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First-principles and tight-binding electronic-structure calculations of hypothetical tubule forms
of hexagonal BC3 have been performed. According to the total-energy and force calculations, stable
atomic geometries of the BC3 tubules can be obtained by rolling hexagonal BCj; sheets keeping the
C—C and C—B lengths at 1.42 and 1.55 A, respectively. Since the energy increase upon tubule
formation is smaller than that of carbon tubules, we conclude that the BC; tubules are likely to
form. The planar BC; sheet has 7 and #* bands above the Fermi level, and this feature is retained
in the electronic structures of the BC3 tubules. The influence of concentric formations of the BCjs

tubules on their conductivities is also discussed.

I. INTRODUCTION

The discovery of carbon-based tubules! has opened op-
portunities for obtaining material systems with nanoscale
structures. Recently, classes of tubules originating from
hexagonal compounds, i.e., BN and BC;N, have been
proposed.?3 The geometric and electronic properties of
these tubules have been predicted theoretically leading to
possibilities for technological applications. Either semi-
conducting or metallic behavior is predicted for carbon
tubules depending on their radii and chiralities,*5 while
BN tubules have an almost constant band gap (Eg) of
5.5 eV independent of their structures according to a re-
cent first-principles quasiparticle calculation.® The BN
tubules have free-electron-like states at the bottom of the
conduction bands. These states have a maximum wave-
function amplitude in the inner region of the tubules.
High conductivity is therefore expected for donor doping
of these systems. On the other hand, predictions for chi-
ral BC2N tubules® raise the possibility that they behave
as nanoscale coils because of the anisotropic conductiv-
ity of the original sheets. This is in contrast to the more
isotropic carbon and BN tubules.

Previous total-energy calculations®® also imply that
the hexagonal compound sheets are as likely to form
tubules as the graphite sheets. Indeed, tubule forms
of the hexagonal compounds of B, C, and N have been
recently observed experimentally in an arch-discharge
setup.” Using chemical analysis, it has been determined
that part of the samples have an atomic composition of
B:C ~ 1:3. This result suggests the existence of BCj
tubules and theoretical study is required to clarify the
stability and the electronic properties of these tubules.

In this paper, we show that the relative stability of BC3
tubules is comparable to that of carbon tubules and that
their electronic structures can be well understood from
the folding of a flat BC3; sheet in the same manner as
for the case of the carbon tubules.*® Contrary to carbon,
BN, and BC;N sheets, a BC3 sheet has both the 7 and 7*
bands above the Fermi level (Er),® which were observed
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by electron-energy-loss spectroscopy (EELS).® We found
these main features of the electronic structure remain in
the tubule forms so that the BC3 tubules are expected
to be distinguishable from the carbon tubules and the
N-containing compound tubules by EELS measurement.

A single sheet of hexagonal BC3; has semiconducting
properties, and it becomes metallic when formed in mul-
tiple layers.® The metallic behavior is a result of the dis-
persion induced by interlayer interactions of the unoc-
cupied 7* band to be below the occupied states. In a
recent experiment in which these tubules are observed,”
coaxially multiwall arrangement structures are observed
similar to carbon tubules. Hence the electronic struc-
ture of concentric tubules will be influenced by interwall
interactions, which would be of the same order as the
interlayer interactions in layered BCj; sheets.

This paper is organized as follows. In Sec. II we briefly
describe the method for the calculations. In Sec. IITA,
we discuss the atomic geometry of the hexagonal BCj
sheet and present results of the band structures for a
single sheet obtained using local-density-approximation
(LDA) and tight-binding (TB) schemes. In Sec. IIIB, we
describe how to obtain tubule forms from BCj3 sheets and
present strain energies and band structures for single-wall
BC3 tubules. In Sec. IIIC, we consider the influence of
layer-layer interactions on the multiple BC3 sheets on
their electronic structures and discuss the case of con-
centric BC3 tubules. Finally, we briefly summarize our
results.

