
PHYSICAL REVIEW B 67, 125401 ~2003!
Properties of boron carbide nanotubes: Density-functional-based tight-binding calculations
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The existence of stable layered bulk allotropes can be an indication for the existence of corresponding stable
tubular structures. Using a density functional tight binding method we demonstrate that charged borocarbide
~BC! nanotubes, which are isoelectronic with layered lithium or copper borocarbide, are stable and energeti-
cally viable. The discussed structures are semiconducting with an energy gap which decreases with diameter.
The size of the gap also depends on the helicity of the tubes, and is always smaller for tubes with armchair
(n,n) and zig-zag (3n,0) symmetry than for tubes with other symmetries. Hole doping and its effects on the
electronic structure of BC(2) layers and tubes is also discussed.
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I. INTRODUCTION

Since the discovery of carbon nanotubes by Ijima1 in 1991
a broad range of tubular structures with different atom
composition have been investigated. Noncarbon nanotu
such as BN,2 BC2N,3 BxCyNz ,4 BC3,3 CNx ,5 and GaSe6

have been predicted to be stable, and some have been
served experimentally~for a recent review about nanotube
formed from inorganic materials see, for example, Tenne
Zettl7!. An analysis of synthesized noncarbon nanotubes s
as GaN,8 WS2 and MoS2,9 NiCl2,10 SnS2,11 Te,12 and Bi13

nanotubes has led to some generalizations regarding the
essary conditions for their stability and the pathways
volved in their synthesis.14 The most important seems to b
the ability of the material to form a layered thre
dimensional bulk structure.

Some of the high-temperature superconducting mate
occur in a layered structure.15,16 Among them, metal
borocarbides17 have attracted attention recently due to th
potential to serve as a source for designing novel su
conductors.18–23 Scandium boron carbide (Sc2B1.1C3.2), for
instance, can be described as a B1/3C2/3 extended graphite
like layered material.16,24Other examples of layered boroca
bides include CuBC25 and LiBC21,26 which are isoelectronic
with MgB2

27 and have structural and bonding similariti
with the ‘‘fully intercalated graphite structure’’ of this nove
metallic layered, high temperature superconductor (TC
'40 K). The electronic structure calculations of Rosn
et al.26 suggest that hole doping of LiBC may result in stro
electron-phonon coupling comparable to that in MgB2. As
the electron-phonon coupling seems to be the main facto
the superconductivity of MgB2, hole doped BC systems ma
become prime candidates in the search for novel boron-b
high-temperature superconductors. It has also been pred
that surface curvature may affect the electronic density
states~DOS! near the Fermi energy and increase the criti
temperatureTC .28 All of these observations have promote
our interest in investigating the possibility of layered LiB
forming tubular structures, and the extent to which the el
tronic properties of these structures might be modified by
0163-1829/2003/67~12!/125401~5!/$20.00 67 1254
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constraints of the nanotube topology. Some attempts h
been made to explore the plausibility of metal-boron na
tubes~see, for example, Ref. 29!, inspired by crystalline di-
borides such as AlB2. In the present paper we discuss t
properties of charged BC nanotubes (BC(2)). The BC(2)

system, which is isoelectronic to LiBC, can be useful in d
termining the properties of the boron-carbon hexago
‘‘back-bone’’ structure as a precursor for forming BC-me
doped nanotubes. The present study is the first step in
direction.

Nanotubes containing boron and carbon in different p
portions have been extensively studied both theoretically
experimentally. It has been found experimentally30 that bo-
ron doping of carbon nanotubes leads to symmetry~helicity!
selection during their synthesis. This is observed as an
creased number of nanotubes with zigzag symmetry. Ca
lations by Hernandezet al.31 and Radnyet al.32 have shown
that the stability and symmetry selection of finite, boro
doped single walled carbon nanotubes~SWCNT’s! can be
explained by the lowering of the ‘‘frustration energy’’ due
the chemisorption of boron atoms at the open ends of
tubes. The chemisorbed boron atoms change the balanc
tween the strain and chemical~frustration! energies of the
open ended finite tubes, and significantly lower the total
ergies of tubes of certain helicity. The properties of BC3,4

C35B,33 and BxC (x<0.10)34 single-walled nanotubes hav
also been experimentally observed and studied theoretic
In this paper we address the problem of the stability a
electronic properties of charged BC(2) single layer nano-
tubes.

