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First-principles calculations are performed and analyzed to identify different cubic phases of BC2N synthe-
sized experimentally. With a proper choice of the supercell, cutoff energy, and sampling k points, the cubic
phases are found to be stable theoretically. The bulk modulus from elastic stiffness constants for each of the
phases is in excellent agreement with available experimental data. All the phases are defect-free and do not
possess any B–B or N–N bond. Two high-density phases with nearly degenerate energies are interpreted to
represent two experimental systems of different x-ray patterns. The high-density phases are characterized by
the existence of C–C bonds, whereas the low-density phase is characterized by the absence of C–C bonds.
From the calculated equation of state and the available experimental data, we show that the unique feature of
each of the cubic BC2N phases is a direct result of the corresponding local electronic structure and chemical
bonding in the system.
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The quest for a material with its hardness over that of
diamond has been pursued actively in recent years.1 While
diamond remains to be the material of choice in cutting and
polishing metals and other hard solids, its superiority runs
into resistance in cutting certain tough materials such as fer-
rous metals.2 Synthetic materials with a comparable hard-
ness, such as cubic boron nitride �c-BN�, are potential can-
didates to palliate this limitation. Various c-BN structures
have been studied extensively both experimentally3–11 and
theoretically.12–19 The closely related BC2N ternaries have
also been synthesized and characterized by several groups
using high-pressure and high-temperature techniques;20–26 it
is found that different experimental conditions, such as tem-
perature, pressure, or starting material, can render a different
final structure. A detailed study of the interplay between tem-
perature and pressure during experimental processes has
been carried out by Nakano et al.22 with various starting
materials.

High-density cubic �c-� BC2N structures have been syn-
thesized by Utsumi et al.24 and Zhao et al.,25 and the re-
ported lattice parameters in both cases obey Vegard’s law for
solid solutions. A convergent picture of these experimentally
found structures has emerged after many theoretical efforts,
as exemplified by the work of Sun et al.15

With different pressure �18 GPa�, temperature �2200 K�,
and starting material �graphitic BC2N�, Solozhenko et al.26

have obtained a quite different cubic structure that has a
much lower density. The lattice constant and bulk modulus
of this low-density c-BC2N are found to be about 3.642 Å
and 282 GPa, respectively, in contrast to those of the high-
density structures of about 3.60 Å and 345 GPa,24,25 respec-
tively. In spite of many experimental and theoretical efforts,

the underlying mechanism that leads to the property differ-
ence between the high-density and low-density c-BC2N
structures is still unclear; the gap between calculations and
experimental measurements of the bulk modulus for each of
c-BC2N phases remains.

Our goal here is threefold. First, we want to perform the
most accurate first-principles calculations of the electronic
structure for each of the c-BC2N phases, including chemical
bonding, lattice constant, and bulk modulus. Then we want
to provide an explanation to the distinctive features between
the high-density phases and the low-density phase found ex-
perimentally, especially the subtle difference in the two com-
peting high-density phases shown in the x-ray patterns. This
also includes attributing the absence of any C–C bond as the
cause of the enlarged lattice constant and lowered bulk
modulus in the low-density phase. Then we make a detailed
comparison between the calculated equation of state and the
available experimental measurements. Based on this com-
parative study, we propose the corresponding structure for
each of the phases.

The standard density-functional theory27 is used in carry-
ing out all the calculations presented here. The generalized
gradient approximation of Perdew et al.28 is adopted in the
construction of the exchange and correlation interaction. The
Troullier-Martins29 pseudopotentials of carbon, boron, and
nitrogen are used in the calculations. Convergence tests for
the pseudopotentials are carried out on diamond �c-C�,
c-BN, and c-BC2N in order to find a suitable choice of k
points and plane waves. For all the calculations reported
here, we have used a cutoff energy of 110 Ry, which results
in an energy convergence on the order of about 10−4 eV. A
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total of 64 atoms are included in each of the supercells.
These choices ensure accurate lattice constants for c-BC2N.
The k points are sampled in the Brillouin zone under the
Monkhorst-Pack30 grid of 2�2�2.