II. CALCULATION

The present first-principles calculations are carried out
within the LDA. We use a plane-wave basis set with a cut-
off energy of 36 Ry and use ab initio pseudopotentials ob-
tained with the Kleinman-Bylander scheme.? In the cal-
culation of a single BC3 sheet, we use three-dimensional
periodic boundary conditions with repeated sheets at a
distance of 7.7 A. For the calculations of the BC3 tubules,
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we again use three-dimensional periodic boundary condi-
tions assuming that the tubules are aligned in a hexag-
onal unit cell. In this geometry the closest distance be-
tween atoms at adjacent tubules is set at 4.8 A. This
distance has been found to be far enough to avoid interac-
tions between neighboring tubules. Hellmann-Feynman
forces on each atom of the BC3 sheets and of the tubules
are calculated to evaluate the stability.

For the TB calculation, the nearest-neighbor interac-
tion parameters for s, p, and s* basis orbitals!! are de-
termined so that these parameters reproduce the LDA
results in an energy region near Ep for a single sheet
of hexagonal BC3. We use these TB parameters for the
band-structure calculations of a variety of tubule struc-
tures.

III. RESULTS
A. BC;j; single sheet

A possible structure for hexagonal BC3 was proposed
in an experimental study.!? The structure is shown in
Fig. 1 in which B-B bonds are excluded because these
bonds are less stable than C—C and C-B bonds. An LDA
calculation of this geonietry was carried out using a lo-
calized basis sets. Bond lengths of dc_¢c = 1.42 A and
dc_p=1.55 A were found to minimize the total energy
of the system.® In the present calculation using a plane-
wave basis set, these bond lengths are found to generate
atomic forces less than 0.01 Ry/a.u. on each atom. Fig-
ure 2(a) shows our results for the band structure of a
single BC3 sheet which agrees well with previous results®
except for the free-electron-like conduction bands located
4.5 eV above Ef at the I" point. (The existence of free-
electron-like bands above Ep is systematically seen in
the BN and BC;N sheets and tubules,3® which cannot
be described well with limited localized basis sets.) The
top of the valence bands has o character while the bot-
toms of the first and second conduction bands have 7 and
7* characters, respectively. The monolayer has a small
indirect E4 (~0.5 V) which would disappear in the mul-

FIG. 1. Proposed structure for hexagonal BC3. Large open
circles and small solid circles denote B and C atoms, respec-
tively. A; and A, are lattice vectors of the unit cell. Lattice
indices are shown on each unit cell indicating the different
ways of rolling this sheet into tubules.
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FIG. 2. Band structure of a single BC3 sheet obtained by
(a) LDA and (b) TB calculations. The Brillouin zone is also
shown.

tilayer form (the results of multilayers will be discussed
in Sec. IIIC). Figure 2(b) shows an sp3s* TB result of
the BC3 sheet which agrees with the LDA result in an
energy region near Er. This agreement suggests that it
is appropriate to use the sp®s* TB parameters for the
electronic structure of other more complex BC; tubules
(see the next section).

B. BC; tubules

The structures of the BC3 tubules can be classified by
the notation (n,m) in analogy with carbon tubules:*5
The (n,m) tubule of BC; is obtained by rolling the
sheet so that the unit cell at the position (0,0) in Fig.
1 connects to another unit cell at the position (n,m).
Hereafter we denote the (n,m) tubule of BC3 as the
BC3 (n,m) tubule. Since the unit cell of BCj; is about
four times larger than that of the graphite, the sizes of
the BC3 (n,m) tubules are comparable to those of the
(2n,2m) carbon tubules. In the LDA and TB calcu-
lations, we assume that the atomic coordinates of the
(n,m) tubules are directly obtained by rolling the sheet
keeping the bond lengths the same as those in the sheet.

The LDA total-energy and force calculations have been
done on BC;3 (3,0), (4,0), and (2,2) tubules. According to
our calculation, forces on each atom in the BC3 tubules
are very small, comparable to those of the flat sheet. This
fact indicates that the present geometrical assumptions
are accurate enough to determine the atomic geometries
for BC;3 tubules. Strain energies of the BC3 tubules have
been obtained by comparing the calculated total energies
of tubules with that of the planner sheet. Figure 3 shows
the strain energies of carbon and BC3 tubules which are
fitted with a classic elastic function proportional to 3.
Here, D is a diameter of the tubule, and one notes that
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FIG. 3. Strain energies of the carbon tubules (open circles
and the dotted line) and the BC3 (n,m) tubules (solid circles
and the solid line) upon rolling the planar sheet obtained by
LDA calculations. The data points are fitted to a function
proportional to —517. Here D is a diameter of the tubule. Cor-
responding indices (n, m) for carbon and BCj3 tubules are also

indicated with small and large letters, respectively.

the strain energies of the BC3 tubules are smaller than
those of the carbon tubules. The strain energies of the
BC3 tubules are found to be comparable to those of the
BN tubules.® We therefore expect that the BC3 tubules
are likely to form as well as the carbon and BN tubules.

