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Four types of boron nanotubes �BNTs� in the form of double-ring basic units are theoretically
predicted. The structure, stability, and electronic properties of these stable BNTs are investigated by
the first-principles calculations. The BNT formed by the basic unit with one hole every six atoms on
each ring is found to be more stable than those with other three types of basic units. By increasing
diameter for boron ring, the stability is enhanced. The density of state demonstrates that BNTs
formed by these basic units are metallic. © 2010 American Institute of Physics.
�doi:10.1063/1.3377790�

Boron has a rather fascinating chemical property of
forming diverse structures. Stable boron clusters can be con-
structed from the following two basic units only: a pentago-
nal pyramidal B6 unit and a hexagonal pyramidal B7 unit.1

Furthermore, since Boustani investigated the small boron
clusters and postulated the “Aufbau principle,” the boron
nanostructures �quasiplane, ring, nanotube, and fullerene�
have generated tremendous interest.2–26 Among these studies,
boron nanotube �BNT� has specially attracted more attention
because of its special properties superior to other one-
dimensional nanomaterials. The formation of BNT derived
by the quasiplanar clusters was both theoretically predicted
and experimentally synthesized.2,3 Indeed, the existence of
pure boron single-wall nanotubes has been confirmed in ex-
perimental studies.5,6

The structure and stability of basic unit play a key role
for synthesizing nanotubes. It is well known that carbon
nanotube is formed by rolling a single graphite layer into a
cylinder. As far as the existence of BNT is concerned, one
naturally postulates that the planar boron structure may be
rolled into a BNT. The sheet models have been proposed in
literature.11 However, the boron sheet is not very stable for
its large deformation and buckling, which is very different
from the stable graphite sheet. Sheet model with holes, ob-
tained by removing atoms from a flat triangular sheet has
been suggested.12,13 Another possible kind of basic unit for
synthesizing BNT is the double-ring tubular �DRT� clusters.
Such idea is mainly based on the fact that the DRT configu-
ration is the most stable structure among various isomers of
B20, B24, B30, B36, and B96 clusters.20–23 Moreover, the DRT
clusters have been detected in experiments.25 Our previous
study also showed that for large sized boron clusters the
three-ring tubular and DRT configuration are more stable
than other ones.26 Therefore, it is desirable to explore the
stability, structure, and electronic properties of BNTs derived
from the DRT clusters. In this letter, we report four types
stable BNTs formed by the DRT clusters based on the results
of binding energy and electronic properties.

We employed CASTEP
27 code within the generalized gra-

dient approximation treated by Perdew–Burke–Ernzerhof
exchange-correlation potential28 to perform first-principles
calculations for exploring the structural and electronic prop-
erties of BNTs. Norm-conserving pseudopotentials were
used. The calculations were performed using the plane-wave
cutoff energy of 320 eV. The Brillouin zone sampling
was performed using special k points generated by the
Monkhorst–Pack scheme with parameters 1�1�7, which
was used for the one dimensional infinite structures. The
supercell geometry was taken to be a cubic cell with lattice
constant sufficiently large to avoid interaction between the
nanotubes �allowing at least 12 Å between nanotubes�.

The basic units and corresponding BNT are displayed in
Fig. 1, configuration a is double-ring basic unit. The number
of boron atoms in each ring is n, one ring is rotated at an
angle of � /n with respect to the other ring in order to form
the staggered configuration. The geometries b, c, and d rep-
resent basic units with one boron atom being removed per
interval of four, six, and eight atoms on each ring, respec-
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FIG. 1. �Color online� Front and top view of the basic units and correspond-
ing nanotubes. The structure a is the DRT-based basic unit. The b, c, and d
represent the structures with holes, in which nearest neighboring holes in the
same ring are separated by four, six, and eight boron atoms, respectively.
The data in brackets indicate the numbers of the boron atoms on each ring of
the nanotubes.
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tively. The nanotubes formed by these basic units are named
as a-, b-, c-, and d-type nanotubes. The corresponding struc-
tural data for these types BNTs are listed in Table I, includ-
ing the number of boron atoms in each ring of these basic
units, the B–B bond lengths, and the diameter of the ring. In
order to well understand the basic units, the open double
rings on them are shown in Fig. 2. For the a-type nanotube,
only the results of those nanotubes with 14 and 15 atoms on
each ring are listed in this table. By increasing the ring di-
ameter, a-type nanotube becomes buckled, the B–B bond
length is shortened in each ring, but is lengthened between
two rings. Figure 1 shows the a-type BNT and the buckled
a-type one, of which the number of boron atoms are 15 and
18 on each ring, respectively. For the a-type nanotube, boron
atoms on one ring do not form a circular configuration but a
zigzagged structure. The results of the buckled a-type nano-
tubes are in excellent agreement with those reported in
Ref. 11. According to the average binding energy �Eb�, buck-
led a-type nanotubes are more stable than a-type one. This is
due to strong � bonds of sp hybridization along the ring
direction.11

