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Superhard diamondlike BCs: A first-principles investigation
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We perform first-principles density-functional calculations to identify the possible crystal structure of a
superhard diamondlike BC5 phase, which was recently synthesized under high-pressure and high-temperature
conditions. Interestingly, we find only a small total-energy difference between the energetically most favorable
ordered configuration and the fully disordered state of BCs modeled using a 54-atom special quasirandom
structure, indicating a weak ordering tendency. It is thus likely that the BCs phase synthesized under experi-
mental conditions is disordered in nature. Such a conclusion is further corroborated by the fact that the
disordered BCj structure displays volume-per-atom, bulk modulus and its pressure derivative, and simulated
x-ray diffraction spectrum in good agreements with experiments.
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Diamond is known as the hardest material with excep-
tional bulk modulus (442 GPa) and shear modulus (535
GPa).! However, applications of diamond are limited by its
poor resistance to oxidation as well as reaction with ferrous
metals. Due to the increasing demand of superhard materials
(H,>40 GPa), great efforts have been made to search for
superhard materials with better thermal and chemical stabili-
ties than pure diamond. Superhard BC,N and BC,;N com-
pounds were synthesized at high pressures and high
temperatures.>* In recent years, materials in the B-C system
have also attracted increasing interest. Solozhenko et al.*
prepared a composite using graphitelike BC; as a starting
material. The composite exhibited extreme hardness (88
GPa). Very recently, Solozhenko et al.’ reported the high-
pressure temperature synthesis of a cubic diamondlike phase
with a stoichiometry of BCs, the highest boron content
known to date. This structure exhibits extremely high Vick-
ers hardness and fracture toughness, and is ~500 K more
thermally stable than pure diamond. Theoretically, Calandra
and Mauri® demonstrated that BCs is superconducting with a
critical temperature of the same order as that of MgB,. Dur-
ing the review process of the present paper, two interesting
papers on this BC5 compound also appeared.”® Yao et al.

predicted a thermodynamically stable /4m2 phase. Another

candidate structure with P1 symmetry, whose x-ray diffrac-
tion (XRD) pattern fits well with the experimental one, was
also obtained.” The mechanical and electronic properties of
diamondlike BC, phases were also studied by Liang et al.®
Due to the similar and small atomic masses of boron and
carbon, it is challenging to determine the exact atomic ar-
rangement of diamondlike BCs from experimental XRD pat-
terns. Such structural information is, however, crucial for a
fundamental understanding of its intrinsic physical and me-
chanical properties. In this paper, we report a systematic
search for the possible crystal structure of diamondlike BCjs
using first-principles calculations based on density-functional
theory. Our calculations are performed using the all-electron
projector augmented wave method within the generalized
gradient approximation (GGA) of Perdew, Burke, and
Ernzerhof,’ as implemented in Vienna ab initio simulation
package (VASP).!” Our previous study'! demonstrates that
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GGA gives structural properties of y-B,g in excellent agree-
ment with experiments. The electronic wave functions are
expanded using a plane-wave basis set with a large cutoff
energy of 500 eV. The k-point meshes for Brillouin-zone
sampling are constructed using the Monkhorst-Pack
scheme'? and the total number of k points times the total
number of atoms per unit cell is at least 10 000 for all struc-
tures. Our convergence tests show that these parameters
guarantee high numerical accuracy for both total-energy and
stress calculations, which is essential in view of the small
energy differences between the different lattice configura-
tions of BCs considered in our study. By computing the
quantum-mechanical forces and stress tensor, the lattice con-
stants and internal atomic positions of all structures are fully
relaxed using a conjugate-gradient scheme.

In order to resolve the crystal structure of BCs, we first

redefine the crystal structure of cubic diamond (with Fd3m
space group) to a hexagonal lattice by the following trans-
formation of lattice vectors

100 0 -05 05
010]|=-l05 0 -05] (1)
00 1 2 2 2

—_

A 12-atom hexagonal supercell with an ideal ¢/ a ratio of 26
is constructed. Through replacing two of the 12 carbon atoms
with boron, we obtained a total of nine possible symmetri-
cally inequivalent structures. Note that structure BCs-1 [Fig.
1(a)] is the same as the structure adopted by Calandra and
Mauri.® All the rest eight configurations (BCs-2 to BCs-9)
are shown in Figs. 1(b)-1(i), respectively. The calculated
crystal structural parameters for BCs-1 are in excellent
agreement with those reported by Calandra and Mauri,®
which suggests the reliability of present calculations. Table I
shows the energetics and equilibrium volumes of the fully
relaxed BCs-m (m=1-9) structures. Here the formation en-
ergy of a diamondlike B,C,_, structure is defined as follows:

