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A layered material, BC2N, has huge polymorphic structures which depend on the atomic arrangements. In
order to investigate the relation between the vibrational properties of monolayer BC2N systems and their
intralayer atomic arrangements, the lattice vibrations of various polymorphic structures are calculated based on
a generalized valence-force field model whose force constants have been determined fromab initio total energy
calculations. The obtained phonon density-of-states spectra, phonon dispersion relations, and vibrational modes
are presented and discussed in detail. As for BC2N systems with homogeneous atomic arrangements, their
vibrational modes with higher frequencies are sensitively influenced by local atomic arrangements, and give
different peak structures in the phonon spectra. In contrast, as for BC2N systems with patterns segregated into
graphitelike and hexagonal boron nitridelike regions, if each segregated domain contains more than dozens of
atoms, their phonon spectra can be described by a superposition of the spectra of graphite and hexagonal boron
nitride. The analysis of the lattice vibrations of BC2N has a possibility of leading to the determination of its
polymorphic structures.@S0163-1829~96!01421-X#

I. INTRODUCTION

Quite recently, interest has been growing in a B-C-N lay-
ered material family, and its several stoichiometric com-
pounds such as BCxN with x52, 3, and 5 have been synthe-
sized by means of the chemical vapor deposition method.1,2

These materials have graphitic structures in which some car-
bon atoms are substituted with boron and/or nitrogen atoms,
so that it is characteristic of B-C-N layered materials to show
the charge transfer between atoms in intralayers. As com-
pounds based on graphitic structures, graphite intercalation
compounds~GIC’s! are well known, and their characteristics
are attributed to a weak interlayer interaction of graphite de-
rived from nonbonding van der Waals interactions. There are
both donor-type and acceptor-type GIC’s, because of the in-
termediate value of electronegativity of carbon atoms. In
these GIC’s, the charge transfer occurs between intercalant
layers and graphite sheets, and the intercalation technique is
one of the methods to control the electronic properties of
layered materials. In contrast to GIC’s, B-C-N layered mate-
rials show the charge transfer in intralayers, and therefore
can be expected to open a new possibility of controlling
electronic properties.

In the B-C-N family, BC3 and BC2N are well studied
experimentally,1,2 and several theoretical investigations of
BC2N respecting the equilibrium structures,3,4 the electronic
properties,3,5 and the vibrational properties6,7 have been re-
ported recently. This material, BC2N, has huge polymorphic
structures which depend on the atomic arrangements. How-
ever, their detailed crystal structures, even their lattice con-
stants, have not yet been determined experimentally, because
of the difficulty of synthesizing high quality crystals. The
relation between the structural stability of BC2N and its
atomic arrangements has been comprehensively investigated
based on a semiclassical method, and it is expected that the
stable structure of BC2N is such that as many C-C and B-N
bonds as possible are formed.4 It has also been theoretically
suggested that the electronic properties of this material sen-

sitively change depending on local atomic arrangements in
intralayers.3,5

It is the purpose of the present paper to investigate the
relation between the lattice vibrations and the intralayer
atomic arrangements of BC2N. As polymorphic structures of
BC2N, both small-sized and large-sized unit cell models are
taken into account. Their phonon density-of-states~DOS!
spectra, phonon dispersion relations, and vibrational modes
have been calculated and analyzed in detail. In this study, a
generalized valence-force field model is adopted as the inter-
atomic potential of BC2N, and its force constants have been
determined fromab initio total energy calculations.

This paper is organized as follows. In the next section,
structural models of BC2N are presented, and, in Sec. III, the
interatomic potential of this material and its potential param-
eters are described. In Sec. IV, the calculated vibrational
properties of BC2N are reported in detail. The obtained nu-
merical results for the small-sized and the large-sized unit
cell models are discussed, and they are also compared with
the lattice vibrations of graphite and hexagonal boron nitride
~h-BN!. Finally, a short summary is given in Sec. V.

II. STRUCTURAL MODELS

Before discussing the vibrational properties of BC2N, let
us briefly summarize its structural properties which have
been described in detail in elsewhere.4 In that study, the
structural stability of BC2N depending on the atomic ar-
rangements has been investigated from the viewpoint of a
simple bond energy accounting. Only a monolayered model
has been considered there, because interlayer interactions of
BC2N originating from nonbonding van der Waals interac-
tions are expected to be weaker than covalent intralayer in-
teractions. In layered materials, their various properties such
as lattice vibrations are primarily influenced by atomic ar-
rangements in intralayers, and thus the monolayered struc-
tural model is also adopted in this study.

Five typical polymorphic structures of BC2N are shown in
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Fig. 1. These structures have four or eight constituent atoms
in their unit cells, and show relatively well-mixed arrange-
ments of the three elements: B, C, and N. In such ‘‘homo-
geneous’’ BC2N systems, their honeycomb lattices are con-
stituted of different combinations of chemical bonds: C-C,

B-N, B-C, C-N, B-B, and N-N. The structural characteristics
of the five models in Fig. 1 are as follows: model I has the
highest symmetry among all polymorphic structures of
BC2N, models II–IV have quasi-one-dimensional structures
composed by parallel zigzag chains, and model V has an
almost random atomic arrangement.

