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Body-centered superhard BC,N phases from first principles
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Body-centered BC,N deduced from the unit cell of the recently predicted body-centered carbon [F. J.
Ribeiro et al., Phys. Rev. B 74, 172101 (2006)] are studied with first-principles pseudopotential density
functional method. The structural, electronic, and mechanical properties are investigated for 11 possible atomic
configurations of body-centered BC,N. Our results show that the sp3-bonded body-centered BC,N phases have
lower density than the previously investigated sp3-bonded zinc-blende BC,N, wurtzite BC,N, and chalcopyrite
BC,N. The struc-A and struc-B composed of the maximum numbers of C-C and B-N bonds have the lowest
total energy among the investigated body-centered BC,N structures. Their calculated bulk moduli are 305 and
309 GPa, respectively. The theoretical Vickers hardness of the body-centered BC,N is over 60 GPa, indicating
that it is a potential superhard material with the hardness comparable to cubic boron nitride.
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I. INTRODUCTION

The search for new superhard materials is an important
research field in modern science and technology. In this field,
boron-carbonitride (B-C-N) compounds attract more atten-
tion since the prediction of superhard S-CsN, compound.'
Experimentally, various synthesis methods have been used to
synthesize hexagonal, cubic, and amorphous B-C-N materi-
als, such as chemical vapor deposition,2 solvothermal
method,® chemical process method,* high temperature and
high pressure (HTHP) method,”® mechanical alloyed
method,’ spark plasma sintering,'? shock-wave compression
method,'" etc. So far, nanocrystalline BC,N with cubic
structure’ (c-BC,N) has been synthesized from graphitelike
BC,N (Ref. 4) by the HTHP method using diamond anvil
cell and large volume press. The experimentally measured
Vickers hardness of ¢-BC,N is 76 GPa,” which is harder
than 66 GPa of cubic boron nitride (c-BN). On the one hand,
the measured bulk modulus of 259+22 GPa (or 282 GPa)
from Brillouin scattering'? (or from x-ray diffraction’) is not
in agreement with the calculated high bulk modulus
(355-402 GPa) of the predicted zinc-blende BC,N
(ZB-BC,N), whose high bulk modulus should result in high
Vickers hardness.!*'* On the other hand, the accurate atomic
positions in the c-BC,N crystal could not be determined con-
clusively by using Rietveld refinement because the atomic
numbers of B, C, and N are quite adjacent. Thus, how many
polymorphs BC,N has is still an open question at present.
Therefore, it is important to explore possible crystal struc-
tures using first-principles methods for a deep understanding
of BC,N polymorphs.

Since isoelectronic BC,N compound is the ideal mixing
of carbon and boron nitride (BN) as viewed from composi-
tion, it is reasonable to speculate that the BC,N compound
should have the similar crystal structures to carbon and BN.
Most of the previous experimental and theoretical studies on
this topic originated from this clue. For the sp*-bonded
BC,N phases, the theoretically studied structures are all high
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dense phases, such as ZB-BC,N,'>* wurtzite BC,N
(WZ-BC,N),'>16 and chalcopyrite BC,N.!” Recently, a hy-
pothetical body-centered sp3-bonded carbon (named bc6-C
thereafter) with lower density than diamond was proposed in
order to explore the structure of Popigai carbon obtain from
an impact crater.!® Generally, under extreme conditions, such
as at earth center, the transition-state phases can be reserved
more easily for multicomponent compounds than for pure
elements due to dynamic factors. Therefore, we investigate
the lower-density sp®-bonded BC,N (bc6-BC,N) starting
from the hypothetical bc6-C structure. The updated semi-
empirical formula of hardness for polar covalent solids
makes the hardness estimation of bc6-BC,N possible.!*?" In
this paper, we report the possible configurations and Vickers
hardness of bc6-BC,N deduced from the hypothetical bc6-C
carbon.

