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In this paper we report a theoretical study of the effects of the presence of boron in growing carbon
nanotubes. We employ a well established tight binding model to describe the interactions
responsible for the energetics of these systems, combined with the molecular dynamics simulation
technique and structural relaxation calculations. We find, in agreement with the previous theoretical/
experimental work of Blaseet al. @Phys. Rev. Lett.83, 5078 ~1999!#, that boron favors (n,0)
~zig-zag! tubular structures over (n,n) ~arm-chair! ones by stabilizing the zig-zag edge.
Furthermore, it is shown that boron has the effect of delaying the tube closure process, a fact which
could explain the improved aspect ratio experimentally observed in nanotubes synthesized in the
presence of boron. Our dynamical simulations lead us to propose a mechanism through which this
extension of the closure time can be explained. ©2000 American Institute of Physics.
@S0021-9606~00!71533-9#
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I. INTRODUCTION

The discovery of carbon nanotubes by Iijima in 1991

marked the starting point of a scientific revolution.2–6 This
discovery has opened a whole new perspective in the n
scopic regime of materials science and engineering. T
mechanical,7–14 electrical,15,16 and magnetic17–19 properties
provide ample opportunity for the fabrication of nanosc
devices. Indeed some such devices have already bee
ported in the literature.20–23 Since Iijima’s discovery, nano
tubes of other chemical composition have also been syn
sized, such as BxCyNz composite nanotubes,24–28 the so-
called inorganic nanotubes consisting of layers of MoS2 or
WS2,29–31 or NiCl2 nanotubes.32 All these compounds hav
phases which consist of layered structures, and this has le
the prediction that other materials also capable of crysta
ing in layered structures can in principle produce nanotub
Indeed, theoretical arguments have been presented in th
erature for the viability of BN,33,34 BC3,35 BC2N,36 GaN,37

B,38 GaSe,39 and P40 nanotubes. Interestingly, nanotubul
structures can also be constructed from biochemical c
pounds, such as peptides, as demonstrated experimenta
Ghadiri et al.41 and theoretically by Carloniet al.42

The tubes first detected by Iijima1 were multiwall nano-
tubes ~MWCNT’s!, i.e., concentric shells of cylindrica
shape, in which each shell is separated from the next
approximately the same distance as the interlayer spacin
graphite. Each shell can be characterized by a pair of indi

a!Author to whom correspondence should be addressed; electronic
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(n,m), which determine how the folding of the graphen
sheet must be carried out in order to obtain the shell. T
shells are usually classified into three different types: (n,0)
or zig-zagshells, (n,n) or armchairshells, andchiral shells,
of indices (n,m) where n.m.0. Zig-zag and arm-chair
shells are said to be achiral~they can be superimposed on
their mirror images!. The ordering of the shells in a
MWCNT is usually turbostratic, i.e., the pattern of atomic
arrangement may vary~and in general does vary! from one
shell to the next, or in other words, different shells usua
have different chiralities.4

After the discovery of MWCNT’s, a procedure for syn
thesizing single-wall nanotubes~SWCNT’s! was found.43

These tubes are found to aggregate into bundles or ropes
their diameter distribution peaks at around 1.4 nm, althou
more recently this distribution has been found to vary
cording to the synthesis conditions.44 The production of
SWNT’s has allowed the experimental corroboration16 of a
theoretical prediction made by Hamada and co-worke15

