE as well as the SRO parameters of
[B12(CBC)]p.67[B12(CBCB)]y 33, resulting from the MC simu-
lations at 7 = 0 K, are listed in Table III and denoted by the
22nd configuration.

As visualized in Fig. 6(a), the MC predicted ground
state of [B12(CBC)]y.67[B12(CBCB)]p.33 can be viewed from
the superatomic perspective as a stacking sequence of

[B12(CBC)]o.67[B12(CBCB)Jy 33 layers along the [100], direc-
tion, by which each layer assembles a repeat pattern of two
columns of Bj3(CBC) and a column of B;;(CBCB) along
the [011],. In order to verify our prediction, the total energy
of the MC predicted ground state must have been calculated
from DFT, and compared to the other configurations. Direct
DFT calculations of such a large supercell (89 424 atoms)
is, however, not feasible. As a consequence, we estimate the
total energy EYPFT of the MC ground state by construct-
ing the 23rd configuration of [B2(CBC)]o.67[B12(CBCB)Jj 33
within a much smaller 4 x 3 x 3 supercell (552 atoms),
whose SRO parameters imitate those of the MC predicted
ground state up to the fourth shell. As can be seen from
Fig. 6(b), the 23rd configuration exhibits exactly identical
in-plane superatomic configuration to that of the MC pre-
dicted ground state, while their stacking features are only
slightly different. In addition, the total energies of the two
configurations predicted by the Hamiltonian are very similar
(see Table III), implying that the 23rd configuration can be
reasonably used for estimating the phase stability of the
MC predicted ground state. Interestingly, the DFT energy
EYPFT of the 23rd configuration is lowest, as compared to
the other 21 configurations, and it results in the formation
energy AE™™ of —0.1 eV/atom with respect to a-boron and
diamond, which is slightly more stable than the low-energy
configuration, identified in Sec. III B (the eighth configuration
in Table I1I). We thus propose the 22nd configuration [Fig. 6(a)]
as the ground state of [B2(CBC)]yp67[B12(CBCB)]o33. In
addition, owing to the similarities in terms of superatomic
configuration and total energy between the 22nd and 23rd
configurations, we presumably infer that the 23rd configura-
tion, constructed within a supercell composed of 4 x 3 x 3
rhombohedral primitive unit cells of boron carbide, is repre-
sentative of the primitive unit cell of the predicted ground state
of [B12(CBC)]y.67[B12(CBCB)] 33, as illustrated by Fig. 6(c).
We also simulate x-ray powder diffraction patterns of the
proposed ground state of [B12,(CBC)]p.67[B12(CBCB)]g 33 (the
23rd configuration), using the RIETAN-FP package [62] as
implemented in VESTA [63], and provide it as a fingerprint
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for future experimental investigations of boron carbide. The
files, containing structural information of the proposed ground
state in the VASP format and its simulated powder diffraction
patterns are provided as Supplemental Material [64].

Furthermore, by inspecting the configurational specific heat
of [B12(CBC)]p.67[B12(CBCB)]y 33, derived from the total en-
ergy as a function of temperature, we observe a configurational
phase transition, taking place at 1700 K. For comparison,
the mean-field estimated order-disorder transition tempera-
ture, based on the energy difference between the proposed
ground state and the ideally random alloy—namely, the 23rd
and 19th configurations, listed in Table III, respectively—
is 2212 K. The mean-field transition temperature is thus
an overestimation of the transition temperature predicted by
the MC simulations by ~30%. Such an overestimation of
the mean-field method is attributed to an absence of the
short-range order effects for the disordered configuration of
[B12(CBC)Jo.67[B12(CBCB)Jo.33 [18,20,21].

We have, in this section, demonstrated how the cluster
expansion approach is employed, together with the MC sim-
ulations, to investigate the influence of configuration at the
superatomic level on phase stability of boron carbide, in
particular [B1,(CBC)]y.67[B12(CBCB)]j33. We note that the
approach is in principle not restricted either to any specific
superatomic formulas or to any specific carbon content of
boron carbide within the single-phase region. However, one
should be cautious of cases in which various superatomic
species are required to describe the configuration of boron
carbide. Definitely, this will lead to cumbersome problems
of multicomponent systems. The Connolly-Williams cluster
expansion approach [36] itself has also drawbacks. That is,
one never knows what specific configurations as well as to what
range of ECIs should be included in the expansion, i.e., Eq. (5).
Given the fact that the ECIs are not restricted by any a priori
known information, the total energy E?~E can in principle be
identically reproduced by different sets of ECIs. This has a
direct impact on the predictive power of the cluster expansion.
Additionally, in our case of [B2(CBC)]y67[B12(CBCB)]g.13,
the problem has been taken care of at the superatomic level,
where configurational disorder of B and C atoms within
the superatoms is completely neglected. In reality, such a
phenomenon can be thermally induced and should thus be con-
sidered for a complete description of the atomic configuration
of boron carbide at elevated temperature.

IV. CONCLUSION

We perform first-principles calculations to investigate the
phase stability, as well as electronic and elastic properties

of boron carbide. The structural models of boron carbide
of different compositions, ranging from B sC to B4C, are
constructed using the combination of four structural motifs,
recently proposed in the literature [33-35], i.e., B;;C”(CBC),
B12(CBC), B12(CBCB), and B,(B4). We find that B;,(CBCB)
and B»(By4) are capable of compensating the electron defi-
ciency in B,(CBC) and they can result in low-energy electron
precise configurations.

In the present case, we identify two low-energy config-
urations at the compositions of Bg¢;C and B sC, repre-
sented, respectively, by [B12(CBC)]ly.¢7[B12(CBCB)]g 33 and
[B12(CBO)]p.67[B12(B4)10.33- Together with the frequently
studied B;C?(CBC) at the composition of B4C, these three
configurations lead to a revolution of the B-C convex hull. As
a consequence, B¢ sC, represented by the electron deficient
B2(CBC) and previously proposed in the literature as a stable
composition of boron carbide, is no longer part of the B-C
convex hull.

Through inspections of the electronic density of states as
well as the elastic moduli, we observe that boron carbide,
of which the electron deficiency in B,(CBC) is entirely
compensated either by B1,(CBCB) or by B,(B4), provides a
description for electronic and elastic properties of the material,
in agreement with the experimental observations. These results
confirm the findings recently reported in Refs. [33-35]. We
thus highlight the importance of considering B;,(CBCB) and
B2(B4), as well as the previously proposed B;;C?(CBC) and
B2(CBC) in their electron precise compositions, as the crucial
ingredients for modeling boron carbide with compositions
throughout the single-phase region.
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