It is possible to roughly estimate the cohesive energies of
BC2N systems based on the chemical bond energies. By us-
ing this semiclassical method, it has been found that model
II, which has parallel zigzag -C-C- and -B-N- chains, is the
most stable structure among all homogeneous BC2N sys-
tems, because this model has the most C-C and B-N bonds
whose bond energies are larger than those of the other
chemical bonds. This result, which is also supported byab
initio calculations,3,8 implies that the stable structure of
BC2N is such that the number of both C-C and B-N bonds is
increased, which means there is a possibility of the existence
of BC2N systems with phase separations into graphitelike
andh-BN-like regions.

As such ‘‘segregated’’ BC2N systems, there are two pos-
sible segregated patterns: the striped and the island ones
given in Figs. 2 and 3. In the case of the island patterns, each
segregated domain in Figs. 2~b! and 3~b! contains 96 and 24
atoms, respectively. Based on the semiclassical method, the
following results have been obtained: with increasing the
size of segregated domains, the cohesive energies per atom
become large, because of the increase in the number of C-C
and B-N bonds. In the segregated systems, B-C and C-N
bonds which have smaller bond energies than C-C and B-N
bonds are located only in the boundaries between the two
kinds of phases. If the size of segregated patterns is relatively
small, the striped pattern is more stable than the island one,

FIG. 1. Crystal structures of BC2N with homogeneous atomic
arrangements, where open and closed circles indicate B and N at-
oms, respectively, and C atom is located at each vertex point.
Dashed lines show unit cells containing 4 or 8 constituent atoms.

FIG. 2. Crystal structures of BC2N with largely segregated pat-
terns: the striped~a! and the island~b! patterns whose unit cells
contain 192 atoms.

FIG. 3. Crystal structures of BC2N with segregated patterns: the
striped ~a! and the island~b! patterns whose unit cells contain 48
atoms.

14 162 53HANAE NOZAKI AND SATOSHI ITOH



because these two patterns show a large difference in the
number of B-C and C-N bonds. However, when the size of
segregated patterns is large enough, the difference between
the cohesive energies of the two patterns becomes negligibly
small. As mentioned above, the most stable structure among
the homogeneous BC2N systems is model II given in Fig. 1,
and this structure corresponds to the striped pattern with the
narrowest width.

In this study, the lattice vibrations of both the homoge-
neous and the segregated BC2N systems are calculated. By
comparing those numerical results, the influence of intralayer
atomic arrangements upon the vibrational properties of
BC2N will be discussed in Sec. IV.

III. INTERATOMIC POTENTIAL

The use of empirical models is required in the present
calculation for BC2N, because it is difficult to treat large-
sized systems, such as the above-mentioned segregated sys-
tems, by usingab initio calculations. Since the interatomic
interaction in intralayers of BC2N mainly originates from the
covalent bonds, it is reasonable to adopt a generalized
valence-force field model. In this model, the total potential
energy is given by the following expression:
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where the four terms correspond to bond stretching, second
bond stretching, bond bending, and torsion energies.

The potential parameters of the first three terms in Eq.~1!,
the force constantsKr (1)

, Kr (2)
, andKu and the equilibrium

bond lengthsr̄ (1) andr̄ (2), are determined fromab initio total
energy calculations based on the Hartree-Fock method. Since
four kinds of chemical bonds~C-C, B-N, B-C, and C-N!
exist in the crystal structures shown in Figs. 1–3, theseab
initio calculations have been carried out for monolayer
graphite,h-BN, h-BC, andh-CN, where the last two mate-
rials have not been obtained experimentally. The charge
transfer between B, C, and N atoms occurs in the last three
materials:h-BN, h-BC, andh-CN. This effect is reflected in
the potential parameters of Eq.~1!, because the charge dis-
tribution has been determined self-consistently in the elec-
tronic calculations. Thus, as the first approximation, it could
be considered that the present generalized valence-force field
model takes into account some effect of the intralayer charge
transfer in BC2N systems.

In this study, our attention is focused on the lattice vibra-
tions whose vibrational vectors are parallel to layers, because
such vibrational modes are strongly influenced by the atomic
arrangements in intralayers. In Eq.~1!, the first three terms
contribute to the vibrational modes having in-plane displace-
ment vectors, but the last term giving torsion energy contrib-
utes only to the vibrational modes whose displacement vec-
tors are perpendicular to the planes. Therefore, the force

constantKf is determined so as to agree with the experimen-
tal dispersion curves of graphite whose vibrational modes
have out-of-plane displacement vectors. The obtained poten-
tial parameters are given in Table I. In the calculations of
lattice vibrations, all crystal structures have been optimized
based on the present generalized valence-force field model.
And, it has been ascertained that model II is the most stable
among the five models I–V having the optimized crystal
structures.