II. ATOMIC STRUCTURE AND METHODOLOGY

It is known that LiBC consists of hexagonal BC laye
with alternating boron and carbon atoms and a B-C bo
distance of 1.55 Å.35 The BC layers are separated by plan
of Li atoms with a Li-BC distance of 3.53 Å~see Fig. 1!.
Since Li is a very electropositive element, it gives its ele
tron to the more electronegative elements~B, C!. This sys-
tem is modeled in the present study by taking the BC lay
©2003 The American Physical Society01-1
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to be charged (BC(2)) and treating the counter ions (Li1) as
a homogeneously distributed background charge. While
modeling produces BC(2) structures which are isoelectron
to LiBC, it may exaggerate the ionicity of borocarbides23

We have also considered holelike doping of BC(2) by having
only one additional electron for every second boron or c
bon atom. This reduces the charge of the borocarbide n
tube from 2e to 20.5e per boron~or carbon! atom and
yields the configuration denoted here as BC(20.5).

The initial geometries of BC(2) and BC(20.5) tubular
structures have been obtained by simply rolling up the c
responding sheets with alternating boron and carbon at
placed on the nodes of the ‘‘honeycomb’’ lattice. The atom
interactions have been modeled using a nonorthogo
density-functional tight binding scheme~DFT-TB! due to
Porezaget al.36 This method employs an atomic basis co
sisting of four orbitals per atom with the Hamiltonian an
overlap matrix elements calculated directly from dens
functional theory~DFT! within the local density approxima
tion ~LDA !. This approach has been shown to be a go
compromise between the more accurate, but more costlyab
initio techniques, and cheaper to use, but less accurate,
pirical potentials. Its applicability to nanotubes has alrea
been shown for several tubular systems.37,38 For each BC(2)

tubular structure~with different helicity and radius! a series
of calculations was carried out in which the initial structu
was fully relaxed with respect to both the atomic positio
and the tube cell length using the conjugated gradient te
nique. The stability of the formed tubes was also tested us
canonical ensemble~NVT! molecular dynamics~MD! simu-
lations. The electronic properties of the BC(2) planar layers
and the resulting stable tubular structures were also ca
lated within the DFT-TB method.

III. RESULTS AND DISCUSSION

We have found that BC tubes are not stable without ad
tional charge. Optimized BC(2) tubules based on a charge
boron-carbon ‘‘skeleton,’’ on the other hand, maintain
smooth cylindrical structure with a B-C bond length

FIG. 1. LiBC layer structure.
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1.5221.53 Å. These BC(2) tubular structures are also foun
to be preserved after extended MD simulations~;327 ps! at
temperatures ranging from 500 to 1000 K. The calcula
strain energies of BC(2) tubes as a function of tube radiu
are shown in Fig. 2 and tabulated in Table I. The resu
demonstrate that the strain energy of a BC(2) tube, which is
the difference between the energy of the tube and the en
of the corresponding layered structure~zero strain energy!,
converges approximately as 1/D2 towards the value of the
layered structure as the diameterD increases. This behavio
is similar to that of carbon nanotubes~CNT’s!,38 although the
strain energies of the BC(2) tubes are clearly smaller tha
those of CNT’s with comparable radii~see Fig. 2!. The cal-
culated strain energies of the BC(2) charged single walled
nanotubes lie within the range of values for the energies
the experimentally observed nanotubes such as BN, CxByNz ,
and BC3. These results provide strong support for the p
sible existence of stable tubular BC(2) structures and

FIG. 2. Strain energies of single walled carbon nanotu
~empty symbols!, and BC(2) nanotubes~filled symbols! as a func-
tion of the tube radius. The triangles correspond to (n,0) tubes and
the squares to (n,n) tubes.

TABLE I. Calculated radii, strain energies, and electronic ba
gaps for BC(2) nanotubes.

Geometry
(m,n)

Radius
~Å!

Strain energy
~eV/atom!

Band gap width
~eV!