II. CALCULATION

The first-principles calculations are performed using the
pseudopotential density functional method with the CASTEP
code.?! Exchange and correlation effects are described by the
CA-PZ in the local density approximation.’>?* The norm-

(a) be6-C

(b) bc6-BN
FIG. 1. Unit cells of hypothetical (a) bc6-C and (b) bc6-BN. The
carbon, boron, and nitrogen are depicted in gray, white, and black

colors, respectively.
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FIG. 2. Considered 11 configurations of bc6-BC,N (after struc-
tural relaxation) starting from the hypothetical bc6-C unit cell.

conserving pseudopotential is expanded within a plane wave
basis set with an energy cutoff of 770 eV.?* The integrations
in the Brillouin zone are performed according to the
Monkhorst-Pack scheme with the k points of 6 X 6 X 6 grid.?
All the structures are relaxed by the BFGS methods.?® The
Mulliken overlap populations were integrated by a distance
cutoff 3 A.

III. STRUCTURAL CONSTRUCTION

The hypothetical bc6-C shown in Fig. 1(a) has the body-
centered cubic structure with the symmetry of Im-3m (space
group No. 229).'8 There are 12 atoms in its unit cell and all
the atoms are fourfold coordinated with the other atoms.
Starting from this unit cell, only one configuration for BN
(named bc6-BN) can be constructed, as shown in Fig. 1(b), if
no B-B and N-N bond forms. However, the large number of
nonequivalent atomic configurations of bc6-BC,N structures
can be constructed by replacing the six carbon atoms in the
unit cell with three boron atoms and three nitride atoms. In
the present study, we mainly focused on the bc6-BC,N struc-
tures with relative lower total energy, which should be rela-
tively stable.
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FIG. 3. Calculated total density states of bc6-C, bc6-BN, and the
11 hypothetical configurations of bc6-BC,N.

The previous theoretical studies have shown that the B-B
bond and N-N bond should not exist in the structures of
B-C-N compounds.'3?7 This result is quite different from the
fact that single-bonded N-N bond exists in the structures of
recently synthesized superhard heavy metal compounds such
as PtN, and IrN,.?%2° According to the bond-counting rule,
the BC,N structures with the maximum numbers of C-C and
B-N bonds should have the lowest total energy. In other
words, B-C and C-N bonds should be disfavorable.!530 In
order to construct the structures of bc6-BC,N from bc6-C,
we have to substitute six carbon atoms with three boron at-
oms and three nitrogen atoms. Because four atoms locate on
each face of the bc6-C unit cell, as shown in Fig. 1(a), it is
ideal for one face to be composed of two B atoms and two N
atoms or for each face composed of one BC,N formula.
Now, let us construct the possible configurations composed
of two B atoms and two N atoms on one face of bc6-BC,N
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TABLE 1. Equilibrium lattice parameters, densities (p), total energy (E,), total energy difference (AE), bulk modulus (B), and type and
number of chemical bond for hypothetical bc6-C, bc6-BN, and bc6-BC,N.

Structure bc6-C  bc6-BN  Struc-A  Struc-B  Struc-C = Struc-D  Struc-E ~ Struc-F = Struc-G = Struc-H = Struc-I ~ Struc-J  Struc-K
Symmetry Im-3m  Pm-3n  Pmm2 Pmm?2 Pm Pm Pm Pm Pm Pm Pmm2  Pmm?2 R32
a (A) 4.326 4.402 4.361 4.362 4.359 4374 4.357 4.355 4.386 4.334 4.360 4.406 4.434
b (A) 4.326 4.402 4.382 4.387 4.359 4.373 4.414 4.400 4.399 4.433 4.443 4.416 4.434
c (A) 4.326 4.402 4.405 4.401 4.403 4.402 4.405 4.422 4.377 4.420 4.379 4.404 4.434
a (deg) 90.00 90.00 90.00 90.00 90.00 89.93 89.88 90.00 90.00 90.00 90.00 90.00 89.65
B (deg) 90.00 90.00 90.00 90.00 89.97 90.00 90.00 89.92 90.00 90.00 90.00 90.00 90.35
v (deg) 90.00 90.00 90.00 90.00 90.00 90.00 90.00 90.00 90.06 89.99 90.00 90.00 89.65
Volume (A3) 80.97 85.28 84.19 84.22 84.38 84.20 84.71 84.73 84.45 84.91 84.85 85.69 87.17
p (g/cm3) 2.956 2.900 2.890 2.889 2.883 2.890 2.872 2.871 2.881 2.865 2.867 2.839 2.791
E, (eV/atom) —155.01 —175.38 —164.92 —164.91 —-164.85 -164.84 -164.77 -164.76 —-164.69 —164.69 —164.61 —164.61 —164.27
AE (eV/atom) 0.666 0.671 0.732 0.745 0.810 0.827 0.892 0.888 0.976 0.971 1.310
B (GPa) 344 298 305 309 303 305 301 296 297 292 295 282 270
No. C-C bond 24 0 8 8 7 7 6 6 5 5 4 4 0
No. B-N bond 0 24 8 8 7 7 6 6 5 5 4 4 0
No. B-C bond 0 0 4 4 5 5 6 6 7 7 8 8 12
No. C-N bond 0 0 4 4 5 5 6 6 7 7 8 8 12