Figure 4 shows band structures for the BC; (2,2)
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tubule, obtained by LDA calculations and by sp3s* TB
calculations. The general features of the band structure
agree well when comparing LDA and TB calculations.
In both cases (Fig. 4), one can see that there are two
particular conduction bands which cross each other at a
k vector of exactly (a little farther than) two-thirds of
the way from the I' point to the X point in the Bril-
louin zone for the TB (LDA) result. These bands have
- and 7*-bonding characters. Other conduction bands
above Efp also have the same character. These features
can be derived by computing the 7- and n*-band disper-
sions along one-dimensional k-vector lines in momentum
space for the hexagonal BCj, in a similar manner as for
the case of carbon tubules:*® The tubule 7 and 7* bands
correspond to those of the sheet running from the I' to
K points, from the M to K points, and from an interme-
diate point between the I' and M points to another M
point in the Brillouin zone of the hexagonal BCj3. (The
crossing point of the tubule 7 and n* bands corresponds
to the K points of the hexagonal BCj3.) Based on this
agreement for the TB and LDA results for the small BC3
(2,2) tubule (radius=2.84 A) we can assume that the TB
results will describe well the electronic structure of large
tubules, for which the LDA calculation becomes expen-
sive and time consuming because of the large unit cell.
Indeed, we have found that the crossing points of m and
7* bands for the LDA and TB results become closer to
each other for the case of the BC3 (4,4) tubule which is
not shown here.

The band structures of the (n,n) (n=3,4,5) tubules
have been obtained by the TB calculation, see Fig. 5.
The carbon (n,n) single-wall tubules behave like met-
als, while the BCj (n,n) single-wall tubules are semi-
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FIG. 4. Band structures of the BC3 (2,2)

tubule calculated using the LDA (left panel)
and sp®s* TB (right panel). The locations of
EF are denoted by solid horizontal lines.
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FIG. 5. Band structures
of the BCs (n,n) (n=34,5)
tubules obtained by sp®s* TB
calculations. The FEr corre-
sponds to 0 eV.

A

conducting. The location of Ef is between the = and o
bands which is the same as the BCj3 sheet resulting in
semiconducting behavior for the tubules. The calculated
E, (~0.2 V) of the (n,n) (n=3,4,5) tubules is close to
that of the BC3 sheet obtained in the TB calculations as
shown in Fig. 2(b).

(3.0)

We have also calculated the band structures of the
(n,0) tubules by using the TB scheme; these are shown
in Fig. 6. In this case, the band structures can also
be understood from the folding of the bands of the sin-
gle sheet. We note that there are two conduction bands
close to each other at the I' point located at about 1.7

FIG. 6. Band structures of
BC3 (n,0) (n=3-6) tubules ob-
tained by sp®s* TB calcula-
tions. The Er corresponds to
0eV.
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creasing E, for the semiconducting single-wall tubules.)
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eV above EFf for the cases of n=3 and 6. For these struc- 5_""""""‘ TTTTTTTTTTT
tures the tubule k vector coincides with the K point of 2 4 BC; sheet =
the original BC3 sheet when n = 3 x m, where m is an © F 3
integer. This feature corresponds to the Eg oscillation in T 3 = E
the carbon (n,0) tubules.*® However, Er here is lower °© 2F 3
than the m bands and the BC3 (n,0) tubule E;’s do not E ) = M A
show the oscillation. Q E 3
The TB results do not give the oscillation but rather a 5 okl A ' Ll
metal-semiconductor transition for the BC3 (n,0) tubules Y —— '1? — Il(') — '_15' e (l) S ? —
with increasing diameter. (We note that we have under- et L BC, (2.2) ]
. . © - 3 , 4
estimated E, because the TB parameters were obtained 2 L ]
from the LDA results. Hence we expect that for a quasi- . 1o ]
particle band-structure calculation instead of a metal- i E ]
semiconductor transition, there will be a variation of in- :7: 5 &
§ C ]