AE=E(B,C,_,) - xE(B) - (1 -x)E(C), 2)

where E(B) and E(C) are the first-principles calculated total
energies (per atom) of pure boron and carbon, both in the
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FIG. 1. (Color online) Crystal structures of BCs-m (m=1-9) derived from the diamond lattice according to Eq. (1). The darker and
lighter spheres are boron and carbon atoms, respectively. The structure in (a) is the same as that adopted in Ref. 6.

diamond structure. E(B,C,_,) is the total energy of diamond-
like B,C;_,. For BCs, x=1/6. Note that, here we restrict our
discussions to the possible arrangement of boron and carbon
atoms on an underlying diamond lattice. When using the true
low-energy structure of boron [e.g., alpha-Boron or
gamma-B,g (Ref. 13)] as the reference state in Eq. (2), the
formation energies of all BCs-m structures considered are
positive, suggesting that they are all thermodynamically
metastable structures in the B-C binary phase diagram. Such
a conclusion is in agreement with the previous first-
principles study of diamondlike BC, structures by Lowther.'*
It also explains why diamondlike BC5 can only be prepared
under extreme (high-pressure and high-temperature) condi-
tions.

Interestingly, contrary to cubic BC,N whose total energy
is strongly structure dependent,'>!® we find that the total en-
ergies of BCs-m structures are not very sensitive to lattice
configuration (see Table I). Furthermore, with the exception
of the BCs-3 structure, the predicted “effective” cubic lattice
parameters of BCs-m structures are also very similar, all well
within 1% of the experimentally measured value [a
=3.635+0.006 A (Ref. 5)]. As a consequence, it is not pos-
sible to judge which structure is more likely only based on
lattice parameter. Table I further shows the bond-type param-
eter, 7, which has been adopted in the search for the most
stable BC,N structure.'® Here, 7 is defined as the fraction of
nearest-neighbor B-B bonds relative to the total number of
nearest-neighbor bonds, i.e.,

np-B
n=—"" ", (3)
ncc+ngct+ngsp

where n denotes the number of a specific type of bond (i.e.,
B-B, C-C, and B-C) in the structure. Unlike BC,N, we find
no obvious correlation between the total energy of the struc-
ture and 7, suggesting that there is no strong preference for
specific type of chemical bonds.

Among the nine structures in Fig. 1, BCs-2 is energeti-
cally the most favorable one with a negative formation en-
ergy, i.e., it is energetically stable with respect to phase sepa-
ration into the pure constituents: diamond-B and diamond-C.
The BCs-2 structure can be viewed as a short period
(B,);(C,)s superlattice structure formed by stacking one
double layer of boron and five double layers of carbon along
the (111) direction. Our calculations of the formation ener-
gies of several (B,)y(C,)sy (111) superlattice structures (N
=1, 2, and 3) confirm that the formation energy indeed in-
creases (i.e., becomes less stable) and monotonically ap-
proaches zero with increasing N. Note that, this is in contrast
to cubic BC,N, which exhibits a tendency toward phase
separation into pure zinc-blende BN and diamond-C.!>-'3

Besides the nine structures shown in Fig. 1, we have also
considered all other pseudodiamond BCj structures with unit
cells containing six and 12 atoms,'>!” resulting in additional
60 symmetrically inequivalent structures. Our calculations
confirm that the BCs-2 structure indeed has the lowest en-
ergy among all 69 possible structures, though our search has

TABLE 1. Formation energy (AE) and equilibrium volume-per-atom (V) of different ordered and disordered BCs structures. The
“effective” cubic lattice parameter of the diamond lattice is obtained as acubi0=2%“'V. The bond-type parameter 7 (see text for definition) is
also shown. The numbers shown in parentheses denote formation energies calculated using the CASTEP code.