~6, 0! 2.51 0.253 1.640
~7, 0! 2.93 0.187 2.125
~8, 0! 3.35 0.143 2.319
~5, 5! 3.63 0.122 2.212
~9, 0! 3.77 0.113 2.196
~10, 0! 4.19 0.091 2.238
~6, 6! 4.35 0.084 2.146
~12, 0! 5.03 0.062 2.106
~8, 8! 5.81 0.046 2.087
~14, 0! 5.87 0.045 2.160
~15, 0! 6.29 0.039 2.069
~12, 12! 8.71 0.019 2.040
1-2



an

al
he

t
x
a

ul
o

es
s.
of

f
y
r
-

ze
-
e

th
r
hi
lu
d

es.

m-

ps.
rgy
he
n-

ec-
2.32

PROPERTIES OF BORON CARBIDE NANOTUBES: . . . PHYSICAL REVIEW B 67, 125401 ~2003!
the formation of BC-metal doped tubes analogous to BN
BCN tubes.

The electronic properties of BC(2) planar layers and the
corresponding stable tubular structures have also been c
lated within the DFT-TB method. The band structure for t
layered BC(2) structure is shown in Fig. 3~a!. As can be seen
from the figure, the valence bands are separated from
conduction bands by 2.01 eV, with the valence band ma
mum and the conduction band minimum both occurring
the K point. These basic features of the layered BC(2) band
structure are very similar to the band structures of LiBC b
materials.26 As examples of the electronic band structures
BC(2) tubes with different helicity, the electronic structur
of zigzag~9,0! and ~6,6! armchair tubes are shown in Fig
3~c! and 3~e!, respectively. The corresponding density
states~DOS! of ~9,0! and~6,6! tubes are shown in Figs. 4~a!,
4~c! and Figs. 4~b!, 4~d!, respectively. The DOS structure o
the lower part of each valence band is characterized b
large contribution from C-s and B-s states, while the highe
energy part of the valence band DOS is dominated by Cp
and B-p states. The conduction band is mainly characteri
by C-p and B-p contributions. The structure of the calcu
lated DOS is only weakly influenced by the chirality of th
tubes as shown in Fig. 4.

We have found that the BC(2) tubes, similar to the layered
BC(2) structures, are semiconducting. Figure 5 shows
size of the energy gap for BC(2) nanotubes with armchai
and zigzag symmetry as a function of the tube radius. W
the differences in the energy gaps are not large in abso
value, it is clear that this dependence is not smooth an

FIG. 3. The electronic band structures of~a! BC(2) and ~b!
BC(20.5) planar layers,~c! ~9,0! BC(2) and~d! ~9,0! BC(20.5) nano-
tubes, ~e! ~6,6! BC(2) and ~f! ~6,6! BC(20.5) nanotubes. All the
energies are given relative to the Fermi energyEF .
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affected by both the helicity and the diameter of the tub
The calculated values of the band gap for armchair (n,n) and
(3n,0) zig-zag tubes are always smaller than tubes of co
parable radius with helicities for whichm2nÞ3q (q is an
integer!. This is consistent with the folding model,39 which
predicts that tubes satisfying the condition thatm-n is an
integral multiple of 3, should have the smallest energy ga
The folding model also predicts that the size of the ene
gap of such tubes should be equal to the energy gap at tK
point of the Brillouin zone of the corresponding boro
carbide layer. With the exception of the~6,0! and~7, 0! nano-
tubes which have gaps of only 1.64 and 2.12 eV, resp
tively, the size of the gap is seen to decrease from about
eV for the ~8,0! tube towards the value of the flat BC(2)

FIG. 4. The total and projected density of states~DOS! calcu-
lated for~a! and~c! ~9, 0! BC(2) nanotubes.~b! and~d! ~6, 6! BC(2)

nanotubes.