In order to check the validity of Eq.~1! and its potential
parameters, the lattice vibrations of monolayer graphite and
h-BN have been calculated. The calculated phonon disper-
sion relation of monolayer graphite is shown in Fig. 4 to-
gether with the experimental dispersion curves.9,10 Because
of the weak interlayer interactions of graphite derived from
van der Waals interactions, there is no notable difference
between the dispersion relations calculated based on the
monolayered and the multilayered models, except for
branches with low frequencies of about 100 cm21 around the
G point which concern the acoustic modes in the monolay-
ered model. From Fig. 4, it has been found that the phonon
dispersion relation of monolayer graphite calculated by using
Eq. ~1! is in fairly good agreement with the experimental
ones. The calculated phonon frequencies at theG point are
886 and 1563 cm21, where the former is assigned toB1g and
A2u modes and the latter is assigned toE2g andE1u modes
for three-dimensional crystal graphite~the space group is
D 6h

4 !. Their experimental data by means of Raman scattering
or infrared~IR! absorption are 868 cm21 (A2u), 1581 cm21

(E2g), and 1587 cm21 (E1u).
11,12 The space group ofh-BN

is alsoD 6h
4 , and its irreducible representations at theG point

are the same as those of graphite. The calculated phonon
frequencies of monolayerh-BN at theG point are 812 and
1444 cm21, and they are also in good agreement with the
corresponding experimental data of 780 cm21 (A2u), 1366
cm21 (E2g), and 1390 cm21 (E1u).

13,14

TABLE I. Potential parameters of BC2N in the generalized
valence-force field model, where symbol X indicates any one of
three elements: B, C, and N.

Bond stretching Second bond stretching
Kr (1)
i j

r̄ (1)
i j Kr (2)

i j r̄ (2)
i j

i - j ~eV/Å2! ~Å! i -k- j ~eV/Å2! ~Å!

B-C 9.351 1.598 C-B-C 4.783 2.768
B-N 13.070 1.475 N-B-N 4.783 2.555
C-C 14.334 1.463 B-C-B 5.676 2.768
C-N 15.236 1.433 C-C-C 5.676 2.534

N-C-N 5.676 2.482
B-N-B 10.549 2.555
C-N-C 10.549 2.482

Bond bending Torsion

i - j -k
K u

i jk

~eV/rad2!
ū i jk

~rad! i - j -k- l
K f

i jkl

~eV!
f̄ i jkl

~rad!

X-B-X 3.591 2p/3 X-X-X-X 1.030 0 orp
X-C-X 7.716 2p/3
X-N-X 9.561 2p/3
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IV. LATTICE VIBRATIONS

In this section, the obtained numerical results for the vi-
brational properties of the homogeneous and the segregated
BC2N systems are presented. Since it has been found that
these two systems show quite different vibrational character-
istics, they are discussed in separate subsections.

A. Homogeneous systems

1. Phonon density-of-states spectra

The calculated phonon DOS spectra of the homogeneous
BC2N systems~models I–V! are shown in Fig. 5. These
phonon spectra have been calculated with 2401q points in
the whole Brillouin zone~BZ!, and each vibrational level has
been broadened with Gaussian functions of the full width at
half maximum of 33.3 cm21, where the two-dimensional BZ
is given in Fig. 6. Here, it should be noted that the BZ’s of

models II–IV differ from those of models I and V. As com-
pared with the two-dimensional 131 unit cell of monolayer
graphite orh-BN, models II–IV have 231 unit cells and
models I and V have 232 unit cells. As a result, the BZ’s of
models II–IV and models I and V have rectangular and hex-
agonal forms, respectively, as shown in Fig. 6. In order to
compare the phonon dispersion relations of models II–IV
with those of models I and V, 232 unit cells are also adopted
for models II–IV in this study, and the hexagonal BZ of the
232 unit cell is used for all five models in Fig. 1.

In Fig. 5, the five phonon DOS spectra show different
peak structures particularly in the higher energy region
above 900 cm21. According to the analysis of their partial
DOS’s, the phonon spectra in this energy region are contrib-
uted only from the vibrational modes with in-plane displace-
ment vectors. This means that the peak structures in the
higher energy region reflect the difference in the intralayer
atomic arrangements between models I–V. On the other
hand, the peak structures in the lower energy region have
little dependence on the polymorphic structures. We focus
our attention on lattice vibrations whose energies are more
than 900 cm21, hereafter.

Let us compare the lattice vibrations of the homogeneous
BC2N systems with those of graphite andh-BN, because
graphite andh-BN can be regarded as prototype crystal
structures of BC2N. The calculated phonon DOS spectra of
monolayer graphite andh-BN are shown in Fig. 7, together
with a superposition of them. In this superposed spectrum of
graphite andh-BN sheets, there are two peak structures in
the higher energy region above 900 cm21: one is a broad
peak centered at about 1200 cm21 and the other is a sharp
peak at 1600 cm21. Referring to the spectra of graphite and
h-BN sheets, in the energy region where the former broad
peak is located, a cancellation of the spectra of graphite and
h-BN sheets can be seen. And, the latter sharp peak is mainly
attributed to a graphitelike network, and its shoulder struc-
ture at 1680 cm21 is derived from ah-BN-like network. In
Fig. 7, the superposed spectrum shows a large difference in
the intensity between those broad and sharp peak structures.
Such two peak structures are also obtained in the phonon
spectra of the homogeneous BC2N systems given in Fig. 5:
they are centered at about 1200 and 1550 cm21, where a
peak of model I at about 950 cm21 is regarded as an addi-
tional peak. However, the difference in the intensity between

FIG. 4. The calculated phonon dispersion relation of monolayer
graphite, where solid and dashed lines show the vibrational modes
with in-plane and out-of-plane displacement vectors, respectively.
Closed and open circles indicate experimental data by means of
electron energy loss spectroscopy by Oshimaet al. ~Ref. 9! and
Wilkeset al. ~Ref. 10!, and the latter data are plotted along both the
G2M and theG2K directions, because of the use of highly ori-
ented pyrolitic graphite.