This trend may be understood from a change in the bond
angles of the atoms. With a finite diameter, the curva-
ture of the wall makes the bond angles less than the sp?
ideal angle of 120° resulting in an intermediate orbital hy-
bridization for the o bonds which now have an admixture
of the sp® hybridization. The o states therefore contain
an excess p-orbital component compared to those of the
flat sheet, which gives rise to an increase in their energy.
On the other hand, the 7 states now contain an excess s-
orbital component which lowers their energy. Hence the
E,’s of the (n,0) BC3 tubules are decreased in the cases
of small tubule diameters and the E; converges to that
of the flat sheet in an infinite-diameter limit. Contrary
to the (n,0) tubules, the (n,n) tubules have an almost
constant Ey independent of their diameters. This differ-
ence in behavior results from of the geometrical difference
between the (n,0) and (n,n) tubules. Table I lists the
averaged bond angles for (n,n) and (n,0) tubules. A
more rapid convergence to 120° for the back bond angle
is seen for the (n,n) tubules with larger index n com-
pared to the case of (n,0) tubules. The E,’s of the (n,n)
tubules therefore appear to converge to that of the flat
sheet quicker as a function of n.

Figure 7 shows the results for the density of states
(DOS’s) of a single BC3 sheet and a (2,2) tubule ob-
tained by LDA calculations. The two sharp peaks above
Er originating from the 7 and 7* bands are seen in both
systems indicating that an EELS measurement of the
BC3; tubules would give similar results as observed for
the BCj3 sheets.? The lower of the two peaks could be be-
low Er in the DOS of the BN and BC;N tubules as well
as carbon tubules. So we expect that the appearance of
these two peaks can be used as evidence for the existence

TABLE 1. Averaged bond angles 8 and diameters D of
the BC3 (n,0) and (n,n) tubules. Atomic coordinates are
generated assuming that C-C and C-B bond lengths are kept
at 1.42 A and 1.55 A, respectively, upon rolling BC3 sheets
into tubules.

Tubule 6 (degree) D (A) ! Tubule 6 (degree) D (A)
(2,2) 118.3 574 | (3,0) 117.8 4.97
(3,3) 119.3 8.55 (4,0 118.8 6.59
(4,4) 1196 1138 | (50) 119.1 8.22
(5,5) 119.7 14.21 | (6,0) 119.4 9.85

-15 -10 -5 0 5
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FIG. 7. Density of states of a single BC3; sheet (upper
panel) and the (2,2) tubule (lower panel) obtained from LDA
calculations. In each case, Er corresponds to 0 eV. Peaks
derived from conduction 7 and 7" bands are indicated by
arrows.

of the BC3 tubules. We note here that the same features
should be observed in the EELS of multiply stacked BC3
layers making this feature of EELS characteristic of the
BC3 compounds.

Here, we propose a possible way of doping the single-
wall BC3 tubules with hole carriers which would make
the o bands metallic. In the cases of the carbon tubules,
the substitution of C atoms with B atoms may induce
hole carriers in the tubules. On the other hand, sub-
stituting a C atom with a B atom in the BC3 tubules
would inevitably introduce a B-B bond, which was ex-
cluded from consideration in previous studies®2? and has
recently been found to be energetically unfavorable.!3 In-
stead of excess B atoms, we expect that the introduc-
tion of halogen atoms could induce hole carriers on the
tubules due to the halogen’s large electronegativities. In
the graphite intercalation compounds,!* some halogens,
(i-e., Cl, Br, and I) behave as acceptors. If a similar
phenomenon occurs for BC3; tubules, the introduction
of halogen atoms induced by capillarity effects!® would
lower the tubule EFf resulting in conductivity from the
o bands which is expected to be larger than the one in
carbon tubules where the conductivity is based on the 7
bands.