In Fig. 1 we show the most plausible theoretical structures
that we have found for c-BC2N at high density and low
density based on the first-principles calculations. All these
structures are defect-free and stable cubic lattices with pos-
sible deviations in lattice constants b and c less than 1%
from lattice constant a, and do not possess any B–B or N–N
bond. The structure given in Fig. 1�a� has widely been ac-
cepted as the high-density structure �HD1� for the high-
density phase of c-BC2N and contains only C–C, B–N, C–N,
and C–B chemical bonds.15 Later we will argue that HD1 is
the proper structure for the high-density phase synthesized
by Utsumi et al.24 The structure shown in Fig. 1�b� is another
plausible high-density structure �HD2� that is energetically
nearly degenerate with HD1 because of the similarity in
bonding characteristics, namely, with all the C–C, B–N,
C–N, and C–B bonds. Later we will argue that HD2 is the
proper structure for the high-density phase synthesized by
Zhao et al.25 The structure shown in Fig. 1�c� is our proposed
low-density �LD� structure for the low-density phase synthe-
sized by Solozhenko et al.26 Structure LD does not have any
C–C, B–B, or N–N bond.

The lattice constant, cohesive energy, and bulk modulus
of each of the three structures shown in Fig. 1 are summa-
rized in Table I. We have also listed experimental data from
Utsumi et al.24 and Zhao et al.,25 and theoretical calculations
of Sun et al.15 The lattice constant for each of the three
structures from Sun et al.15 is an average of the three sides of
the unit cell due to the orthorhombic distortion in the stable
structure found there. Our calculation of the lattice constants
are in excellent agreement with the experimental values and
consistent with the calculations of Sun et al. The calculated
structural properties such as lattice constants, cohesive ener-
gies, and bulk moduli for the two high-density phases �HD1
and HD2� are very close because of the similarity in their
chemical bonding characteristics. However, a close examina-
tion of the atomic arrangements in the two structures tells
that HD1 contains an embedded superstructure made of car-
bon and boron-nitride layers. Later we will argue that this is
the source of the weak �200� line in the x-ray pattern of the
lattice. HD1 and HD2 are more favorable energetically than
any other stable cubic structure of BC2N at a similar density.

The lattice constant for the �LD� phase is found in

excellent agreement with experiments. The cohesive energy
of each atom in LD is about 5% less than the corresponding
value in HD1 or HD2. Not only have we found a stable cubic
structure for the low-density phase, but the lattice constant
obtained here also shows an improvement over the corre-
sponding theoretical value obtained previously.15

The bulk modulus for each structure is extracted from the
elastic stiffness constants. Because we are working on cubic
lattices, the bulk modulus is given by B0= �C11+2C12� /3,
where Cij are elastic stiffness constants of the lattice.31 Pre-
vious density-functional calculations of the bulk modulus15,32

are about 16% higher than the corresponding experimental
value. This discrepancy usually comes from the wrong as-
sumption of a quadratic energy-volume curve or the Mur-
naghan equation of state.33 However, the energy-volume
curve for any c-BC2N phase is quadratic only if it is very
close to the minimum-energy point. The nonquadratic con-
tributions can amount up to 20%.34 This is the reason for us
to calculate the bulk modulus from the elastic stiffness con-
stants. The bulk modulus is slightly higher �about 9%� if the
local-density approximation is used instead of the general-
ized gradient approximation. For all the structures consid-
ered, the calculated bulk moduli are in excellent agreement
with the available experimental data. No experimental mea-
surement on bulk modulus is available for HD2, but the ac-
tual value should be very close to that of HD1 based on their
similarity in the chemical bonding characteristics. As shown
in Fig. 1�c�, no chemical bond is found between any identical
elements. This is the reason for a lower cohesive energy, an
enlarged lattice constant, and a lowered bulk modulus in the
low-density phase.

TABLE I. The calculated lattice constant a �Å�, cohesive energy
Ec �eV�, bulk modulus B0 �GPa�, and elastic stiffness constants Cij

�GPa� of c-BC2N are given for each of the three structures �HD1,
HD2, and LD� shown in Fig. 1. Available experimental data �given
in parentheses� and previous theoretical calculations of Sun et al.
are all shown for comparison.

HD1 HD2 LD

a 3.61 3.61 3.64

�3.595�a �3.595�b �3.642�c

3.583d 3.582d 3.601d

Ec 7.977 7.974 7.536

B0 342.4 344.7 289.6

�345�a �282�c

399.7d 400.1d 369.9d

C44 453.6 458.5 391.0

484.2d 493.0d 456.3d

�C11−C12� /2 374.8 389.2 375.8

352.4d 314.3d 366.3d

aReference 24.
bReference 25.
cReference 26.
dReference 15.