soon after the discovery of MWCNT’s, that the electric
conductivity properties of SWCNT’s are dependent on
(n,m) indices. This prediction stated that SWCNT’s can
either metallic or semiconducting; if the indices (n,m) of a
nanotube obey the relationn2m53q (q50, 1, 2, 3, . . .!,
then the tube is metallic, otherwise the tube is semicond
ing. This dependence of the electric characteristics
SWCNT’s upon their structure has raised an interest in
possibility of devising new synthetic methods that allowed
structural selection of nanotubes, not only according to th
diameter, but also to their chirality. A first step in this dire
il:
4 © 2000 American Institute of Physics
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tion was achieved by Redlichet al.,45 Carroll et al.,46 and by
Terroneset al.,47 who, by adding a certain amount of boro
during the synthesis, obtained boron doped MWCNT
which, interestingly, have an improved crystallinity and
larger aspect ratio~quotient of length to diameter! with re-
spect to tubes obtained in the absence of boron. It was sh
that boron appears mostly in the form of clusters associa
with the tips of the nanotubes. But most importantly, a rec
combined experimental and theoretical study by Blase
co-workers48 has demonstrated that the MWCNT’s thus o
tained consist mostly of zig-zag shells. This study also sh
some light on the role played by boron in favoring the z
zag structure over others, and tries to explain the larger
pect ratio observed in boron assisted synthesis. This la
issue, though, was addressed by first-principles~FP! density
functional theory~DFT! molecular dynamics simulations
and the large computational costs of this technique preve
Blase and co-workers from pursuing a detailed enough st
which clarified completely this question.

In this paper we address the problem of boron assis
nanotube growth using a tight binding model.49 Tight Bind-
ing ~TB! is an approximate method which nevertheless
capable of providing extremely accurate results in favora
systems. Its main advantage with respect to FP method
gies is its comparatively low computational cost, which oft
allows a more extensive study than is practical or even p
sible with higher levels of theory. In this work we have us
the density functional tight binding~DFTB! model due to
Porezaget al.,50 about which we give more details in Sec.
This model has proved to be very accurate for carbon-ba
systems. We have used DFTB to perform a series of st
and dynamical simulations of SWCNT’s, with and witho
boron present, with the aim of understanding the effects
the presence of boron on the structural properties of the
sulting NT’s. The structure of this paper is as follows: in S
II we describe briefly the DFTB model, and provide previo
examples of its successes in order to justify its use here.
also describe the calculations which are reported in the
mainder of the paper. Section III is devoted to a discuss
of our simulation results, and we summarize our conclusi
in Sec. IV.

II. COMPUTATIONAL DETAILS

A. Model

DFTB is a nonorthogonal tight binding scheme in whi
a parametrization is constructed directly from DFT calcu
tions using atomiclike orbitals in the basis set, and adop
a two-center approximation for the Hamiltonian matrix e
ments. For more details on the parametrization used here
reader should consult Refs. 50 and 51. The DFTB sche
has proved to be extremely successful in the modeling
carbon-based systems, in particular carbon clusters and n
structures. Fowleret al.52 have used it to analyze the ene
getic ordering of all 426 cage structures containing fiv
six-, and seven-membered rings in C40. Ayuelaet al.53 have
found, using DFTB and five other semiempirical methods
heptagon-containing isomer of C62 which was predicted to be
more stable than any of the other 2385 classical fuller
s
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isomers~i.e., isomers containing only pentagons and he
gons!. DFTB has also been used to determine the mechan
properties of single-wall C, BN and some BxCyNz

nanotubes,11 providing results which are in excellent agre
ment with the available experimental data. More recen
DFTB has also been used to study the structural, mechan
and electronic properties of a novel family of laminar carb
structures known ashaeckelites, as well as those of thei
tubular counterparts.54 Haeckelites consist of pentagons a
heptagons in equal number, with an arbitrary number
hexagons. The suitability of DFTB for performing molecul
dynamics simulations in carbon-based systems has b
most recently demonstrated by Fugaciuet al.,55 who have
used it to study the conversion of diamond nanoparticles
concentric shell fullerenes. The many examples of the us
DFTB in the context of carbon-based systems and the a
racy of the results reported give us confidence in the relia
ity of this theoretical model.