C. Multiple sheets and concentric tubules of BCj

In previous calculations,® metallic behavior for multi-
ple BC3 sheets was found. Two types of sheet stacking
were considered, i.e., AA and AB stacking forms, with
the sheet-sheet distance at 3.35 A determined from the
experimental value.!? In both the AA- and AB-stacking
forms, each atom on one sheet is located directly above
another one on the neighboring sheet below. In the AA
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stacking form all atoms sit above atoms of the same kind,
while in the AB stacking form all B atoms sit above C
atoms. We present here details of the band structures for
these stacking forms (which were not shown in previous
calculations®) in order to describe the influence of the
interlayer interaction on the details of the band struc-
tures. Figures 8(a) and 8(b) show band structures of
the AA- and AB-stacking forms obtained by our present
LDA calculations. One can distinguish the o and 7 char-
acter of each band by considering the dispersion in the
k. direction, i.e., the normal direction to the sheet which
corresponds to the direction from M to L points in Fig.
8. In the k, direction, the m bands have considerable
dispersion while the o bands have almost no dispersion.
In the AA stacking form, the conduction 7* band goes
below the top of the o bands in the direction from the
M to L point resulting in a lowering of Ep. The o band
becomes a fractionally occupied band and dominates the
conductivity of the system. On the other hand, in the
AB stacking form, the 7* band is below Er in the K-M
and M-L directions, but here it is hard to conclude that
the o bands are responsible for most of the metallic be-
havior. We have also calculated the DOS of each stacking
form, which are not shown here. The DOS at Er of the
AB stacking form has been found to be lower than that
of the AA stacking form, which agrees with the previous
results.® A lower total energy is then expected for the
AB stacking form but the calculated energy difference is
very small because of unreliability of LDA in estimating
the van der Waals-type interlayer interactions. In any

(a)

BC, sheet (AA stacking)

Energy (eV)

oy
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MHiHN

T

Energy (eV)

FIG. 8. Band structure of (a) AA and (b) AB stacking
forms of BC3 multiple sheets obtained by LDA calculations.
The Brillouin zone of the AB stacking form is half of that
of the AA stacking form. The AB stacking form has two
inequivalent M points in the Brillouin zone, one of which is
not shown here.
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case, the AB stacking form seems to be dominant exper-
imentally.

We next consider the electronic structures of concen-
tric BC3 tubules. We expect from calculations for mul-
tiple sheets that the interwall interaction of the concen-
tric tubules will make the conduction band overlap the
valence-band maximum similar to the case of the mul-
tiple sheets. If this occurs, the tubule ¢ bands would
cross Er and then the tubules will have conducting walls.
This can be regarded as wall-wall induced conductivity in
the tubule axis direction. By analogy with multiple flat
sheets, conductivity originating from the o band could
be dominant in a concentric needle of BC3 tubules. (If
so, this is a new phenomenon not seen in other types of
tubules studied previously.) For the concentric tubules,
a reasonable wall-wall distance would be of the same or-
der as the sheet-sheet distance of 3.35 A since the origin
of the cohesion of the concentric tubules is likely of the
van der Waals-type interaction. For the tubules of either
carbon or BN, a pair of the (4,4) and (9,9) tubules, for
example, yields a reasonable wall-wall distance.® On the
other hand, the corresponding pair of the BC3 tubules is
the (2,2) and (4.5,4.5) tubules, with the later not possi-
ble from rolling the BC3 sheet. The BC3 (n,n) tubules
are thus expected to not have concentric forms. We have
found that every possible pair of the experimental wall-
wall distance including chiral tubules is incommensurate.
One open question here is how many walls are necessary
to give rise to conductivity in concentric BC3 tubules.
That is equivalent to looking for the semiconductor-metal
transition as a function of the number of the concentric
shells of the tubules. Unfortunately, this question cannot
be solved directly by conventional band-structure calcu-
lations at present because of the geometrical difficulty of
the incommensurate phases. More theoretical formalisms
would be helpful for attacking this interesting problem.

IV. CONCLUDING REMARKS

We have performed band-structure calculations on
BC; sheets and tubules within the LDA and TB schemes.
The main qualitative feature of the tubule band struc-
tures can be derived from those of BC3 sheets in the
same manner as in the case of carbon tubules.*® Accord-
ing to LDA total-energy and force calculations for the
BCj; tubules, it is concluded that the BC3 tubules are as
likely to form as carbon and BN tubules. Atomic buck-
ling was found to stabilize the BN tubules,® while the
BCj; tubules retain the graphitic sp? bonding on the wall.
Contrary to the carbon, BN, and BC;N tubules, the BC3
tubules have both m and n* bands above Er so we ex-
pect that BC3 tubules are distinguishable from the other
tubules in EELS measurements. Concentric BC3 tubules
are expected to be metallic, but their electronic struc-
tures cannot be obtained by conventional band-structure
calculations because of the incommensurate geometry of
concentric BC3 tubules.
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