It is well known that pure boron compounds have neither
a purely covalent nor a purely metallic behavior. The multi-
centered bonds exist in boron structures. The existence of
three-centered bonding in a flat triangle sheet have been re-
ported in previous work.11 Tang et al.12 confirmed that the
triangle sheet has a surplus of electrons in antibonding states.
The presence of these electrons reduces the stability of the
flat sheet model and ultimately leads to the deformation of

the flat triangle sheet into the buckled triangle sheet. There-
fore, we attempt to discard boron atom on each ring of
basic unit to check its stability. Interestingly, the Eb of the
b-, c-, and d-types nanotubes are higher than that of the
a-type nanotube. Moreover, the electronic population of B–B
bond between two rings is improved from 1.01 e of a-type to
1.25 e in b-type ones. In addition, the graphiticlike basic unit
was optimized, but the zigzag nanotube is easily deformed.

For completeness on the description of the studied
BNTs, it is important to analyze their structural and elec-
tronic properties. The B–B bonds of b-, c-, and d-types nano-
tubes are about 1.60 Å and is shorter than that of a-type one.
Moreover, at the proximity of the discarded boron position,
the B–B bond lengths are about 1.70 Å. The minimum bond
lengths are 1.71 Å and 1.62 Å for �- and �-boron,
respectively.29–31 In well-known fullerene B80,

7 the neighbor-
ing B–B distances are about 1.727 Å for longer bond and
1.677 Å for shorter bond, respectively. The neighboring B–B
distance becomes shorter on each ring, so the diameter of
c-type nanotube is smaller than that of a-type one. For ex-
ample, the average diameter is about 7.76 Å for a-type nano-
tube with 14 boron atoms on each ring, but the average di-
ameter is 7.53 Å for c-type nanotube with 12 boron atoms on
each ring, as shown in Table I.

We would like to discuss the difference in structures and
energy between the present nanotubes and ones reported in
Refs. 14 and 13. Tang and Ismail-Beigi12 suggested two
models of planar boron sheet ��-sheet and �-sheet�. Then,
BNT formed by the �-sheet was studied by two groups.13,14

The main structural character of these nanotubes is that there
are two boron atoms between the centers of two nearest
neighboring holes �as shown in Fig. 1 of Ref. 13�. For the
present nanotube with holes �b-, c-, and d-types�, there is no
atom between the centers of two nearest neighboring holes
�as shown in Fig. 1. The b-type nanotubes is similar to that
formed by the �-sheet suggested in Ref. 12. The main struc-
tural difference of the b-, c- and d-types BNTs is the number
of the boron atoms between the nearest neighboring holes in
their basic units �the DRT clusters�. In order to clearly show
such difference, we plot the open DRT basic units in Fig. 2.
As seen in this figure, for the b-, c-, and d-types DRT, there
are four, six, and eight atoms between the nearest neighbor-
ing holes.

For the binding energy, the present four-types of nano-
tubes are energetically competitive to those based on the

TABLE I. The bond length between borons in each ring �L1�, the bond length between neighboring borons in two rings �L2�, the average diameter in each ring
�Dave�, and the average binding energy per atom �Eb� of the four types BNTs. The data in brackets indicate the numbers of boron atoms on each ring.