FIG. 1. �Color online� The cubic BC2N structures that we have
found to describe the relevant phases obtained experimentally: �a�
The high-density phase �HD1� with C-B-N layered superstructure,
�b� the high-density phase �HD2� without any C-B-N layers, and �c�
the low-density �LD� phase without any C–C bond. Black, red, and
blue symbols are for carbon, boron, and nitrogen, respectively.
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In Fig. 2, we show the calculated cohesive energy curves
of the three structures given in Fig. 1. Our calculations reveal
that C–C bonds in the high-density phases cause higher co-
hesive energies and bulk moduli than those in the low-
density phase. From the relation between the three cohesive
energy curves of HD1, HD2, and LD for formula c-BC2N
and those of diamond and c-BN, we can certainly see the
trend: The greater the resemblance to diamond and c-BN in
the local structure, the higher the cohesive energy, the shorter
the lattice constant, and larger the bulk modulus. This is
implied from Vegard’s law; for example, the cohesive en-
ergy, lattice constant, and bulk modulus of an ideally mixed
diamond and c-BN �the superlayered BC2N� are right be-
tween those of diamond and c-BN. All the other BC2N struc-
tures are then expected to be ternaries �HD1, HD2, and LD
shown in Fig. 1, for example� and have smaller cohesive
energies, larger lattice constants, and lower bulk moduli. All
the BC2N phases can also be studied at ambient pressure, as
is given elsewhere.18,35

In Fig. 3, we show the calculated volume compression
compared with available experimental data. The volume-
pressure relations found for the high-density phases �HD1
and HD2� are in excellent agreement with the experimental
measurement of Utsumi et al.24 The volume-pressure relation
found for the �LD� phase is also in excellent agreement with
the experimental measurement of Solozhenko et al.26 This
nearly perfect agreement between theory and experiment is
remarkable because no adjustable parameters are ever intro-
duced in our calculations. It is the strongest support to our
proposed structural descriptions of the high-density phases
and low-density phase shown in Fig. 1. One issue still re-
mains though in distinguishing the two seemingly similar
high-density structures. Our calculations provide quantitative
descriptions of the different phases of formula c-BC2N. Fur-
thermore, we have obtained a clear picture on the long-
sought description of the low-density phase of c-BC2N syn-
thesized by Solozhenko et al.;26 the absence of C–C bonds is
the most fundamental physics involved in the phase.

The calculated electronic density of states for each of the
three structures shown in Fig. 1 indicates that each of them is
a semiconductor. This is consistent with experimental
observations;25,26,36 the crystals appear to be transparent or
possess an energy gap.

To see the difference between HD1 and HD2 structures,
we need to take a close look of the atomic arrangement in
them. Even though the bonding characteristics in both are
similar, with C–C, C–N, C–B, and B–N bonds, there are
carbon and boron-nitride layers embedded in HD1 which are
a half of the lattice constant apart. Then a �200� peak is
expected to show up in the x-ray diffraction pattern of HD1,
as was observed by Zhao et al.25 and Komatzu et al.23 The
�200� peak was originally interpreted as a signature of a su-
perstructure of carbon and BN layers within the crystal.25

However, it is not a surprise that no �200� peak appears in the
x-ray diffraction pattern of HD2 because of the absence of
layers; this is consistent with the high-density phase of Ut-
sumi et al.24 This is why we believe that HD1 represents the
high-density phase synthesized by Utsumi et al.,24 while
HD2 represents the high-density phase synthesized by Zhao
et al.25 Of course, the �200� peak is not expected for the
low-density phase because of the lack of such a superstruc-
ture there; this is consistent with what was found by Soloz-
henko et al.26

In summary, we have resolved a long-standing problem in
identifying the proper structures for the c-BC2N phases.
Among many attempts in searching for a proper description
of the low-density c-BC2N phase, N–N bonds were
introduced15 to tune the lattice constant and bulk modulus to
meet the experimental values. Our calculations indicate that
the absence of C–C bonds in the proposed structure for the
low-density phase weakens the bonding strength signifi-
cantly. This causes enlarged lattice constant and lowered
bulk modulus in the phase. Here, we have provided an accu-
rate description of structural and energetic properties of
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FIG. 2. �Color online� Cohesive energy curves for the three
structures �HD1, HD2, and LD� shown in Fig. 1. The corresponding
curves of diamond �c-C� and c-BN are also shown for comparison.
The difference between HD1 and HD2 structures is enlarged in the
inset.
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FIG. 3. �Color online� Equations of state for the three c-BC2N
structures shown in Fig. 1: �a� calculated volume-pressure relations
for HD1, HD2, and LD together with those of diamond �c-C�
and cubic BN for comparison; �b� the volume ratio V /V0, with V0

being the corresponding volume at zero pressure, for the two high-
density phases; and �c� the volume ratio V /V0 for the low-density
phase.
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c-BC2N phases. Careful analysis of the calculated results
also offers important insights into the mechanism of the
structural stability and transformation if pressure is applied
to these phases.
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