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Using first-principles total-energy and dynamic phonon calculations, we study the structural transformation
to and stability of cubic BC2N phases under pressure. We show that different starting material forms lead to
distinct synthesis routes, yielding end products with drastically different physical properties. While a high-
density phase with no B-B or N-N bonding shows remarkable structural stability at high pressure, a lower-
density phase containing a broken covalent N-N bond displays dramatic pressure-induced collapse of bond
length and a transition from a semimetal to a semiconductor, first with an indirect band gap and then a direct
gap. The present work clarifies a puzzling experimental situation in BC2N synthesis and characterization and
provides a coherent picture for their interesting properties.
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The human quest for materials with superior mechanical
strength or hardness has a long history that predates civiliza-
tion. The crown jewel of this quest is the discovery of dia-
mond “synthesized” in natural high-temperature and high-
pressure environment deep in the Earth’s mantle. To obtain
materials with properties comparable to or even exceeding
those of diamond in a more controlled way, extensive efforts
have been made in the last half century to synthesize
strongly covalent, light-element compounds in a laboratory
setting for both scientific and industrial applications, with
some notable successes such as synthetic diamond and cubic
boron nitride(c-BN). In recent years, new ternary BCN com-
pounds have attracted considerable interest due to their out-
standing performance properties, such as high melting tem-
perature, large bulk and shear moduli, and high thermal
coefficients. In particular, cubic BC2N phases have received
special attention since they are most frequently prepared in
experiments and display a wide range of diverse results on
structural forms and properties.1–3 It has been suggested4 that
this diversity may result from the fact that these compounds
belong to different metastable structures of the material. The
most intriguing and controversial result is the observation
that cubic BC2N compounds prepared using different starting
material forms seem to have very different structural charac-
teristics. Knittleet al.1 started from either microcrystalline
BCN or a mechanical mixture of graphite and graphitic bo-
ron nitride and applied high static pressure of 30 GPa and
laser heating. The resultant BC2N has a bulk modulus of 355
GPa and a lattice constant 0.3% larger than that predicted
based on an ideal mixing of diamond andc-BN. These re-
sults are confirmed by a more recent experiment2 that em-
ployed similar synthesis conditions using ball-milled graph-
ite and hexagonal boron nitride as the starting materials. On
the other hand, Solozhenkoet al. reported3 synthesis of cubic
BC2N from a graphitic BC2N (g-BC2N) form under high
pressure(25 GPa) and laser heating. They obtained a lower-
density phase with a lattice constant 1.4% larger than that of
ideal mixing and a low bulk modulus(282 GPa). Previous
theoretical work4 examined the equilibrium structures of cu-
bic BC2N phases at zero pressure but did not offer any in-
sight into the pressure driven synthesis routes that can lead to

distinct cubic BC2N phases. There is also a general lack of
understanding for their structural transformations under high
pressure. From fundamental and practical considerations of
cubic BC2N as a new generation of superhard materials,2,3 a
systematic understanding of their high-pressure behavior is
of crucial importance.

In this paper, we report a detailed first principles study of
structural transformation toward cubic BC2N phases from
different starting material forms. We demonstrate that the use
of a mixture of graphite and hexagonal boron nitride or a
graphitic form of BC2N as starting material indeed leads to
distinct synthesis routes, yielding the two different cubic
phases observed in the experiments. Furthermore, we present
results of first principles calculations of structural and elec-
tronic properties up to 400 GPa and show that variations in
local bonding characters in these two cubic BC2N phases
result in dramatic differences in their physical properties.
Our results provide a comprehensive description for synthe-
sis and characterization of cubic BC2N at high pressure and
predict remarkable stability of the high-density phase and
dramatic pressure induced collapse of bond length and a
semimetal to semiconductor transition in the low-density
phase.

The total-energy calculations have been carried out
using the local-density-approximation(LDA ) pseudopoten-
tial scheme with a plane-wave basis set5–7 and a cutoff
energy of 80 Ry. The norm-conserving Troullier-Martins
pseudopotentials8 were used with cutoff radii of 1.3, 1.3, 1.5
a.u. for N, C, and B, respectively. The exchange-correlation
functional of Ceperley and Alder6 as parametrized by Perdew
and Zunger9 was used. The total energy of the structures is
minimized by relaxing the structural parameters using a
quasi-Newton method.10 Phonon modes of the crystal struc-
ture were calculated with the linear response theory11 using
the ABINIT code for the equilibrium structures obtained af-
ter the structural relaxation. This approach has been applied
to systems containing B, C, and N, including layered gra-
phitic structures, with good accuracies on structural param-
eters and phonon frequencies.4,12 In the present work, an
eight-atom zinc-blende-structured unit cell is used in the cal-
culations. Out of a total of 8! /s2! d24! =420 different con-
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figurations only seven are topologically different, due to the
high symmetry of the zinc-blende-structured lattice. These
seven structures at ambient conditions have been examined
in a previous work;4 they are taken as the starting point in the
present study to explore the rich phenomena in synthesis,
transformation and stability at high pressures.