Type Nanotube
L1

�Å�
L2

�Å�
Dave

�Å�
Eb

�eV/atom�

a 0-hole-ring�14� 1.735 1.692 7.76 5.560
a 0-hole-ring�15� 1.721 1.683 8.06 5.611

buckled-a 0-hole-ring�18�
1.702–1.740
1.562–1.628 2.073/1.761

9.88
7.54/9.05 5.694

buckled-a 0-hole-ring�21�
1.702–1.740
1.540–1.610 1.753–2.096

11.47
9.05/10.29 5.734

b 3-hole-ring�12� 1.590/1.651 1.625/1.701 8.00 5.912
b 4-hole-ring�16� 1.590/1.652 1.630/1.700 10.42 5.942
c 2-hole-ring�12� 1.620–1.740 1.658–1.678 7.53 5.925
c 3-hole-ring�18� 1.630–1.727 1.700–1.718 11.15 5.962
c 4-hole-ring�24� 1.612–1.735 1.658–1.738 14.68 5.978
d 2-hole-ring�16� 1.611–1.730 1.658–1.734 9.50 5.938

FIG. 2. �Color online� Open double rings of the basic units. The structure a
is basic form of open double rings with 0 holes; b, c, d present basic forms
of open double rings, in which neighboring holes of the same ring are
separated by four, six, and eight boron numbers, respectively.
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sheet model with holes reported in Refs. 13 and 14. The Eb
of zigzag nanotubes �9,0� and �12,0� with the diameters of
8.6 Å and 10.8 Å are about 5.95 eV/atom and 5.98 eV/atom,
respectively. The Eb is 5.97 eV/atom for armchair nanotube
�7,7� with the diameter of 11.18 Å. It is shown in Table I that
the Eb is about 5.96 eV/atom for the nanotube with diameter
of 11.15 Å and with eighteen atoms on each ring. Therefore,
the stability is enhanced as the ring diameter increases.

Figure 3 shows the density of state �DOS� for BNTs
based on a, b, c, and d basic units. The number of boron
atoms for these rings are 15, 16, 24, and 16, respectively.
Clearly, the metallic behavior is illustrated by the existence
of electron states at the Fermi level. To get a more under-
standing of the states on the Fermi level, the projected orbital
density of states onto the s and p orbitals are displayed in
Fig. 3. As seen in this figure, the states at the Fermi level are
dominated by the p orbital electrons. However, for the a-type
nanotubes, electrons from s orbital also contribute to the
states at the Fermi level. Moreover, the occurrence of
pseudogap near the Fermi level indicates the enhanced sta-
bility of the c- and d-type nanotubes. Meanwhile, we calcu-
lated the total electron density �shown in Fig. 4�, which is
evenly distributed inner and outer sides for a-type nanotube.
As seen in Fig. 4, a-type BNT is in a single layer structure.
With the increment of diameter for each ring, the total elec-
tronic density has an anisotropic distribution for buckled
a-type nanotube. The electronic density distribution of b-, c-,
and d-types nanotubes are similar to that of a-type nanotube,
except for the positions of the discarded boron atoms.

In conclusion, four types of stable BNTs formed by the
DRT configuration are predicted according to the results of

first-principles calculations. The calculated binding energy
shows that they have a competing stability with the nano-
tubes formed by the boron sheets with holes. The highest
binding energy of the BNT formed by c basic unit indicates
its higher stability than the other three types. The calculated
DOS shows that the four types of nanotubes are all metallic.
Moreover, the results of binding energy imply that the nano-
tubes formed by the b, c, and d units are more stable than
those formed by the basic unit a, which are mainly due to the
strengthening of B–B bond between two rings by discarded
atoms.
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FIG. 3. �Color online� Total and orbital-decomposed density of states for
nanotube formed by basic units a �15�, b �16�, c �24�, and d �16�. The values
of brackets is the atomic numbers of each ring in different basic units.

FIG. 4. �Color online� Total electron density at a contour value of
0.2 electron /Å3 for nanotubes formed by: �a� a �15� basic unit; �b�
buckled-a �18� basic unit; �c� c �24� basic unit. The values of brackets
represent the atomic numbers of each ring in different basic units.
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