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Ab initio calculation of structural properties of C3B and C5B compounds
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The structural properties of three-dimensional ordered phases of C3B and C5B compounds were studied
using theab initio pseudopotential method. Two different stacking sequences, BC and BB, of graphite layers
were considered. Results indicate that for C3B, the structure with hexagonally symmetric distribution of B
atoms and BC stacking is stable, whereas for C5B, both BC and BB stackings are possible with BC stacking
being more stable. In the case of C3B, the interlayer spacing is 3.43–3.45 Å, while for C5B, the interlayer
spacing is 3.00 Å.@S0163-1829~97!05102-3#
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Since the discovery of oxidation-inhabitation effect of b
ron in graphite,1–6 the synthesis, geometric structures, a
electronic band structures of C12xBx (x<0.25) compounds
have been extensively studied both experimentally7–10 and
theoretically.11–15Based on experimental observation, it w
suggested that the C3B compound has a graphitelike stru
ture and an ordered distribution of B atoms within a graph
layer as shown in Fig. 1. Bothab initio11,14 and extended
Huckel12 calculations confirmed that the ordered structu
with the hexagonal symmetry within the layer is the mo
stable structure for the C3B compound and predicted th
bond lengths within the layer are 1.42 Å for C-C and 1.55
for C-B. It has also been suggested experimentally that7 there
exists the C5B compound as shown in Fig. 2, and that t
interlayer distance is about 0.10 Å smaller compared to p
graphite. However, how the graphite layers are stacked
along the direction normal to the layer is still not clear. F
example, two types of stacking are possible: BC stacking
which B atoms are directly on top of C atoms or vice ver
and BB stacking in which some of the B atoms are on
each other. Therefore, the main objective of this paper i
determine the relative stability of BC and BB stackings
the C3B and C5B compounds using theab initio pseudopo-
tential method. The total energies of structures were ca
lated by relaxing the unit-cell lattice parameters, includi
both in-plane andz directions, and the atomic positions.

Our first-principles approach for calculating the groun
state charge density and energy is based on the local-den
functional theory. The exchange and correlation energy
calculated using the Perdew-Wang’s expression.16 Nonlocal
pseudopotentials are employed for both C and B atoms.17,18

We used a plane-wave basis set with kinetic energy cuto
71 Ry and sample the first Brillouin zone of each struct
with four special k points according to the scheme
Monkhorst and Pack.19 The minimization of the total energ
E was carried out by a preconditioned conjugate-grad
method in two steps.20,21At first, the in-plane cell paramete
~i.e., lattice constanta) was optimized with atom position
fixed andc56.70 Å. Then, the atom positions were relax
using the steepest-descent method with the cell paramea
fixed at its optimized value andc fixed at 6.70 Å. The opti-
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mization with respect to atom positions was carried out u
the difference in total energies between two consecutive
erations is less than 0.01 eV~i.e., the relative error is less
than 1025). With the optimized atomic positions and in

FIG. 1. The atomic arrangements of C3B ordered structure with
~a! BC stacking and~b! BB stacking, where two layers are include
the circles representing the atoms on the top layer and the squ
representing those on the bottom: open circles or squares for ca
sites and shaded circles or squares for boron sites. The dashed
give the unit cell which includes two layers with 16 atoms~12
carbons and 4 borons!.
8 © 1997 The American Physical Society
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plane cell parameter fixed, the cell parameterc was opti-
mized.

We first calculated the structural properties of graph
carbon as a test for theC pseudopotential. The optimize
in-plane lattice constant was found to be 2.453 Å and
interlayer distancec/2 was approximately 3.30–3.35 Å
which compare very well with the experimental valu
@a52.456 Å andc56.674 Å ~Ref. 22!#. The cohesive en-
ergy of the graphite was found to be 8.59 eV/atom, which
in reasonable agreement with the experimental value, 7
eV/atom.23

The unit cell of the C3B structure was shown in Fig. 1
where two layers are included, the circles representing
atoms on the top layer and the squares representing thos
the bottom. Each layer contains eight atoms within the u
cell, with six being carbon atoms~open circles or squares!
and two being boron atoms~shaded circles or squares!. Fig-
ures 1~a! and 1~b! represent the BC and BB stackings, r
spectively.