Like in other Tight Binding models,49 in DFTB the total
energy is calculated as the sum of two contributions:
band structurecontribution, which is mostly attractive, an
the repulsivepair-potentialcontribution, which accounts fo
the core-core repulsion and the double-counting of
electron-electron interaction which is implicit in the ban
structure term. The band structure energy is calculated
straightforward diagonalization of the Hamiltonian, sum
ming the eigenvalues of the occupied states weighted acc
ing to their occupation numbers, i.e.,

Ebs52(
n

f nen , ~1!

where f n is the population of staten ~which in our case is
equal to 1 for occupied states, and to zero for unoccup
i.e., we have assumed 0 K electronic temperature!, anden is
the eigenvalue of staten. The factor of two accounts for the
degeneracy of spin. The band structure contribution to
atomic force Fi is then calculated from the Hellmann
Feynman theorem,

¹ ien52 f nCn
†~¹ i H2en¹ i S!Cn , ~2!

where Cn is the vector representation of eigenstaten, H is the
Hamiltonian matrix, andS is the overlap. The repulsive pa
potential energy and force contributions are trivially added
Eqs.~1! and ~2!, respectively.

B. Calculations

We have performed two types of calculations:~a! struc-
tural relaxation calculations, in which, using the conjuga
gradients~CG! technique,56 the positions of the atoms in
system are displaced until a minimum in the potential ene
hypersurface is found; and~b! molecular dynamics~MD!
simulations, which we have employed to study the time e
lution of the systems considered here at a range of temp
tures. More specifically we have performed canonical
semble molecular dynamics calculations, in which t
conserved quantities are the number of atoms, the volu
and the average temperature~NVT-MD !. We have imple-
mented the NVT-MD algorithm of Nose´ as modified by
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Hoover.57,58 In this algorithm the physical system of intere
is extended by the addition of an extra degree of freed
playing the role of a thermostat, which interacts with t
physical system in such a way as to fix the average temp
ture. In this algorithm the mass associated with the therm
stat is somewhat arbitrary, as it does not affect the value
the average temperature, only the size of the instantan
temperature fluctuations. We have chosen this mass to
equal to the total mass of the physical system. We have u
the implementation of the Nose´-Hoover algorithm described
by Frenkel and Smit.59 Although the total energy is not con
served in NVT-MD, there is a conserved quantity which c
be monitored to ensure the correctness of the impleme
tion. This magnitude plays the role of total energy of t
extended system. In our simulations we have used a t
step of 1 fs, which has proved to be sufficiently small
maintain the conserved quantity oscillations smaller tha
part in 10 000 during the length of the simulations, with
appreciable drift.

Our studies have covered a range of temperatu
namely 1000, 2000, 2500 and 3000 K. At each tempera
the dynamics of the system was monitored during at leas
ps. The simulations were carried out sequentially, using
coordinates and velocities at the end of a run at a gi
temperature as a seed for the simulation at the next hig
temperature. The transition from one temperature to ano
was made by gradually increasing the temperature of
thermostat at a rate of 0.5 K/fs. To use a lower heating
would be prohibitive, in view of the computational costs i
volved. Nevertheless, once the thermostat reached the
sired temperature, the system was allowed to reach equ
rium at the new temperature during 1 ps, in order
minimize as much as possible the effects of such a h
heating rate, before performing the simulation at the n
temperature.

III. SIMULATION RESULTS

A. Carbon nanotubes in the absence of boron

Before addressing the effect of boron on the struct
and growth mechanism of nanotubes, it is necessary to s
the dynamics of carbon nanotubes in the absence of boro
so doing we can also assess the quality and appropriate
of the model. In order to study the dynamics of the op
ended tubes, we first considered the systems illustrate
Fig. 1. These systems are a~10,0! nanotube, with one end
saturated by ten H atoms, and a~5,5! nanotube, also with one
end saturated by ten H atoms. Both tubes consist of 12
atoms, plus the 10 H atoms. Figure 1 shows the struct
obtained after a CG relaxation, which were then used
starting configurations for the NVT-MD simulations. To fa
cilitate the analysis of the MD simulations, the 10 H atom
were kept fixed throughout the dynamical simulations. Wh
this is an approximation, we have chosen a tube sectio
large as was practical in order to minimize the possible
fects of having the H atoms frozen on the dynamics at
other end of the tube.