FIG. 5. The calculated phonon DOS spectra of the five homo-
geneous BC2N systems shown in Fig. 1.

FIG. 6. Two-dimensional hexagonal Brillouin zone of BC2N
systems with 232 unit cells, whereg1 andg2 indicate its reciprocal
lattice vectors. Dashed and chain lines show rectangular Brillouin
zone of 231 unit cells and hexagonal one of 131 unit cells, respec-
tively.
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these two peak structures is small in the case of the homo-
geneous BC2N. Moreover, the sharp peak at 1600 cm21 and
the shoulder structure at 1680 cm21, which appear in the
superposed spectrum of graphite andh-BN sheets, are not
shown in the spectra of the homogeneous BC2N. In Fig. 7,
both the sharp peak of graphite and the shoulder structure of
h-BN are derived from the LO mode. It has been found that
the dispersion of the LO mode is largely contributed from
the second bond stretching energy in Eq.~1! which well
reflects the network structures. Since graphitelike andh-BN-
like networks have disappeared in the homogeneous BC2N
systems, it is reasonable that the phonon spectra in Fig. 5
show neither such sharp peak nor shoulder structure in the
higher energy region. From the above-mentioned viewpoints,
it has been concluded that the lattice vibrations of the homo-
geneous BC2N systems cannot be explained by the superpo-
sition of the spectra of monolayer graphite andh-BN, and
that it is important to consider the contribution from B-C and
C-N bonds which does not occur in graphite andh-BN.

In Fig. 5, there are no remarkable differences between the
phonon DOS spectra of the homogeneous BC2N systems,
except for the peak of model I at about 950 cm21. However,
we have found that their partial DOS spectra for the three
elements~B, C, and N! show more obvious differences de-
pending on the atomic arrangements. In particular, models
I–V show characteristic peak structures in the partial DOS
spectra for B and N atoms. These calculated spectra are pre-
sented in Fig. 8. On the other hand, in the partial DOS spec-
tra for C atoms, the five models show peak structures which
are quite similar to their own total DOS spectra given in Fig.
5. In order to investigate the contribution from B-C and C-N
bonds to the lattice vibrations of BC2N systems, the phonon
spectra of monolayerh-BC andh-CN have also been calcu-
lated. As compared with the partial DOS spectra of mono-
layer graphite,h-BN, h-BC, andh-CN, the following have
been found. First, in the partial DOS spectra for B atoms
given in Fig. 8~a!, models II and III have characteristic peaks
at about 1600 and 1050 cm21, respectively. Referring to the
partial DOS spectra ofh-BN and h-BC sheets, the former
and the latter peaks are attributed to vibrations of B atoms in
h-BN sheet and inh-BC sheet, respectively. This is consis-
tent with the fact that model II has the most B-N bonds and

model III has the most B-C bonds among the homogeneous
BC2N systems. Secondly, in the partial DOS spectra for N
atoms given in Fig. 8~b!, the peak structures above 1400
cm21 of models I and III show higher intensity than the other
models. Making a comparison betweenh-BN and h-CN
sheets, vibrations of N atoms inh-CN sheet contribute more
to the phonon spectrum in the higher energy region than
those inh-BN sheet. Since models I and III involve more
C-N bonds than the other models, it is reasonable that, in the
partial DOS spectra for N atoms, models I and III show
higher intensity in the energy region above 1400 cm21.
Lastly, in a comparison between Figs. 8~a! and 8~b!, only
models II and V show higher intensity of the partial DOS
spectra for B atoms than those of N atoms in the energy
region above 1400 cm21. This is due to the fact that models
II and V have the most and the second most B-N bonds
among the five models, and vibrations of B atoms inh-BN
sheet become more dominant than those of N atoms in the
higher energy region.

In models II–V, there are two or four different types of C
atoms. We have calculated the partial DOS spectra for each
type of C atom, and found that these spectra depend on the
kind of surrounding atoms. The calculated partial DOS spec-
tra for four atom types@B, C~1!, C~2!, and N# of model II are
shown in Fig. 9, where C~1! presents one which bonds to
more B atoms than N atoms, and C~2! presents one which
bonds to more N atoms than B atoms. In this figure, the
spectra of C~1! and C~2! have the highest peak at about 1200

FIG. 7. The calculated phonon DOS spectra of monolayer
graphite~solid line! and monolayerh-BN ~dashed line!, together
with the superposition of them~dotted line!.

FIG. 8. The calculated partial DOS spectra of the homogeneous
BC2N systems given in Fig. 1:~a! for B atoms and~b! for N atoms.
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and 1600 cm21, respectively. These peaks are attributed to
the vibrations of C atoms inh-BC sheet and inh-CN sheet,
respectively, referring to the partial DOS spectra ofh-BC
andh-CN sheets. As for all spectra in Fig. 9, we have found
that their peak structures in the higher energy region are
qualitatively described by weighted superpositions of the
partial DOS spectra of monolayer graphite,h-BN, h-BC, and
h-CN, where weighted factors are determined so as to be
consistent with the number of chemical bonds~C-C, B-N,
B-C, and C-N! in model II. Models III and IV also have four
atom types: B, C~1!, C~2!, and N. It has been ascertained
that, if the weighted factors are changed so as to be consis-
tent with the number of chemical bonds in model III or IV,
their partial DOS spectra in the higher energy region are also
qualitatively described by the weighted superpositions.
These results imply that the vibrational properties of BC2N
systems in the energy region above about 1000 cm21 can be
understood from the viewpoint of the kind and the number of
chemical bonds, but are not strongly influenced by network
structures of these chemical bonds, which is consistent with
the fact that the bond stretching modes are more dominant
than the bond bending modes in the higher energy region.
However, it is difficult to explain the peak structures above
1600 cm21 by such simple weighted superpositions, because
they are contributed from the second bond stretching modes
which depend on the network structures.