For both stacking sequences, the relaxation was car
out with respect to cell parametersa andc and atomic posi-
tions within the unit cell. The lengths of the in-plane C-
and B-B bonds were found to be 1.42 and 1.55 Å, resp
tively, which are consistent with our calculations on a sin
layer14 and those given in Refs. 11 and 12. Therefore, th
seems to be very little effect of interlayer interactions on
bond lengths within the layers. The total energies of C3B per
unit cell as a function of lattice parameterc are shown in

FIG. 2. The atomic arrangements of C5B ordered structure with
~a! BC stacking and~b! BB stacking. The unit cell includes two
layers with 12 atoms~10 carbons and 2 borons!.
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Figs. 3~a! and 3~b! for BC and BB stackings, respectively
The values of those total energies are relative to that
c510.00 Å. It is clear that there is a minimum in Fig. 3~a!
although the energy well is relatively smooth and shall
with the well depth 0.14 eV per unit cell. By carefully chec
ing the values of the total energies, we found that the m
mum corresponds toc56.85–6.90 Å. Therefore, the BC
stacking is a possible, stable three-dimensional structure
an interlayer distancec/253.43–3.45 Å, which expands
slightly from 3.30–3.35 Å of pure graphite due to the effe
of boron substitution in the C3B compound. The indication
of expansion along thez direction of the C3B compound is in
agreement with the experimental observation.10 However, it
should be pointed out that since the depth of the energy w
is only about 0.14 eV per unit cell, the BC stacking might
disordered at relative low temperatures. The correspond
total energies as a function ofc for the BB stacking is shown
in Fig. 3~b!, which shows that there is no minimum an
hence the BB stacking is unstable.

Similar calculations were performed for the C5B com-
pound. The corresponding BC and BB stackings for
C5B compound is shown in Figs. 2~a! and 2~b!, respectively.
The unit cell includes two layers of six atoms each~five
carbon and a boron atom!. The curves of total energies v
lattice parameterc are shown in Figs. 4~a! and 4~b! for BC
and BB stacking, respectively. The cohesive energies
depth of the energy well are 8.04 eV/atom and 1.40 eV/u

FIG. 3. The total energies~eV!/per unit cell vs parameterc ~Å!
for C3B ordered structures,~a! for BC stacking and~b! for BB
stacking.
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FIG. 4. The total energies~eV!/per unit cell vs parameterc ~Å! for C5B ordered structures,~a! for BC stacking and~b! for BB stacking.
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cell for BC stacking, and 8.00 eV/atom and 1.05 eV/unit c
for BB stacking. Therefore, it seems that both stacking
quences could be stable with the BC stacking having hig
stability. The optimized parameterc corresponding to the
minimum is about 6.00 Å for both stackings, which is si
nificantly smaller than 6.60–6.70 Å in pure graphite. Ho
ever, this decrease in thec lattice parameter is much large
than experimental observation7 ~i.e., 0.10 Å! for the
C12xBx compound withx50.17. A possible explanation fo
the smaller shrinkage in the experimental observation is
the lattice parameterc might be the average value of graphi
and C5B ordered structure, which implies that the C12xBx
with x50.17 compound might be a mixture of C5B ordered
phase and graphite.
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In summary, based on ourab initio pseudopotential cal-
culations, it is shown that~1! the ordered structure of the
C3B compound with the hexagonal symmetry within th
layer and BC stacking sequence along the normal to the la
is stable with ac-lattice parameter 6.85–6.90 Å, while th
structure with BB stacking is unstable; and~2! the ordered
structures of C5B can be stable in both stacking sequenc
with the c-lattice parameter 6.00 Å, which is significantl
smaller compared with 6.60–6.70 Å of pure graphite.

This work was supported by AFSOR University Resear
Initiative Program at Penn State under Grant No. F49620-
1-0311. The calculations were performed on the CRAY
the Pittsburgh Supercomputing Center under Grant N
940015P and 960007P.
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