We first discuss the case of the~10,0! nanotube. At the
lowest temperature considered~1000 K!, the structure of the
,
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nanotube remains unaltered except for the normal ther
oscillations around the equilibrium atomic positions. All th
hexagonal rings present in the initial structure~Fig. 1! retain
their identity, as can be seen in Fig. 2~a!, which illustrates
the configuration attained after 10 ps of MD run at this te
perature. In view of the fact that the simulation of the op
nanotube end at 1000 K failed to produce any structural
ordering within this time scale, we proceeded to heat
system up to 2000 K. At this temperature, structural chan
begin to appear in the open edges of the nanotube, as ca
seen in Fig. 2~b!. Indeed, some hexagonal rings at the ed
have been broken, resulting in chains of carbon atoms, w
others have fused into pentagon-heptagon~5/7! pairs. After
10 ps at 2000 K, two pentagonal rings can be seen, as we
one heptagon. These nonhexagonal rings are produced b
fusing of two hexagons, to give a pentagon and a heptag
However, we find that heptagons appear to be less sta
and break more easily into carbon chains that remain
tached to the nanotube edge, while the pentagons rem
stable. The presence of these pentagons induces curvatu
the structure, so the edge of the nanotube bends inward

FIG. 1. The relaxed structures of a~10,0! nanotube~a! and a~5,5! nanotube
~b!, used as starting configurations for the molecular dynamics simulat
described in the text.

FIG. 2. ~a! Final structure of the~10,0! nanotube obtained after 10 ps o
dynamics at 1000 K.~b! Final structure of the~10,0! nanotube obtained afte
10 ps of dynamics at 2000 K.
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Clearly, a tendency to form a fullerenelike cap is o
served, a situation that is after all energetically more sta
than the open edge. Therefore, we continued the simula
at a temperature of 2500 K. Like before, the temperature
the thermostat was increased at a rate of 0.5 K/fs, and o
the desired thermostat temperature was achieved the c
bined system of nanotube and thermostat was allowed
equilibrate during 1 ps. The dynamics of the system w
then monitored during a further 20 ps. Figure 3 illustrates
representative configurations of the system at this temp
ture. As can be seen, the process of tube closure initiate
2000 K is further facilitated at 2500 K. The chains of carb
atoms which were seen already at 2000 K can now fo
links bridging across the open edge. This, combined with
presence of the pentagonal rings at or close to the edge
the overall effect of bending inward the nanotube walls.
the simulation proceeds, the number of freely oscillat
chains is reduced, due to their tendency to bond into
domelike structure being formed. Eventually the tube clos
is completed, and all carbon atoms are three-coordinate
an sp2 hybridization fashion. Although the resulting close
structure is highly strained, due to the presence of so

FIG. 3. Different stages of the closure of the~10,0! nanotube at 2500 K.
These structures were observed at approximately~a! 2, ~b! 5, ~c! 8, ~d! 11,
~e! 15, and~f! 18 ps.
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small rings~a tetragon can be seen! and to the adjacency o
pentagons, this is certainly a deep local minimum of t
potential energy hyper-surface, as the structure, once clo
remains unaltered~except for thermal oscillations!, even af-
ter heating up the system to 3000 K and following the d
namics at this temperature for a further 10 ps. Obviously,
time scale for structural reorderings once the nanotube
closed is much larger than the time scale for the clos
itself. This is because structural changes now must hap
via the Stone–Wales60 mechanism, which has a high activa
tion barrier, and therefore occurs very infrequently.61

We now discuss the results obtained from the simulat
of the ~5,5! nanotube. During the first 10 ps of dynamics,
which the average temperature was fixed at 1000 K, one
the edges of a hexagon at the end of the nanotube is bro
and as a result a carbon chain is formed which oscilla
under the influence of the thermal motion, but no~5/7! com-
plexes are observed at this temperature. When the temp
ture is increased to 2000 K two more hexagons break,
still no ~5/7! pairs are formed. At 2500 K nearly all edg
hexagons have broken, and consequently there is an a
dance of carbon chains. Among these the first two pentag
can be observed, but there are still no signs of heptag
This is probably because the mechanism of pentagon for
tion in this case is somewhat different than in the~10,0!
nanotube. In the latter, pentagons and heptagons occu
pairs, resulting from the fusion of two edge hexagons. H
the pentagons appear from the rebonding of chains resu
from the breaking of edge hexagons. The presence of th
pentagons induces curvature in the structure, which w
eventually cause the tube closure. At 3000 K a total of three
pentagons are seen, and the structure is rapidly evolving
ward complete closure, but this only happens beyond 10
of dynamics at this temperature.