2. Phonon dispersion relations

In Fig. 5, a large difference between the five phonon spec-
tra is caused by the peak structure of model I at about 950
cm21. To investigate the origin of this characteristic peak
structure, we have compared the lattice vibration of model I
with that of model II, because model II is the most stable
structure among the homogeneous BC2N systems. The cal-
culated phonon dispersion relations of models I and II are
shown in Fig. 10, where high symmetry points in the BZ are
defined in Fig. 6. As mentioned previously, the BZ of the
232 unit cell is also used for model II, so that the dispersion
relation of model II with the 231 unit cell shows double
degeneracies at theM 8 point in Fig. 10~b!. In Fig. 10~a!, the
dispersion relation of model I has a dispersiveless branch at
about 950 cm21 as compared with that of model II. This

dispersiveless branch causes the above-mentioned character-
istic peak structure of model I in Fig. 5.

The calculated phonon dispersion relations of models I
and II in Fig. 10 show roughly similar branches, in spite of
the existence of the dispersiveless branch of model I. We
have calculated the dispersion relations of the other models
in Fig. 1, and confirmed that every model has dispersion
curves similar to those of monolayer graphite, although de-
generacies are broken in BC2N systems by their structural
symmetries. This result represents that the main characteris-
tic of the dispersion relations of BC2N systems is attributed
to their honeycomb lattices, and the differences in atomic
arrangements do not exert an influence strong enough to
cause drastic changes in the dispersion curves, which is re-
flected in their total DOS spectra given in Fig. 5. The partial
DOS spectra in Fig. 8, however, show the characteristic peak
structures depending on the intralayer atomic arrangements
as mentioned in Sec. IV A 1. From this result, it is expected
that the vibrational modes of models I–V have different
atomic displacements, and this is discussed in the next sub-
section.

3. Vibrational modes

In order to analyze the vibrational modes of the homoge-
neous BC2N systems in more detail, some vibrational vectors
of models I and II at theG point are drawn in Fig. 11. In
monolayer BC2N systems, almost all of the vibrational
modes at theG point are both Raman active and IR active,

FIG. 9. The calculated partial DOS spectra of model II for the
individual atom types: B, C~1!, C~2!, and N. See text for details.

FIG. 10. The calculated phonon dispersion relations of the ho-
mogeneous BC2N systems:~a! for model I and~b! for model II,
where the Brillouin zone is given in Fig. 6.

14 166 53HANAE NOZAKI AND SATOSHI ITOH



because of their low structural symmetries. By considering
the folding of BZ’s, it is possible to relate the BZ’s of BC2N
systems withn3m unit cells to the BZ of monolayer graph-
ite with the 131 unit cell. In Fig. 11, all six vibrational
modes are related to the normal modes of monolayer graph-
ite at theM point, and the three of them drawn in the upper
row @Figs. 11~a!–11~c!# and the other three drawn in the
lower row @Figs. 11~d!–11~f!# are derived from the TA and
the LA modes, respectively. The calculated phonon frequen-
cies of these in-plane TA and LA modes of monolayer
graphite at theM point are 954 and 1192 cm21, respectively,
and they show almost the same atomic displacements as
those of model II given in Figs. 11~c! and 11~f!. This means,
in other words, that the normal modes of model II at theG
point have the vibrational vectors which correspond to
slightly modified ones of graphite. In Fig. 11~c!, parallel
-C-C- and -B-N- chains are shearing without changing the
form of their own zigzag chains, and in Fig. 11~f!, B-C and
C-N bonds connecting -C-C- and -B-N- chains are stretching
also without changing the form of the zigzag chains. In these
normal modes of model II, rotational symmetries which are
conserved in monolayer graphite~the point group isC6v!
have disappeared, because model II has the mirror symmetry
only. In contrast to these quasi-one-dimensional vibrational
modes of model II, model I has the vibrational modes in
which six-membered rings are mainly vibrating as follows:
in Figs. 11~a! and 11~b!, six-membered rings consisting of
four C atoms and two B or N atoms are twisting, and in Figs.
11~d! and 11~e!, the same six-membered rings are breathing.
In particular, Fig. 11~b! represents the normal mode at theG
point in the above-mentioned dispersiveless branch of model
I. Such twisting and breathing modes never appear in the
normal modes of model II at theG point, because the 231
unit cell of model II cannot include the whole six-membered
ring. The same situation is also seen in models III and IV,
and in this case -B-C- and -C-N- chains play the same role as
-C-C- and -B-N- chains in model II. Since the point group of
model I isC2v, the rotational symmetry is conserved in the
above-mentioned twisting and breathing modes. Like model
I, model V has also the 232 unit cell, and thus there are
some normal modes at theG point which correspond to the
twisting and the breathing modes. These normal modes of
model V, however, have no symmetry operations because of
its low structural symmetry. In Figs. 11~a!–11~c! which are

related to the TA mode of monolayer graphite, the bond
bending energy makes a larger contribution than the bond
stretching one. On the other hand, in Figs. 11~d!–11~f! which
are related to the LA mode of monolayer graphite, the bond
stretching energy becomes more dominant. As a result, the
vibrational modes given in Figs. 11~a!–11~c! have interme-
diate frequencies of about 900 cm21.