structures, which yields to the bond-counting rule. This pro-
cedure involves in two steps. Firstly, we make two -B-N-B-
N-B- rings locate on two opposite (001) faces of the
bc6-BC,N unit cell, which means that two boron atoms and
two nitrogen atoms are settled down. Secondly, we will con-
sider the locations of one left boron atom and one left nitro-
gen atom in the unit cell. Thus, we obtain only ten non-
equivalent atomic configurations of the bc6-BC,N structures.
These ten configurations are demonstrated in Figs. 2(a)-2(j)
in order of the numbers of B-N (C-C) bonds. As shown in
Fig. 2(k), we also give a special example of the configura-
tions where each face is composed of one BC,N formula for
comparison. Obviously, there are no favorable C-C and B-N
bonds in this special structure.

IV. RESULTS AND DISCUSSION

The structural parameters, the total energy E,, and the
types and numbers of chemical bond of bc6-C and bc6-BN
in Figs. 1(a) and 1(b), and bc6-BC,N with the constructed
atomic configurations in Figs. 2(a)-2(k) are listed in Table 1.
After relaxation, the considered bc6-BC,N structures exhibit
three kinds of symmetries of Pm, Pmm2, and R32, different
from Im-3m symmetry of the bc6-C structure. The equilib-
rium lattice constants (a, b, and ¢) of all the presented
bc6-BC),)N structures are larger than those of the bc6-C struc-
ture. It should be noted that one of the interaxial angles (a,
B, and vy) in the suggested bc6-BC,N structures with R32
and Pm symmetries departs from 90° slightly, while they are
not changed in the structures with Pmm?2 symmetry. As
shown in Table I, struc-A and struc-B have the lowest total
energies among the 11 bc6-BC,N structures because they
have the maximum numbers of the C-C bond and the B-N
bond in the unit cell. It is found that struc-A with the lowest
total energy has a sandwich structure and struc-B with the

second lowest total energy has a sandwichlike structure. This
indicates that BC,N prefers to form the sandwich structures
rather than nonsandwich structures, which is in accordance
with the previously investigated sandwich ZB-BC,N,'3 sand-
wich WZ-BC,N,'® or even the sandwich sp2-bonded
BC,N.3!

In order to investigate the stability of different configura-
tions for bc6-BC,N, the total energy difference of AE
=Ebc6—BC2N_(Ediamond+Ec—BN)/ 2 is used here. As shown in
Table I, AE has positive value for the configurations of
bc6-BC,N, indicating that they are metastable phases and
tend to separate into diamond and c-BN. Struc-A of bc6
structure has larger AE than struc-1 and struc-2 of ZB
structures,'® which means that struc-1 and struc-2 are rela-
tively stable than struc-A. The tendency of phase separation
for be6-BC,N is quite similar to those for the sp3-bonded
ZB-BC,N, 3% wurtzite BC,N,'>!® and chalcopyrite BC,N,!”
implying that the phase separation is one common problem
for experimentally synthesizing sp3-bonded BC,N. In order
to further check the mechanical stability of these bc6-BC,N
structures, their elastic stiffness constants are calculated by
using the finite strain techniques in the CASTEP package. Be-
cause the criteria of the mechanical stability for the struc-
tures with three kinds of symmetries mentioned above are
different, here we give only an example for the orthorhombic
struc-A with the lowest total energy. For an orthorhombic
crystal, there are nine independent elastic stiffness constants
(C115€22,€33,Ca4,C55,Ce6-C12,C13,Ca3), and the mechanical re-
strictions of the elastic stiffness constants are’

(c11+cn—=2c15) >0,
(Cll +C33—2C13) > O,

(cp+c33=2¢23) >0,
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FIG. 4. Calculated band structure of struc-A.

C1 >O, C22>0, C33>O, C44>O,

C55> 0, C66> 0,

(C]] +C22+C33+2C12+2C13+2C23) >0.