Our results show unambiguously that the open edge
nanotubes are unstable, and at sufficiently high temperat
close spontaneously by forming half-fullerene caps. The ti
scales we find for the nanotube closure are only orientat
as they may vary slightly for different initial conditions, an
certainly they are sensitive to the temperature, but we
say that above 2000 K, closure occurs within a few tens
ps. This finding is in agreement with previous first-principl
results.62 At temperatures between 1000 and 2000 K the ti
scale for closure~which remains beyond the scope of th
simulation times covered here! could be in the order of hun
dreds of ps or even in the ns range, but even so this seem
us to be too short a time scale for permitting nanotu
growth, and this is presumably why single-wall nanotub
cannot be obtained without using transition metal nanop
ticles which act as catalysts. However, the microscopic
tails of this catalytic growth process are as yet far from be
understood.63

In order to gain some insight into the experimental o
servation that boron doping can result in the production
longer and more crystalline multiwall nanotubes, and in p
ticular how it favors the zig-zag type tubes over the ar
chair or chiral ones, we have performed a number of st
and dynamical simulations in the~10,0! nanotube system
with different degrees of boron substitution.



s
xp
e
ic
u
en
re

h
os
u
t

e
in

o
tu
e
a

th

g
th
d
t
ro

th

er
th

e
the
dge
r of

ced,
the

pply,
ir up
the
that

at
no-

the

lay
, as
ry
tial

gth
hus,
the
ries
s
the
ix,

g as
gu-
e
ano-
ics
con-
he

d
K

of
e
-
ron
ts
een

ised
ur-
ins
gth
k-

pen
fter
on-
e is
on

the
-
ruc-

i

rm
tiv

3818 J. Chem. Phys., Vol. 113, No. 9, 1 September 2000 Hernández et al.
B. Boron-doped nanotubes

We first address the question as to why boron tend
accumulate at the ends of the nanotubes, as has been e
mentally observed.48 To investigate this site preference, w
have performed a series of relaxation calculations in wh
we compare the energy of nanotube and flat edge struct
with a boron atom substituting a carbon atom at differ
sites. We have considered two different nanotube structu
one a zig-zag nanotube with indices~10,0! ~the same as il-
lustrated in Fig. 1!, and a~6,6! arm-chair nanotube. For eac
of the two structures we have taken into account five p
sible boron substitutional sites, namely: the boron atom s
stitutes at an edge carbon site~sitea), the boron is located a
a site one bond away from the edge site~site b), two bonds
away ~site g), three~site d) and six bonds away from th
edge~sitee). These positions are illustrated schematically
Fig. 4.

Our results, given in Table I, show that in both types
nanotubes the most favorable position for boron to substi
at is in the vicinity of the edge. However, there are mark
differences between both types of edges. In the zig-zag c
the energy of the structure with boron substituted in siteb is
1.4 eV higher than the structure with boron substituted at
a site, almost the same as for substitution of boron far~site
e) from the edge~1.41 eV!. So, in the case of the zig-za
edge it is much more favorable for boron to substitute at
edge than elsewhere in the nanotube. In the arm-chair e
however, it turns out that the most stable structure is tha
which the boron atom is placed at a site one bond away f
the edge, i.e., siteb in Fig. 4~b!, which turns out to be 0.58
eV more stable than the structure obtained by placing
boron atom directly at the edge~sitea). Nevertheless, boron
will still preferentially locate itself close to the edge rath
than far away from it, as the energy difference between

FIG. 4. ~a! Schematic view of the boron substitutional sites considered
the ~10,0! nanotube and the zig-zag graphene edge;~b! the substitutional
sites in the~6,6! nanotube and arm-chair graphene edge.