Although both Figs. 11~a! and 11~b! represent the twisting
modes, their calculated phonon frequencies~875 and 958
cm21! have a large difference of about 80 cm21, and a larger
difference is seen between Figs. 11~d! and 11~e! which rep-
resent the breathing modes~1171 and 1317 cm21!. Accord-
ing to Table I, the force constants relating to N atoms are
larger than those relating to B atoms, for all terms in Eq.~1!.
From this viewpoint, it is possible to qualitatively explain the
above-mentioned differences in the calculated phonon fre-
quencies of model I. First, in the twisting modes given in
Figs. 11~a! and 11~b!, bond angles whose center atoms com-
pose the twisting six-membered rings are bending, so that the
normal mode shown in Fig. 11~b!, in which the six-
membered rings containing N atoms are twisting, has higher
frequency than that in Fig. 11~a!. Secondly, in the breathing
modes given in Figs. 11~d! and 11~e!, bonds which connect
the breathing six-membered rings are stretching, so that the
normal mode shown in Fig. 11~e!, in which the six-
membered rings containing B atoms are breathing and these
rings are connected by B-N and C-N bonds, has higher fre-
quency than that in Fig. 11~d!. These indicate that there are
large splits between the vibrational modes of model I caused
by the difference between the force constants of B and N
atoms. In fact, the dispersiveless branch whose normal mode
at theG point is given in Fig. 11~b! arises in the dispersion
relation of model I. It has been ascertained that other
branches of this model also show such largely split modes.
As mentioned above, model V also has twistinglike and
breathinglike modes at theG point. This model, however, has
the almost random atomic arrangement, and thus there are no
characteristic six-membered rings and four different kinds of
rings per unit cell show similar force constants. As a result,
splits of the vibrational modes are small in model V, and its
phonon DOS spectrum does not have any distinct peaks as
compared with model I in Fig. 5.

The phonon dispersion relations of monolayer graphite
andh-BN have a double degeneracy at theG point as shown

FIG. 11. The obtained vibra-
tional modes of the homogeneous
BC2N systems at theG point: ~a!,
~b!, ~d!, and ~e! for model I, and
~c! and ~f! for model II. See text
for details.
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in Fig. 4. These degenerated modes in the monolayered
model relate to Raman-activeE2g mode and IR-activeE1u
mode in three-dimensional crystal graphite andh-BN. The
calculated frequencies of the degenerated modes of mono-
layer graphite andh-BN are 1563 and 1444 cm21, respec-
tively. In monolayer BC2N systems, these degenerated
modes split into two levels at theG point. The calculated
phonon frequencies of the split modes of models I–V are
listed in Table II. The split modes of these five models have
vibrational vectors similar to the degenerated modes of
graphite sheet. The vibrational vectors of model II are shown
in Fig. 12. Parallel -C-C- and -B-N- chains are stretching and
shearing in Figs. 12~a! and 12~b!, respectively, with chang-
ing the form of their own zigzag chains. Concerning the
other models in Fig. 1, -B-C-N-C- chains in model I and
-B-C- and -C-N- chains in models III and IV are similarly
stretching or shearing in their split modes. In models I–V
with the two-dimensional crystal structures, these stretching
and shearing modes are both Raman active and IR active,
except for the shearing mode of model I which is only Ra-
man active. In Fig. 12, the split between the two normal
modes of model II is caused by the existence of two kinds of
zigzag chains: -C-C- and -B-N-. From this argument, it can
be considered that the amount of the split in each model is
qualitatively determined by the difference in the force con-
stants between their two zigzag chains: First, in the split
modes of models III and IV, parallel -B-C- and -C-N- chains
are stretching or shearing like -C-C- and -B-N- chains in Fig.
12. According to Table I, the force constants for the bond
stretching energy have the largest difference between B-C
and C-N bonds~Kr (1)

BC andKr (1)
CN !. As a result, the calculated

phonon frequencies of models III and IV give the second
largest and the largest splits in Table II, respectively. Sec-
ondly, in the split modes of model II, -C-C- and -B-N- chains

are vibrating as shown in Fig. 12. Since the force constants
of C-C and B-N bonds~Kr (1)

CC andKr (1)
BN ! have close values,

the split of model II is smaller than that of models III and IV.
Lastly, in the split modes of model I, two equivalent -B-C-
N-C- chains are stretching or shearing like -C-C- and -B-N-
chains in Fig. 12, and thus model I shows the smallest split
in Table II. We have checked that dip structures at about
1430 cm21 in the total DOS spectra of models III and IV
given in Fig. 5 are related to their large splits. It is possible to
distinguish between the homogeneous BC2N systems by ana-
lyzing these split modes.