Structure BCs-1 BCs2 BCs-3 BCs4 BCs-5 BCs-6 BCs-7 BCs-8 BCs-9 BCs-10 BCs-11  SQS-54
AE (eV/atom) -0.015 -0.064 0016 -0.011 -0.037 -0.016 -0.012 -0.017 -0.018 —0.057 —0.061 —0.009

(~0.020) (~0.070) (~0.004) (=0.014) (=0.041) (=0.019) (=0.018) (=0.021) (=0.023) (=0.063) (-0.066) (~0.017)
V (A3/atom) 6015 5993  6.667 6020 6021 6016 6016 6014 6013 6037 6016  6.043
eppic (A) 3637  3.633 3764 3638 3.638 3.637 3.637 3.637 3.637 3.642 3637  3.643
n 0 0125 0042 0 0 0 0 0 0083 0 0.028
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FIG. 2. (Color online) Crystal structures of (a) BCs-10 and (b)
BCs-11 structures derived from the diamond lattice according to
Eq. (4). The darker and lighter spheres indicate boron and carbon
atoms, respectively.

also identified two other structures with formation energies
very close to that of BCs-2, hereinafter referred to as BCs-10
[Fig. 2(a)] and BCs-11 [Fig. 2(b)] structures. Both structures
are based on the 12-atom tetragonal supercell with ideal c/a
ratio of 3y2, which can be derived from the eight-atom cubic
diamond unit cell using the following transformation of lat-
tice vector

100 05 -05 0
010|=|05 05 0] (4)
00 1 0 0 3

Note that, to check the reliability of the results from VASP,
we have also performed additional calculations using the
CASTEP  code?® employing Vanderbilt-type ultrasoft
pseudopotentials>! and GGA-PW91.2% In such calculations,
the plane-wave cutoff energy is set at 450 eV and the
Broyden-Fletcher-Goldfarb-Shanno minimization scheme?
is used for geometry optimization. From Table I, it can be
seen that the results from CASTEP also indicate BCs-2 to be
the lowest-energy structure.

In addition to the ordered structures discussed above, we
have also generated a 54-atom special quasirandom structure
(SQS) (Refs. 24-26) to mimic the fully disordered state of
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TABLE III. Structural description of the SQS-54 structure
(space group P1) for the random diamondlike BCs. Lattice vectors
and atomic positions are given in Cartesian coordinates, in units of
a, the lattice parameter of the cubic diamond unit cell. Atomic po-
sitions are given for the ideal, unrelaxed diamond sites.

Lattice vectors: a;=(0,1.5,1.5), a,=(1.5,0,1.5), a3=(1.5,1.5,0)

Atomic positions of carbon (x,y,z)

(1.0, 1.0, 0.0)
(0.0, 0.5, 0.5)
(1.0, 1.0, 1.0)
(0.0, 1.0, 1.0)
(1.0, 1.5, 1.5)
(2.0, 2.0, 2.0)
(1.75, 0.75, 1.25)
(0.75, 0.75, 1.25)
(2.25, 1.75, 1.75)
(0.75, 1.25, 1.75)
(1.75, 1.75, 2.25)
(2.0, 1.5, 1.5)
(1.25, 1.25, 1.25)
(0.5, 1.0, 1.5)
(1.25, 0.25, 1.25)

(1.5,0.5, 1.0)
(1.0, 1.5, 0.5)
(1.0, 0.5, 1.5)
(0.5, 1.5, 1.0)
(1.5, 2.0, 1.5)
(0.75, 0.75, 0.25)
(0.25, 0.75, 0.75)
(1.75, 1.75, 1.25)
(0.75, 1.75, 1.25)
(1.75, 2.25, 1.75)
(2.25, 2.25, 2.25)
(1.25, 0.75, 0.75)
(1.25, 0.75, 1.75)
(0.25, 0.25, 0.25)
(1.5, 1.5, 2.0)

(2.0, 1.0, 1.0)
(0.5, 0.5, 1.0)
(1.5, 1.0, 1.5)
(1.0, 2.0, 1.0)
(1.0, 1.0, 2.0)
(1.75, 1.25, 0.75)
(1.25, 1.75, 0.75)
(1.75, 1.25, 1.75)
(1.25, 2.25, 1.25)
(1.25, 1.25, 2.25)
(1.0, 0.0, 1.0)
(0.75, 1.25, 0.75)
(0.5, 0.5, 0.0)
(1.25, 1.25, 0.25)
(1.25, 1.75, 1.75)