TABLE I. Energies of boron-substituted structures for zig-zag and a
chair nanotube and graphene edges. The energies are given in eV rela
the most stable structure in each case.

Bonds ~10,0! Zig-zag ~6,6! Arm-chair
from edge nanotube edge nanotube edge

0 0.00 0.00 0.58 0.48
1 1.39 0.99 0.00 0.00
2 0.57 0.67 0.60 0.66
3 1.30 1.42 0.83 0.75
6 1.41 1.35 0.88 0.88
to
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h
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e
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most stable configuration and that with boron placed in site
is 0.88 eV. These findings can be easily rationalized: in
zig-zag case it is more favorable for boron to be at the e
than elsewhere in the tube because in this way the numbe
carbon dangling bonds at the nanotube edge is redu
given that boron has one electron less than carbon. In
arm-chair case, however, the same argument does not a
because the carbon atoms at the edge are able to pa
forming a stable double bond. By placing a boron atom at
edge a double bond cannot form, and the configuration
results is thus less stable than configurationb. The same
trends are evident from the calculations involving the fl
graphene edges, indicating that the curvature of the na
tubes does not play any significant part in determining
energetics of the boron-substituted structures.

These static calculations illustrate how boron could p
a role in favoring zig-zag structures over arm-chair ones
has been found experimentally. Our findings are in ve
good agreement with the DFT plane-wave pseudopoten
results reported by Blase and co-workers.48 However, these
results do not give any explanation for the increased len
of the nanotubes synthesized in the presence of boron. T
in order to gain some insight into how boron can assist
production of longer nanotubes, we have performed a se
of MD simulations of a~10,0! nanotube with varying degree
of boron substitution at the edge. We have employed
same structure as illustrated in Fig. 1, but placing four, s
eight and ten boron atoms at the tube edge, substitutin
many carbon atoms in each case. Starting from such confi
rations, we have performed MD simulations following th
same pattern described above for the undoped carbon n
tubes. Let us comment briefly on the details of the dynam
in each case. In all instances, at the lowest temperature
sidered~1000 K!, the structures remain unaltered during t
time spanned at this temperature~10 ps!; all hexagonal rings
present initially maintain their identity during this time, an
it is not until the system is run at a temperature of 2000
that structural changes begin to appear.

When only four boron atoms are present, after 10 ps
dynamics at 2000 K two~5/7! pairs are formed at the tub
edge. The structure of these~5/7! pairs is such that the com
mon edge between both rings always incorporates a bo
atom @see Fig. 5~a!#. This is a structural feature that repea
itself frequently in the other cases considered, as will be s
below. At this temperature, a transient C4 ring, and a B2C6

octagonal ring are also seen. When the temperature is ra
further to 2500 K, the boron containing pentagons still s
vive, but the heptagonal rings break, and carbon cha
linked to the pentagons are formed. These chains, of len
equal to two or three bonds, oscillate widely, eventually lin
ing with similar chains or unsaturated bonds along the o
edge, thus initiating the tube closure. The tube is closed a
approximately 8.5 ps at this temperature. Given the low c
centration of boron at the tip, the dynamics observed her
rather similar to that already described for the pure carb
case.

When the number of boron atoms is increased to 6, at
temperature of 2000 K two~5/7! complexes like those ob
served in the four-boron atom case are formed, but the st
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ture is otherwise unaltered. These boron-containing~5/7!
pairs are remarkably stable; they remain intact even afte
ps at 2500 K. In this particular case, it is necessary to rise
temperature further, to 3000 K, for the tube closure to occ
This happens only after 8 ps of dynamics at this temperat
which is indicative of a higher stability of the open ed
when compared to the tube with only four boron atoms.
the case of the nanotube doped with eight boron atoms,
structure develops two~5/7! pairs within 10 ps at 2000 K
much like in the previous cases. However, once the temp
ture is elevated to 2500 K, the structure closes comple
within 7.5 ps. This result appears to contradict the thesis
increasing the amount of boron at the tube edge delays
closure process, but in fact this is not necessarily so, as
be argued below.

