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We have determined the equilibrium geometry and electronic structure of the compound BC;
using the ab initio pseudopotential local orbital approach and the local-density functional formal-
ism. The boron-carbon compound BC; is a layered material with graphitic structure, where every
fourth carbon atom is substituted by boron. The nearest-neighbor distances are predicted to be
1.42 A for the C—C bond and 1.55 A for the B—C bond. A monolayer of BC; is found to be a
semiconductor, and the observed metallic behavior of the bulk sample arises from interactions be-
tween neighboring layers in BC3; with 44 and AB stacking. Based on total-energy calculations,
we find BC; to be less stable than graphite for the structures investigated.

Recently, a novel material with the composition BC3
has been synthesized.! Its sheetlike character and metal-
lic appearance suggest a graphitelike structure which has
been confirmed by electron diffraction data.! However,
since the films are not grown epitaxially, information
about the atomic structure of this compound is limited.
Based on the observed graphitelike symmetry, an ordered
structure has been suggested' which is reproduced in Fig.
1. Since B has one valence electron less than C, it is
reasonable to assume that the in-plane properties of BC;
should lie close to those of acceptor-intercalated graphite.
Indeed, a correspondingly increased electronic conductivi-
ty is observed.! On the other hand, it is not clear how
large a perturbation of the electronic system of graphite
will arise from B substitution. To investigate these ques-
tions, we have performed an ab initio calculation of the
electronic and structural properties of this compound.

The calculations are done using the local-density ap-
proximation (LDA).? We employ the ab initio pseudopo-
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FIG. 1. Atomic arrangement in a layer of BCs, as suggested
in Ref. 1. The unit cell is enclosed by a dashed line. The boron
superlattice is connected by dotted lines.
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tential local-orbital method,> which has been used suc-
cessfully to describe properties of graphite. Norm-
conserving pseudopotentials® and the Hedin-Lundqvist
form of the exchange-correlation potential® were used.
The wave-function basis set consists of local orbitals with
S, Px, Py, and p, character. The radial part of the orbitals
is described by Gaussians with decay constants (in a.u.)
a=0,17, 0.54, 1.69 for B, and a =0.24, 0.80, 2.65 for C,
i.e., 12 independent basis functions at each site.” The
plane-wave components of the charge density and the po-
tential have been determined self-consistently up to an en-
ergy cutoff of 49 Ry.

Because of the weak interaction between adjacent lay-
ers in BC3, which are separated by 3.35 A (Ref. 1), the in-
tralayer bond lengths can be evaluated for an isolated
monolayer. For this case, the unit cell consists of six C
atoms and two B atoms, as shown in Fig. 1. If the hexago-
nal symmetry is to be maintained, the structure is fully
determined by only two parameters, the nearest-neighbor
distances between carbon atoms, dcc, and between boron
and carbon atoms, dgc. From a total-energy minimiza-
tion, we find the equilibrium values dcc=1.42 A and
dpc=1.55 A. These values are consistent with Slater
atomic radii® rc=0.70 A and r3=0.85 A. This corre-
sponds to an increase of the lattice constant by 5% com-
pared to graphite. Next, we calculate properties of the
bulk material with A4 and 4B stacking using the opti-
mized intralayer geometry and an interlayer distance of
3.35 A. Both of these structures have eight atoms in the
unit cell and all atoms have a neighbor in adjacent layers
above and below (both neighbors of B atoms are B atoms
in the A4 structure and C atoms in the 4B structure).

Cohesive energies with respect to isolated spin-po-
larized atoms® have been evaluated for the equilibrium
structures within the LDA. The cohesive energy of one
formula unit of a BC; monolayer was calculated to be
—31.41 eV (corresponding to an average cohesion per
atom of —7.85 eV), which is slightly less favorable than
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the calculated graphite value of —8.45 eV per atom. The
cohesive energies of BC; with 44 and 4B stackmg lie at
—7.8 eV, very close to the monolayer value.'® Then, all
conclusions about relative stability are nearly independent
of the stacking. The enthalpy AE of the reaction

C atom + Bcgayer

is calculated to be AE = —2.37 eV per formula unit of a
BC; monolayer, i.e., this reaction is exothermic.

In Fig. 2, the valence-charge density of BC; is com-
pared to that of graphite. The contour plots, evaluated in
the plane of the BC; and graphite layers, show that the B
atoms keep their lower valence-charge density and do not
significantly perturb the stable electronic system of the
carbon ring. This is the main reason why dcc is nearly
the same in BC; as it is in graphite.

Information about the electronic structure and conduc-
tivity can be obtained from the density of states near the
Fermi level, which is given in Figs. 3(a) and 3(b) for bulk
BC; with A4 and AB stacking. We find bulk BCj3 in the
investigated structures to be a metal with a low density of
states near Er. The AA stacked material, which might
not be realized in nature, appears to be a better conductor
than the 4B stacked material. This result is not obvious
and requires further investigation, since both in the A4
and AB stacked materials all atoms have neighbors in ad-
jacent layers above and below.

In order to isolate the role of interlayer coupling, we
also calculate the electronic structure of a monolayer of

Batom + Ciayer
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FIG. 2. Valence-charge density of a (a) BC3 and (b) graphite
monolayer in the plane of the layer. Atomic positions are indi-
cated by (@) for carbon and (+) for boron sites. Charge density
is given in units of 10 ~2 electrons/a.u.: consecutive contours are
separated by 2.5x 10 2 electrons/a.u.
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FIG. 3. Electronic density of states of bulk BC3 with (a) AA stacking and (b) 4B stacking, indicating a metallic behavior. Density
of states of a monolayer of (c) BC; and (d) graphite. The units are states per eV for a unit cell containing eight atoms. The Fermi

level, given by a dotted line, is used as energy zero.
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BC; and compare the results to a graphite monolayer cal-
culation. Our results, given in Fig. 3(c), indicate that a
monolayer of BCs should be an indirect-gap semiconduc-
tor!! with a gap of 0.66 eV between the highest occupied
states at T and the lowest unoccupied state at M. This re-
sult shows that the metallic behavior of BC; arises from
coupling between adjacent layers, similar to graphite.
The role of B atoms in BC; is significantly different from
that of anionic intercalate in graphite. In graphite, the
effect of the intercalate on states near Er consists mainly
of rigidly shifting the Fermi level and thereby increasing
the density of states at Er. A shift of Er, corresponding
to a deficit of 0.25 electrons per carbon atom in a graphite
monolayer, is indicated by a dashed line in Fig. 3(d). A
closer investigation shows that a rigid-band shift can actu-
ally be observed for some p, bands of BC;. This effect is,
however, negligible when compared to the role of B atoms,
which weakens the coupling between the z systems of
neighboring carbon rings and opens up a gap near Er at '
between states which in graphite were of p, character and
form a part of the valence band.

In summary, our calculations indicate that the B atoms
in BC; exert a very small perturbation on the charge den-
sity and structure of the carbon ring. This results in the
graphitelike value for the C—C bond length dcc=1.42 A.

The B—C bond length shows a slightly larger value of
dsc=1.55 A. A monolayer of BC; is an indirect-gap
semiconductor with an LDA gap of 0.66 eV. The metallic
behavior of bulk BC; arises from the interaction between
neighboring layers.
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