Atomic positions of boron (x,y,z)
(0.0, 0.0, 0.0) (0.5, 0.0, 0.5) (1.0, 0.5, 0.5)
(1.5, 1.0, 0.5) (0.5, 1.0, 0.5) (1.5, 1.5, 1.0)
(2.25, 1.25, 1.25) (0.75, 0.25, 0.75) (0.25, 1.25, 1.25)

diamondlike BCs, in which boron atoms are randomly dis-
tributed on the diamond lattice. The key idea of the SQS
approach is to adequately reproduce the statistics of a ran-
dom alloy in a relatively small and thus computationally fea-
sible supercell. Furthermore, due to the atomistic nature of
the SQS approach, effects such as local atomic relaxation
and charge transfer can be fully considered. As shown in
Table II, the pair and three-body correlation functions of our
generated SQS-54 structure are in excellent agreement with
those of the random diamond alloy. Detailed structural infor-
mation of the SQS-54 structure is given in Table III. Crystal
structure of BCs, in its ideal and unrelaxed form, is also
shown in Fig. 3. Importantly, we find only a small energy
difference of 0.055 eV/atom between the fully disordered
SQS-54 structure and the energetically most favorable or-
dered BCs-2 structure, indicating that there is only a weak

TABLE II. Pair and multisite correlation functions of 54-atom SQS structure for mimicking random diamond-type BCs. l:Ikym denotes the
correlation function of figure f=(k,m) that has k vertices and spans a maximum distance of m (m=1,2,3,... are the first-, second-,

third-nearest neighbors, etc.) For the perfectly random B,C,_,, l__[k,mz (2x—1)¥ since there is no correlation in the occupation between various

sites.

Figure ﬁz,l ﬁz,z ﬁ2,3 1:[2,4 ﬁz,s ﬁs,z ﬁs,z l:[3,2 1:[3,3 ﬁ3,3 ﬁ3,3
SQS-54 0.444 0.444 0.444 0.432 0.432 -0.309 -0.296 -0.296 -0.302 -0.284 -0.321
Random 0.444 0.444 0.444 0.444 0.444 -0.296 -0.296 -0.296 -0.296 -0.296 -0.296
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FIG. 3. (Color online) Illustration of the crystal structure for
BC;5 with boron randomly distributed on the diamond lattice (SQS-
54). The darker and lighter spheres denote boron and carbon atoms,
respectively.

ordering tendency of BCs. From the energy difference be-
tween the ordered and disordered state and assuming ideal
configurational entropy of mixing for the disordered dia-
mond BC;s alloy, we can further estimate the order-disorder
temperature of BCs using the following equation

E,; -E
TL- ~_ disordered ordered i (5)
kg[x In x+ (1 —x)In(1 - x)]

where x=1/6 for BCs and kg is the Boltzmann constant.
From Eq. (5), we obtain T,~ 1397 K. The predicted order-
disorder temperatures is well below the experimental synthe-
sizing temperature of 2200 K,> which suggests that the dia-
mondlike BCs phase synthesized under experimental
conditions is likely to be disordered assuming a sluggish
kinetics during the recovery process.

In order to substantiate this conclusion, we have directly
obtained the bulk moduli of ordered and disordered BCjs
structures by fitting first-principles calculated total energies
at different volumes to an integrated third-order Birch-
Murnaghan equation of state (EOS).?” At each volume, the
unit cell shape and all internal atomic coordinates are fully
relaxed. The predicted pressure-volume relationships of
BCs-1, BCs-2, and SQS-54 are displayed in Fig. 4. The EOS

1.00 &

0.98

0.96

74

0.94

0.92

0.90

Pressure (GPa)

FIG. 4. (Color online) Pressure dependence of unit cell volume
for BC5 with BCs-1, BCs-2, and SQS-54 structures.
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FIG. 5. (Color online) Calculated x-ray diffraction patterns for
BCs-1, BCs-2, BCs-10, BCs-11, and SQS-54 structures at ambient
conditions (A=0.3738 A). The experimental profile at 24 GPa and
2200 K from Ref. 5 is also included.

data for BC5-10 and BCs-11 are very similar to those of
BCs-1, and thus not shown for brevity. Compared with the
ordered candidate structures (the EOS fitted bulk moduli for
BC;s-1, BCs-2, BCs-10, and BCs-11 are 376, 385, 375, and
378 GPa, respectively), the fitted bulk modulus of the
SQS-54 structure (366 GPa) is in better agreement with the
experimental value [B,=335+8 GPa (Ref. 5)]. Further-
more, the pressure derivative of bulk modulus of SQS-54
(3.81) is also in better agreement with experiment [B|)
=4.5+0.6 (Ref. 5)] than those of the four ordered ones
(3.62-3.65).