Finally, let us consider the case of the tube with t
boron atoms. Like in all the cases analyzed earlier, struct
changes at the open edge begin to appear at a temperatu
2000 K, at which a boron-containing~5/7! pair is formed.
Three such complexes can be seen after 10 ps at 2500 K
the structure is otherwise unchanged. It is necessary to r
a temperature of 3000 K and monitor the dynamics of
system for 11 ps at this temperature before the tube ca
said to be completely closed. We note that Blase a
co-workers,48 who have also performed MD simulations
this particular system using DFT with a basis set of pla
waves and the pseudopotential approximation up to temp
tures of 2500 K for 10 ps, failed to observe the closure. T
results reported here indicate that, at such a temperature
most likely that the closure would not occur below 10 ps,
it required 11 ps at 3000 K to observe the closure in
simulations that we have performed.

FIG. 5. Schematic view of~a! the ~5/7! edge complex observed during th
MD runs of the ~10,0! nanotube~the circle indicates the position wher
boron is found in the boron-doped cases!; ~b! one of the possible edge
reconstructions involving pentagons and heptagons in the arm-chair
tubes, the~7/5/7! complex, and~c! the ~5/7! arm-chair edge complex. The
circles indicate the substitutional sites considered in the relaxation calc
tions ~see text!.
0
e

r.
e,

n
he

a-
ly
at
he
ill

al
e of

but
ch
e
be
d

-
a-
e
t is
s
e

Figure 6 illustrates the structures obtained at the end
the MD simulations described above. As can be seen, reg
less of the amount of boron present initially at the tube ed
the final structures are invariably closed, but as seen in
discussion, there are notable differences observed during
dynamics in each case. That the nanotubes evolve in su
way as to achieve a closed structure is, after all, not so
prising, given that the closed structures, with all atoms c
nected in ansp2 network are always more stable than t
corresponding open structures. For example, the structur
lustrated in Fig. 6~d!, once relaxed at 0 K, is 13.7 eV mor
stable than the corresponding open structure~a figure to be
compared with an energy difference of 17 eV, obtained
the pure carbon case using the same two structures!. Never-
theless, as can be seen from the discussion above, the d
of the closure process vary according to the amount of bo
present at the edge.

Our MD results seem to indicate that a delay of the tu
closure occurs when boron is present in the system. H
ever, it is difficult to establish this beyond doubt purely o
the basis of a small number of MD trajectories, because
each temperature and boron composition there will be a
tribution of possible closure times~depending on the initial
conditions! for a given type of nanotube. To get a clear pi
ture of how the closure time distribution changes as
amount of boron is increased would require a very la
sample of MD simulations, much larger than would be pra
tical to carry out given the computational costs involved. O
simulations are clearly insufficient in number to reveal u
ambiguously the changing trends in closure times with
creasing boron content, which could explain the appare
contradicting result obtained for the tube with eight bor
atoms, which closes faster and at a lower temperature
the tube with only six boron atoms. Nevertheless, th

pe

la-

FIG. 6. The dome structures of the closed boron-doped nanotubes arriv
during the MD simulations:~a! nanotube with four boron atoms,~b! nano-
tube with six boron atoms,~c! nanotube with eight boron atoms and~d! with
ten boron atoms. Dark shaded atoms are boron atoms.
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simulations are sufficient to clarify the role played by bor
when present at the open edge of a nanotube, and are
extremely revealing. They indicate that before the tube c
sure can begin to occur,~5/7! complexes form at the edge
This is true of both the pure carbon and the boron-do
tubes. Under the effect of the rapid thermal motion the h
tagons seem to be more prone to breaking, and the chain
atoms thus formed initiate or can participate in the tube c
sure. Interestingly, when boron is present, it seems to
always associated with these structures once they are for
in the manner depicted in Fig. 5~a!.