The Raman spectrum of BC2N has been observed quite
recently, and it has two peaks at about 1350 and 1530
cm21.15 Unfortunately, it is difficult to discuss the origin of
these peaks adequately, because of the lack of high crystal-
linity in the sample. As for model II which is regarded as the
most stable structure among the homogeneous BC2N, its
Raman-active modes in the higher energy region would be
separated into three groups by phonon frequency: their cal-
culated frequencies are about 1170, 1480, and 1640 cm21,
where the normal mode given in Fig. 11~f! and the two nor-
mal modes given in Fig. 12 belong to the first and the second
groups, respectively. There is a possibility that two of these
three groups have been observed in the above-mentioned Ra-
man scattering measurement, and in this case, one more peak
or shoulder structure would be observed in Raman spectra.
On the other hand, it seems that the present experimental
data imply the existence of domains segregated into graphi-
telike andh-BN-like regions, because the observed Raman
spectra of graphite andh-BN have peaks at 1581 and 1366
cm21, respectively.11,14 In order to investigate the contribu-
tion from such domains, the vibrational properties of the seg-
regated BC2N systems are presented in the next subsection.

B. Segregated systems

First, we calculated the lattice vibrations of the largely
segregated BC2N systems shown in Fig. 2 whose segregated
domains contain 96 atoms in the case of the island pattern.
The obtained phonon DOS spectra of the striped and the
island patterns are given in Fig. 13. These spectra have been
calculated with 97q points in the whole BZ for the 1238
unit cell, and each vibrational level has been broadened with
Gaussian functions of the full width at half maximum of 16.7
cm21. The superposition of the spectra of graphite andh-BN
sheets is also shown in Fig. 13. In this figure, the phonon
DOS spectra of the segregated BC2N systems are accurately
described by the superposed spectrum of graphite andh-BN
sheets. There is no meaningful difference between the spec-
tra of the striped and the island patterns, and both spectra
show the sharp peak at 1600 cm21 and the shoulder structure
at 1680 cm21, which are contributed by graphitelike and
h-BN-like networks, respectively, as mentioned in Sec.
IV A 1. From these results, it has been concluded that the
segregated BC2N systems given in Fig. 2 have already real-
ized a macroscopic phase separation into graphitelike and
h-BN-like regions from the viewpoint of the lattice vibration.

Next, in order to ascertain the influence of the segregated
domain size, we have investigated the lattice vibrations of
the segregated BC2N systems whose domain size is smaller
than that in Fig. 2. Their crystal structures are given in Fig.

FIG. 12. The obtained vibrational modes of model II at theG
point, ~a! for the stretching mode and~b! for the shearing mode.
These two modes correspond to the degenerated modes of graphite
at theG point. See text for details.

TABLE II. Calculated phonon frequencies at theG point of the
homogeneous BC2N systems. Symbolsvst andvsh show the fre-
quencies of the stretching and shearing modes, respectively.

Model

Phonon frequencies~cm21!

vst vsh vsh2vst

I 1475 1462 213
II 1463 1494 31
III 1384 1459 75
IV 1407 1474 67
V 1440 1482 42
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3, and each segregated domain contains 24 atoms in the is-
land pattern. The calculated phonon DOS spectra of these
segregated systems are shown in Fig. 14, together with the
superposed spectrum of graphite andh-BN sheets. In this
case, each DOS spectrum has been calculated with 601q
points in the whole BZ for the 634 unit cell. In Fig. 14, the
phonon spectra of the segregated systems are also in fairly
good agreement with the superposed spectrum, although
some peaks arise around 1200 cm21 as compared with Fig.
13. As mentioned later, these peaks are attributed to the vi-
brations of atoms which are located in the boundaries be-
tween domains. Considering additionally that model II in
Fig. 1 corresponds to the striped pattern with the narrowest
width and its phonon DOS spectrum given in Fig. 5 cannot
be explained by the superposed spectrum of graphite and
h-BN sheets any longer, it is expected that BC2N systems
whose segregated domains contain dozens of atoms have the

critical domain size between the homogeneous and the seg-
regated BC2N systems from the viewpoint of the lattice vi-
bration.

In order to investigate the contribution from B-C and C-N
bonds which are located in the boundaries between graphite-
like and h-BN-like regions, we have calculated the partial
DOS spectra for two types of atoms, which are positioned in
the center of domains and in the boundaries of domains.
Concerning both the segregated BC2N systems given in Figs.
2 and 3, the calculated partial DOS spectra for the atoms
located in the center of domains have almost the same peak
structures as their total DOS spectra~Figs. 13 and 14! in the
whole energy region. However, in the partial DOS spectra
for the atoms located in the boundaries, the intensity of the
sharp peak at 1600 cm21 decreases and the intensity of some
peaks around 1200 cm21 increases as compared with their
total DOS spectra. As a result, these partial DOS spectra
show peak structures which are quite similar to the total
DOS spectra of the homogeneous systems given in Fig. 5. In
order to determine whether or not segregated domains exist
in BC2N systems, it is available to compare the intensity of
these two peak structures at about 1200 and 1600 cm21 in
the total DOS spectra.