Figure 1 shows the calculated enthalpies of the seven
cubic BC2N phases and three starting material forms, namely
a mixture of graphite and hexagonal boron nitride, and two
forms of graphitic BC2N. The atomic arrangements in
the a-b plane of the two graphitic BC2N are shown in the
figure. The g-BC2N-1 was predicted to have the lowest
energy among variousmonolayerstructural models.13 The
g-BC2N-2 is slightly different in that a pair of the nearest-
neighbor carbon and nitrogen atoms are switched in the unit
cell; it is chosen because it is linked through acontinuous
deformation path with no bond breaking(therefore, low en-
ergy barrier that can be overcome by reasonable synthesis
temperature) to cubic BC2N-5 which we assign as the ex-
perimentally obtained low-density cubic phase(see below).
In the present work, we have obtained the equilibrium struc-
tures of these graphitic phases by allowing full relaxation
both in thea-b plane and along thec axis. We have exam-
ined bothABAB… andABCABC… stacking sequences and
found that the calculated enthalpies for the two stacking op-
tions are practically indistinguishable. It should be pointed
out that whileg_BC2N-1 andg_BC2N-2 with ABCABC…
stacking can deformcontinuously into the zinc-blende
BC2N-1 and BC2N-5, respectively, those withABAB…
stacking will deform into the wurtzite BC2N-1 and BC2N-5
that are not studied here. From Fig. 1 it is seen that the two
most stable cubic phases at zero pressure, BC2N-1 and
BC2N-2, remain nearly degenerate and most stable among

all the cubic phases under high pressure. Starting from
g_C+h_BN, which corresponds to the experimental situa-
tions in the work of Knittleet al.1 and Zhaoet al.,2 one
would obtain BC2N-1 or BC2N-2 that contain no B-B or
N-N bonds. These two cubic phases have been shown4 to
have structural properties in good agreement with those re-
ported in the abovementioned experiments. Another possible
route to cubic BC2N-1 is starting fromg_BC2N-1 with
ABCABC… stacking sequence. According to the calculated
enthalpy shown in Fig. 1, the required synthesis pressure for
the g_BC2N-1 to cubic BC2N-1 transition is actually lower.
It should be emphasized thatboth of these routes will not
lead to the experimentally observed low-density phase of cu-
bic BC2N. On the other hand, if one starts fromg_BC2N-2,
the calculated enthalpies indicate a possible transition into
BC2N-7. However, our phonon calculations indicate that in
the experimental pressure range BC2N-7 develops imaginary
phonon modes and, therefore, is unstable.14 Consequently,
the enthalpy results in Fig. 1 point to a structural transforma-
tion from g_BC2N-2 to the cubic phase BC2N-5 around 24
GPa, in good agreement with the experiment.3

To further distinguish BC2N-1 and BC2N-5 and support
the assignment of the latter as the experimentally obtained
low-density phase, we have calculated their phonon disper-
sions and extracted the acoustic sound velocities. Figure 2
shows the calculated acoustic phonon bands along the[111]
and f111g directions in the Brillouin zone. We also per-
formed calculations along several other directions and found
that the results for BC2N-1 are insensitive to the choice of
the q-vector direction, consistent with its isotropic bonding
structure. However, the results for BC2N-5 are sensitive to
this choice, with values along thef111g direction signifi-
cantly lower than those in the[111] direction. This is caused
by the orientational anisotropy of the broken covalent N-N
bond in this phase.4 The average calculated longitudinalsVLd
and transversesVTd velocities are 17.14 and 10.52 km/s, re-
spectively, for BC2N-1, and14.36 and 8.33 km/s, respec-
tively, for BC2N-5. Themuch larger values for BC2N-1 are
consistent with its higher density and elastic constants, and
clearly set it apart from BC2N-5. The calculated sound ve-
locities of BC2N-5 are in good agreement with the values of
VL=13.09±0.22 andVT=8.41±0.14 km/s obtained in a re-
cent Brillouin scattering experiment15 using the same sample
as in Solozhenkoet al.’s original experiment. These dynamic
phonon results that probe the overall elastic properties of the
structure, combined with the previous static data on density
(lattice constant) and bulk modulus,4 strongly support the
identification of BC2N-5 as the structure of the sample used
in those experiments3,15 and demonstrate the crucial role
played by the broken covalent N-N bond in determining its
structural characteristics.16 It also suggests thatg-BC2N-2 is
likely the starting graphitic BC2N form or an intermediate
structure along the synthesis route. It should be pointed out
that although ourk-vector directional sampling is limited,
our calculations(some not shown here) could not find either
longitudinal or transverse sound velocities as low as
those reported in the experiment15 in c-BC2N-1 through
c-BC2N-4. This strongly suggests that the measured results
reflect the structural character of the broken N-N bonds in
c-BC2N-5 (andc-BC2N-6 which has higher enthalpy).