As a more stringent test, we have simulated the powder
XRD patterns of BCs-1, BCs-2, BCs-10, BCs-11, and
SQS-54 structures. Such simulations have now been widely
used in the literature to aid the identification of unknown
crystal structures.?3° The calculated XRD results (A
=0.3738 A) are shown in Fig. 5 in comparison with experi-
mental data. Again, the disordered structural model gives
XRD pattern in best agreement with experiments. For BCs-m
(m=1,2,10,11) ordered structures, the 111 and/or 220 peaks
exhibit large difference from the experimental data due to the
presence of peak splitting. Note that such a conclusion is in
accordance with a recent study by Yao et al.” Finally, it is
worth pointing out that the shifts of peaks between the pat-
tern for SQS-54 and the experimental one can be attributed
to the different temperature and pressure conditions: experi-
mental pattern was taken at 24 GPa and 2200 K while our
simulated profile corresponds to ambient pressure and tem-
perature conditions. In addition, we estimate the coefficient
of thermal expansion at 24 GPa based on the calculated EOS
data (Fig. 4) and the experimental x-ray diffraction pattern.
The average volumetric and linear (calculated using effective
cubic lattice constant a,;.) thermal expansion coefficients
for BCs at 24 GPa in the temperature range of 300-2200 K
are ay=8.6X10"° K™! and @ =2.9X10"% K!, respec-
tively. These values are in excellent consistent with those
reported by Xie et al.3! They calculated the coefficient of

184101-4



SUPERHARD DIAMONDLIKE BCjs: A FIRST-...

PHYSICAL REVIEW B 80, 184101 (2009)

TABLE 1V. First-principles calculated single-crystal elastic constants c¢;; (GPa) of the ordered BCs-2 structure and the random BCs
structure. The cubic elastic constants of the latter are obtained by averaging the ¢;;’s of the low-symmetry SQS-54 structure. Polycrystalline
bulk modulus B (GPa), shear modulus G (GPa), Young’s moduli £ (GPa), and Poisson’s ratio v are calculated using the Hill’s approximation.
The predicted elastic properties of the ordered BCs-1 structure as adopted by Calandra and Mauri (Ref. 6) are also included.

Structure cy C33 Ccp c3 Cly Cyq B G E v Bgos B

BCs-1 832 1006 181 90 -101 368 371 351 803 0.15 376 3.65
BCs-2 930 1034 115 85 -68 389 385 405 900 0.11 385 3.63
Random 708 196 426 367 347 792 0.14 366 3.81

thermal expansion of diamond under various pressures; the
obtained a; for diamond under 20 GPa in the 100-1600 K is
in the range of 0-4.2x 107% K.

Finally, to check the mechanical stability of the ordered
BCs-2 structure as well as the disordered BCs structure, we
have calculated their independent single-crystal elastic con-
stants using an efficient strain-stress method,*? i.e., through a
linear least-squares fit of first-principles calculated stress as a
function of imposed strain. At each given strain, we fully
relax all internal atomic coordinates according to strain-
induced forces while holding the distorted lattice vectors
fixed. From Table IV, it can be seen that both structures are
mechanically stable since their elastic constants obey the
elastic stability criteria, i.e., the strain energy must be posi-
tive against any homogeneous elastic deformation.’®> From
the calculated c;;’s, we further estimate the polycrystalline
bulk modulus B and shear modulus G using the Voigt-Reuss-
Hill approximation.>* As shown in Table IV, the bulk moduli
calculated from second-order elastic constants are in very
good agreement with the EOS fitted values, which further
confirms the reliability of the present calculations. According
to Teter,® the polycrystalline shear modulus is a better pre-

dictor of hardness than bulk modulus. Table IV shows that
diamondlike BCj structures exhibit very large shear moduli
comparable to that of diamond, which explains its high hard-
ness as was observed experimentally.

In summary, using first-principles density-functional cal-
culations, we investigate the possible crystal structures of the
superhard diamondlike BCjs. Interestingly, our systematic
search for the energetically most favorable configuration in-
dicates that BCs exhibits only a weak tendency toward or-
dering. As a consequence, the BCs compound synthesized
experimentally at high temperatures is likely to be disor-
dered. In other words, boron atoms are distributed randomly
on the underlying diamond lattice. Such a conclusion is fur-
ther supported by the evidence that the disordered state gives
bulk modulus and x-ray diffraction pattern in good agree-
ments with experimentally reported data.

All calculations are performed using the parallel comput-
ing facilities at Los Alamos National Laboratory (LANL).
This research is supported by LANL, which is operated by
Los Alamos National Security LLC under DOE under Con-
tract No. DEAC52-06NA25396.
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