The calculated elastic stiffness constants of struc-A are cy;
=643 GPa, ¢,,=835 GPa, c33=734 GPa, c44=260 GPa, cs;s
=220 GPa, =251 GPa, ¢,=97 GPa, c3=105 GPa, and
c23=75 GPa. Obviously, the calculated elastic stiffness con-
stants satisfy all of the above mechanical stability conditions,
indicating that struc-A is stable mechanically.

In Fig. 3, we plot the electronic density of states of the 11
hypothetical bc6-BC,N structures, as well as those of the
bc6-C and the bc6-BN. From the total density of states, it
seems that struc-E, struc-F, struc-H, and struc-I should be
metallic, while the other structures should be semiconduc-
tive. The calculated energy gaps of struc-A, struc-B, struc-C,
struc-D, struc-G, struc-J, and struc-K are 0.60 eV, 0.72 eV,
0.83 eV, 0.93 eV, 0.26 eV, 0.40 eV, and 0.79 eV, respec-
tively. Obviously, the energy gaps of these seven structures
are much less than the gap (2.52 eV) of the hypothetical
bce6-C or the gap (4.42 eV) of the hypothetical bc6-BN. For
zinc-blende and wurtzite structures, similar results were also
reported,'>!¢ ie., the energy gaps of the ZB-BC,N or
WZ-BC,N phases are smaller than that of diamond or lons-
daleite. The calculated band structure of struc-A is shown in
Fig. 4. Struc-A with band gap of 0.60 eV is an indirect semi-
conductor such as bc6-C, bc6-BN, diamond, and ¢c-BN. The
top of its valence band is at the I" point, while the bottom of
its conduction band is at the X point.

As shown in Table I, struc-A and struc-B have the largest
density (2.890 g/cm?) among the 11 bc6-BC,N structures,
being lower than not only those of bc6-C (2.956 g/cm?) and
bc6-BN (2.900 g/cm?) but also sp*-bonded ZB-BC,N,"
WZ-BC,N, !¢ chalcopyrite BC,N,!” and experimentally syn-
thesized ¢-BC,N.” Because the bulk modulus of a crystal is
dependent roughly on its density, struc-A and struc-B exhibit
high bulk moduli of 305 and 309 GPa, respectively. From
the data of bulk moduli for struc-A and struc-B, they should
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FIG. 5. (Color online) Calculated enthalpy differences as a func-
tion of pressure for the relatively stable struc-A among bc6 BC,N
structures, struc-F among hexagonal BC,N structures from Ref. 31,
and struc-1 (struc-2) among ZB BC,N structures from Ref. 13. The
enthalpy of hexagonal struc-F is selected as the reference.

belong to superhard materials. We also estimate their Vickers
hardness. As shown in Table II, there are three types of C-C
bonds, three types of B-N bonds, two types of C-N bonds,
and two types of B-C bonds in struc-A and struc-B, which
indicates that struc-A and struc-B belong to complex crys-
tals. From the point of view of chemical bonding, the chemi-
cal bonds in the two structures are composed of main cova-
lent component and partial ionic component, and no metallic
component. Therefore, our microscopic model of
hardness'?° is valid for the hardness estimation of struc-A
and struc-B. Their Vickers hardness can be calculated as fol-
lows:

1-C1 1-N1 2-C2 3-C3yB1-N1 2-N2
Hy=[Hy"C 1y N H ) HGCHY N HY
B2-N2 B1-Cl1 y;B2-C2 1;B3-N3
X(HV )ZHV HV HV ]]/12’

where HX Y =350(N*)23¢-11917 @™ ig the hardness of
hypothetical binary compound composed of X—Y bond. Nf’y
is the valence electron densities of the hypothetical com-
pounds composed of X—Y bond. According to our general-
ized ionicity scale,” the Phillips ionicity X * of X—Y bond
can be calculated as £ =(f )07 =[1-exp(-|P,
—PX¥)/PXN0735 ) where 3 is the ionicity scale of the
X-Y bond based on bond overlap population, PX7Y is the
overlap population of the X—Y bond, and P, is the overlap
population of the bond in a pure covalent crystal containing
the same type of chemical bond. Here, we select a pure co-
valent crystal of bc6-C to determine P,.. Because the calcu-
lated overlap population of every C-C bond in the bc6-C
structure is 0.78, we use P.=0.78 for the chemical bonds in
the bc6-BC,N structures. The bond number 7;, bond length
d*, bond population P*Y, valence electron densities N,
ionicities ;" and £, and H}, * for each type of chemical
bond for struc-A and struc-B are listed in Table II. Based on
the calculated data, struc-A and struc-B have comparable
Vickers hardness with ¢c-BN, indicating that they are poten-
tial superhard materials. Because of the lower density and
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TABLE II. Bond parameters and the calculated Vickers hardness of hypothetical struc-A and struc-B.