FIG. 1. (Color online) The calculated enthalpies for seven cubic
BC2N phases(see Fig. 1 of Ref. 4 for structural details) as well as
three different starting material forms: a mixture of graphite and
hexagonal BN(g_C+h_BN), and two forms of graphitic BC2N
(g_BC2N-1 and g_BC2N-2; the atomic arrangements in thea-b
plane in the unit cells of these two structures are shown in the lower
right part of the figure). The enthalpy of the most stable cubic
BC2N sBC2N-1d is chosen as the reference and set to zero on the
horizontal scale. It is practically indistinguishable from that of
BC2N-2.
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We now turn to a close examination of bonding and elec-
tronic properties of these BC2N phases at high pressure. Fig-
ure 3 shows the calculated band gap and average bond
lengths as a function of pressure for BC2N-1 and BC2N-5. It
is seen that the changes in bond lengths of BC2N-1 are slow
and smooth with increasing pressure, resulting in a gradual
enhancement of the direct band gap. In contrast, the changes
in bond lengths of BC2N-5 with increasing pressure are
much faster in the lower pressure range(up to 45 GPa) due
to its lower density and bulk modulus with a dramatic 14%
collapse in the N-N bond(with a corresponding 2% collapse
in total volume) at 44–45 GPa. After this structural transfor-
mation, BC2N-5 has a fully restored covalent N-N bond and
a density close to that of BC2N-1. A transition from a semi-
metal to a semiconductor with an indirect band gap occurs at
40 GPa; the bond length collapse then induces a big jump in

the size of the gap and a transition from indirect gap to direct
gap. The general trend of the band gap enhancement with
increasing pressure is understood as the result of closer
atomic positions and resulting stronger repulsive interac-
tions; the transition from indirect-gap to direct-gap semicon-
ductor in BC2N-5 is due to the restoration of the high sym-
metry of the structure at high pressure and a change in the
topology of the local bonding character, namely from thesp2

bonding associated with the originally broken N-N bond to
sp3 bonding in the compressed high-symmetry structure. The
LDA is known to underestimate band gap and, therefore,
may lead to an overestimate of the pressure for the semimetal
to semiconductor transition. A careful analysis of the band
structures of BC2N-5 indicates that the assignment of the
semimetallic state is probably valid up to about 30 GPa.17

Moreover, the physical processes and mechanisms discussed

FIG. 2. The calculated phonon dispersion for
BC2N-1 and BC2N-5 along the[111] and f111g
directions with the transverse(V1 and V2) and
longitudinal(V3) velocities indicated. The results
for BC2N-1 are nearlyq-independent and the two
transverse branches are practically degenerate. In
contrast, results for BC2N-5 areq-dependent and
the two transverse branches along the[111] direc-
tion split due to the orientational anisotropy of
the broken N-N bond.

FIG. 3. The calculated band gap and average
bond lengths of BC2N-1 and BC2N-5 as a func-
tion of pressure.
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above should not be altered by any moderate quantitative
correction of the transition pressure.

Finally, we examine the stability of cubic BC2N at very
high pressures and explore possible structural transforma-
tions in these ternary zinc-blende-structured covalent materi-
als. Common candidates for high-pressure phases in corre-
sponding binary systems include NaCl, CsCl, and binary
analog ofb-Sn phases.18 Here we examine ternary analog of
these phases. Figure 4 shows the calculated energy versus
volume results for cubic BC2N phases of interest, together
with those for ternary analog of face-centered-cubic(fcc),
body-centered-cubic(bcc), and NaCl structures of BC2N. It
is seen that both BC2N-1 and BC2N-5 are stable up to the
highest pressure calculated(400 GPa), with no sign of a

phase transition to each other or to other phases. We also
have conducted a careful search for stable BC2N phases with
Imma symmetry. The structures of four possible Imma
phases are shown in Fig. 4. Our calculations did not find any
stable BC2N structure with Imma symmetry. This extends to
a ternary system the previous conclusions for binary zinc-
blende-structured systems where extensive search for Imma
phases did not yield any stable structures.19

In summary, our first-principles total-energy and dynamic
phonon calculations reveal that different starting material
forms lead to diverging synthesis routes and distinct physical
properties for cubic BC2N. This may be a general phenom-
enon in the synthesis of covalently bonded materials with
complex compositional and structural characters. The present
calculations confirm and explain the experimentally ob-
served variation in structural forms of synthesized cubic
BC2N. It is predicted that the high-density BC2N phase will
exhibit superb stability to very high pressure and the low-
density phase will display a dramatic pressure-induced bond-
length(volume) collapse around 44–45 GPa and a concomi-
tant transition from a semimetal to a semiconductor, with an
initial indirect band gap turned into a direct band gap coin-
ciding with the bond length/volume collapse. These results
establish a comprehensive understanding for the synthesis
routes, structural transformation and stability, and interesting
physical properties of cubic BC2N at high pressure. The
present work shows that first-principles calculations can be
used, in close collaboration with experiments, to clarify how
various metastable structures with distinct properties might
be synthesized. This approach may be pursued effectively in
the study of novel materials in the future.
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