We have investigated the normal modes at theG point of
the striped pattern given in Fig. 3~a!. This result implies that
the vibrational modes of the segregated BC2N systems could
be roughly classified into three types: in vibrational modes
belonging to the first type, all atoms are vibrating indepen-
dently of the existence of graphitelike andh-BN-like re-
gions. On the other hand, in vibrational modes belonging to
the second and the third types, atoms in graphitelike region
and in h-BN-like region are mainly vibrating, respectively.
These three types of vibrational modes in the segregated sys-
tems are explained by the difference between the lattice vi-
brations of graphite andh-BN. The phonon dispersion rela-
tions of monolayer graphite andh-BN have similar
dispersion curves in the lower energy region. However, in
the higher energy region above 1200 cm21, the dispersion
curves of these two materials have different vibrational en-
ergies. It has been found that the vibrational modes belong-
ing to the first type are derived from those of graphite and
h-BN sheets with almost the same frequencies, and the vi-
brational modes belonging to the second and the third types
are derived from those of graphite andh-BN sheets which
have different frequencies. Thus the phonon DOS spectra of
the segregated BC2N systems can be described by the simple
superposition of the spectra of graphite andh-BN sheets.

V. CONCLUSIONS

In this paper, we have presented the calculated results for
the lattice vibrations of a layered material, BC2N, and inves-
tigated comprehensively the dependence of its vibrational
properties on the intralayer atomic arrangements. Since there
are huge polymorphic structures of BC2N, concerning vari-
ous structural models, their phonon DOS spectra, phonon
dispersion relations, and vibrational modes have been com-
pared and analyzed in detail. As the interatomic potential of
BC2N, the generalized valence-force field model is adopted
in this study, and its force constants are determined fromab
initio total energy calculations based on the Hartree-Fock
method.

FIG. 13. The calculated phonon DOS spectra of the segregated
BC2N systems given in Fig. 2. Solid and dashed lines show the
spectra of the striped and the island patterns, respectively, and dot-
ted line shows the superposed DOS spectrum of monolayer graphite
andh-BN.

FIG. 14. The calculated phonon DOS spectra of the segregated
BC2N systems given in Fig. 3. Solid and dashed lines show the
spectra of the striped and the island patterns, respectively, and dot-
ted line shows the superposed DOS spectrum of monolayer graphite
andh-BN.
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First, the vibrational properties of the homogeneous BC2N
systems have been investigated. In these homogeneous sys-
tems, the three elements~B, C, and N! are positioned with
the relatively well-mixed arrangements. It has been found
that, although the calculated total DOS spectra of models
I–V are roughly similar, their partial DOS spectra for the
individual atom types have different peak structures depend-
ing on the intralayer atomic arrangements. This fact reflects
that the vibrational modes of each structural model show
characteristic atomic displacements. In particular, model I
with the highest structural symmetry has the twisting and the
breathing modes at theG point in which six-membered rings
are mainly vibrating. As compared with these modes, models
II–IV have the quasi-one-dimensional vibrational modes at
theG point in which parallel zigzag chains are stretching or
shearing. Based on the numerical results in this study, the
lattice vibrations of the homogeneous BC2N systems would
be separated into three parts by vibrational energy: first, in
the lower energy region below about 900 cm21, the phonon
DOS spectra have little dependence on the intralayer atomic
arrangements, and all structural models show almost the
same peak structures. This is due to the fact that the phonon
spectra in this energy region are mainly attributed to the
vibrational modes with out-of-plane displacement vectors.
Next, in the intermediate energy region between about 900
and 1000 cm21, some vibrational modes such as the twisting
modes of model I become obvious, because the bond bend-
ing modes are dominant in this energy region as compared
with the bond stretching modes. Last, in the higher energy
region above 1000 cm21, the peak structures in the phonon
DOS spectra are qualitatively explained by weighted super-
positions of the spectra of monolayer graphite,h-BN, h-BC,
and h-CN. This suggests that the vibrational properties of
BC2N systems in the higher energy region are represented by
the kind and the number of chemical bonds, which is consis-
tent with the fact that vibrational modes in this energy region

are determined mainly by the bond stretching modes.
Secondly, the vibrational properties of the segregated

BC2N systems have been investigated. These systems show
the phase separation into graphitelike andh-BN-like regions.
There is expected to be such a phase separation in BC2N
systems from the viewpoint of the bond energy accounting.
In contrast to the homogeneous systems, the phonon DOS
spectra of the segregated systems can be described by the
superposition of the spectra of monolayer graphite and
h-BN. If segregated domains contain more than dozens of
atoms, their phonon DOS spectra have the same peak struc-
tures as those of the superposed spectrum in a whole energy
region. It is possible to distinguish between the homoge-
neous and the segregated BC2N systems based on their lat-
tice vibrations.

In this study, it has been found that the vibrational modes
of BC2N in the higher energy region are sensitively influ-
enced by the intralayer atomic arrangements. There is a con-
ceivable possibility of determining the polymorphic struc-
tures of this material by using experimental tools for the
vibrational properties. Synthesis of high quality samples of
BC2N is required, and, using such sample, it would be inter-
esting to ascertain which types of phonon spectra of BC2N
could be measured experimentally by Raman scattering, IR
absorption, and/or inelastic neutron scattering measurements.
This work is now in progress and will be reported in else-
where. Furthermore, the finite temperature effect is also in-
teresting from the viewpoint of the relation between the
structural stability and the lattice vibrations of BC2N sys-
tems, which is an open problem for a future study.
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