FIG. 5. Calculated gap-size versus radius for BC(2) nanotubes.
The energy gap for the planar BC(2) structure is denoted by the
single dashed line at 2.01 eV.
1-3
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layer~2.01 eV! for large tubes such as~12,12!. This tendency
of the size of the energy gap of BC(2) nanotubes to decreas
with increasing radius is very similar to that of single wall
CNT’s40 with helicities satisfying the relationshipm2n
Þ3q ~the ideal armchair (n,n) and (3n,0) zig-zag CNT’s
are metallic with zero energy gap, in analogy with the c
responding graphene sheet!. The deviations from this simple
picture, which are shown by BC~2! nanotubes of small radiu
are presumably related to curvature~strain! effects. The cal-
culated energy gaps of the BC(2) tubes as a function of the
tube radius are given in Table I.

It is interesting to compare the above determined beha
of BC(2) nanotubes with the electronic properties of oth
tubular structures derived from hexagonal layered mater
BN nanotubes are isoelectronic to both carbon and BC(2)

single walled nanotubes but, due to their higher ionicity,
wide-gap semiconductors. Rubioet al.2 have shown that the
energy gaps of BN nanotubes increase with increasing di
eter, and rapidly converge to the value of the hexagonal
layer ~5.5 eV!. As a result, BN tubes with radii larger than
Å are almost constant gap semiconductors with only a v
small dependency on helicity. Single walled BC3 nanotubes,
which are narrow gap semiconductors, also exhibit differ
energy gap behavior to BC(2) nanotubes. The energy gaps
(n,0) BC3 nanotubes have been found to increase with
creasing diameter and converge to the value of a flat B3
sheet in the infinite limit,3 while (n,n) BC3 tubes have an
almost constant energy gap, independent of their diam
The different energy gap behavior of BC(2), BN and BC3
single walled nanotubes may arise from a combination of
effects of ionicity, curvature, and buckling.

Rosneret al.26 suggested that hole doping of the LiB
structure, to produce sub-stoichiometric LixBC, should make
this structure metallic. In order to study this effect in isolat
layered and tubular BC(2) structures we have modeled th
doping of the tubes with hole carriers by carrying out ele
tronic structure calculations for BC(20.5) tubes with the same
atomic structure as the BC(2) tubes. These BC(20.5) systems
correspond to a concentration of cationic atoms such as L
the LixBC structure ofx50.5 ~see Ref. 26!. The calculated
band structures of the layered and tubular BC(20.5) structures
are shown in Figs. 3~b!, 3~d!, and 3~f!. It can be seen that
while ‘‘hole doping’’ does not significantly change the to
pologies of the valence and conduction bands, the Fermi
ergy moves into the valence band, showing a rigid band
havior. As a result, the systems become metallic. T
situation is again very similar to that of some of the subs
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ichiometric LixBC 3D structures discussed by Rosneret al.
in Ref. 26.

These results may have some interesting consequen
Due to characteristic van Hove singularities in the DOS
tubular structures, shifting of the Fermi level into the valen
band may result in a large value for the number of electro
states at the Fermi energyN(EF). This could have a direc
effect on the electron-phonon coupling, similar to that
high-temperature superconductors.26 Indeed, the analysis o
different structures including classical, mesoscopic, a
novel high-TC superconductors has revealed the possibi
of increasing the critical temperature in nanotubular str
tures by variation of the Fermi energy. Of course, this el
tronic DOS dominated picture of superconductivity, assu
ing other parameters and quantities remain constant, mus
carefully investigated. For example, we have not conside
the impact that cationic atoms~such as Li or Cu in the cor-
responding layered bulk material! may have on the strain
energy, the interatomic stretching modes, and the underly
electronic structure. The energetics and electronic prope
of layered borocarbide structures doped by lithium are c
rently being studied by our group.

IV. CONCLUSIONS

Our calculations have shown that BC(2) tubes, as a pro-
totype for BC-metal doped nanotubes, are energetic
stable and could therefore prove to be viable structures.
of the calculated BC(2) tubes are semiconducting with th
direct gap depending on the radius and helicity of the tu
The size of the energy gap for armchair (n,n) and zig-zag
(3n,0) BC(2) nanotubes is smaller than that for tubes w
helicities satisfying the relationshipm2nÞ3q. The calcu-
lated size of the energy gap decreases with radius and
proaches the energy gap value of the corresponding BC(2)

layered structure. We have also modeled the doping of BC(2)

tubes. This has been found to make the tubes metallic
shifting the Fermi energy into the valence band.
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