X Hy
Bond type n (A) pXY N 7rr r Hyr (GPa)

Struc-A C1-C5 2 1.495 0.8 0.635 0.025 0.066 87.4 65
C4-N1 2 1.512 0.66 0.553 0.166 0.267 61.0
C2-C5 4 1.529 0.79 0.595 0.013 0.040 81.7
C2-C4 2 1.550 0.83 0.571 0.058 0.124 69.4
B3-N1 2 1.551 0.60 0.608 0.259 0.371 53.9
C5-N3 2 1.551 0.61 0.512 0.243 0.354 49.1
B1-N2 4 1.552 0.64 0.606 0.196 0.302 58.2
B1-Cl1 2 1.562 0.80 0.651 0.025 0.066 79.8
B3-C3 2 1.602 0.76 0.602 0.026 0.068 70.8
B1-N3 2 1.612 0.65 0.541 0.181 0.285 50.1

Struc-B C1-C5 2 1.524 0.81 0.600 0.036 0.088 78.2 64
C4-N1 2 1.495 0.66 0.573 0.166 0.267 64.3
C2-C5 4 1.535 0.79 0.588 0.013 0.040 80.3
C2-C4 2 1.535 0.82 0.588 0.048 0.107 74.2
B3-N1 2 1.568 0.6 0.588 0.259 0.371 51.3
C5-N3 2 1.514 0.61 0.551 0.243 0.354 54.7
B1-N2 4 1.558 0.64 0.600 0.196 0.302 57.3
B1-C1 2 1.600 0.85 0.606 0.079 0.155 64.3
B3-C3 2 1.616 0.79 0.588 0.013 0.040 70.5
B1-N3 2 1.566 0.62 0.591 0.227 0.337 53.7

bulk modulus, the theoretical Vickers hardness of struc-A
and struc-B is smaller than those of sp>-bonded ZB-BC,N,'*
WZ-BC;,N, !¢ and chalcopyrite BC,N.!”

At last, we calculated the enthalpy as a function of pres-
sure for struc-A, struc-F among the hexagonal BC,N struc-
tures from Ref. 31, and struc-1 and struc-2 among ZB BC,N
structures from Ref. 13. The enthalpy differences of bc6 and
ZB BC,)N structures relative to hexagonal BC,N structure
are shown in Fig. 5. In the hydrostatic pressure range of
0-200 GPa, our first-principles calculation results show that
struc-A cannot be directly synthesized from the hexagonal or
ZB BC,N phases due to the existence of the larger energy
barrier. This result is quite similar to the reported results of
bc6-C, in which the bc6-C phase could not be obtained di-
rectly from graphite or diamond under the hydrostatic
pressure.'® Under extreme nonequilibrium conditions such as
the condition of ultrahigh pressure and ultrahigh temperature
obtained in very short time, however, the formation of meta-
stable bc6-BC,N phase becomes possible because the long-
distance diffusions of B, C, and N atoms required for the
formation of stable BC,N phase are impossible.

V. CONCLUSIONS

Using first-principles pseudopotential density functional
method, we have investigated the structural, electronic, and
mechanical properties of the 11 possible atomic arrange-
ments for the bc6-BC,N deduced from the recently predicted
body-centered carbon. Our calculation results show that the
bc6-BC,N phases are the low density phases in the investi-
gated sp*-bonded BC,N. Struc-A and struc-B with the maxi-
mum numbers of C-C bond and B-N bond have the lowest
total energy in the considered 11 bc6-BC,N structures. Their
bulk moduli are 305 and 309 GPa, respectively, close to the
experimental value of the synthesized c-BC,N. The theoret-
ical Vickers hardness over 60 GPa indicates that bc6-BC,N
is one potential superhard material comparable to c-BN.
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