These observations have led us to perform a new se
static structural relaxation calculations, in which we inves
gate the stability of these edge~5/7! complexes in both (n,0)
and (n,n) nanotubes. We have compared the energy o
normal zig-zag edge structure, such as that shown in Fig
with that of a zig-zag edge containing a~5/7! pair, both in the
pure carbon case and in the case in which the~5/7! pair
contains a boron atom situated between the pentagon
heptagon at the edge@Fig. 5~a!#. It turns out that a~5/7! pair
placed at the edge of a pure~10,0! tube lowers the tota
energy by about 0.56 eV. When boron is present between
pentagon and heptagon, the energy gain is slightly lar
0.67 eV, according to our calculations. This seems to in
cate that the formation of such boron containing edge co
plexes stabilizes the open edge, and consequently delay
closure.

A ~5/7! complex is also possible at an arm-chair nan
tube edge, where it is also possible to construct a more c
plicated edge structure, involving a pentagon and two he
gons, which we call a~7/5/7! edge complex; both structure
are illustrated schematically in Figs. 5~b! and 5~c!. Structure
5~b! is reminiscent of the ring-defect structure discussed
Crespi et al.64 We have investigated the stability of thes
both in the pure carbon case and when boron is present in
different possible substitutional sites. The results from th
calculations are listed in Table II. It turns out that the on
reconstructed arm-chair edge which is more stable than
structureb shown in Fig. 4~b! is that illustrated in Fig. 5~b!,
with the boron atom placed between the two heptago
rings, but not forming part of the pentagon~i.e., site b).
Even so, the energy difference is only small~0.33 eV!, cer-
tainly smaller than the energy gain obtained by the rec
struction in the zig-zag edge.

The results obtained from these structural relaxation
culations provide a possible mechanism for explaining b
the observed preference for the zig-zag structure and the
proved aspect ratio of nanotubes synthesized in the pres

TABLE II. Energies of boron-substituted reconstructed edges for the~6,6!
nanotube. The labeling of the edges corresponds to that of Figs. 5~b! and
5~c!. The energies are given in eV relative to the most stable unrec
structed substituted arm-chair edge structure.

Position Structure~b! Structure~c!

a 1.10 3.40
b 20.33 3.17
g 0.46 2.67
a8 ¯ 2.64
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of boron. The reconstruction of a zig-zag edge in which b
ron is present from the saw-tooth structure illustrated in F
1 to one containing a~5/7! pair is exothermic, resulting in a
significant stabilization of the nanotube. In the case of
undoped nanotube edge, this reconstruction also lowers
energy, but by a smaller amount. Note also that, while si
lar reconstructions are possible in the case of a boron-do
arm-chair nanotube, only one such reconstructions low
the energy with respect to the unreconstructed edge, and
by a small amount. Boron, thus, is seen to significantly s
bilize zig-zag edges compared to arm-chair ones and we
pect the former tubes to grow better; furthermore, the e
~5/7! relaxation mechanism we have found is only effecti
in zig-zag edges, a fact that contributes to favor this type
tube even further.

IV. CONCLUSIONS

We have performed an extensive theoretical study of
effects of the presence of varying amounts of boron in
edge of growing nanotubes using TB MD and structural
laxation calculations. In spite of the approximate nature
the TB model used here, it gives results that compare q
well with the available FP data from the work of Blas
et al.48

We have shown that both carbon- and boron-dop
nanotubes spontaneously close in a time scale of a few~<20!
ps in a temperature range of 2500–3000 K. In the case
boron-doped tubes the MD simulations reveal a pattern
longer closure times as the amount of boron at the tip of
nanotube is increased. The presence of boron in the prox
ity of the tube edge has a stabilizing effect, but this effec
larger in the case of zig-zag nanotubes than in the cas
arm-chair ones. Furthermore, we have shown that in (n,0)
edges a reconstruction of the edge involving~5/7! pairs sta-
bilizes further the open edge. Although similar reconstru
tions are topologically possible in the case of (n,n) edges
they do not result in any significant stabilization of this ty
of edge.

These results contribute to a better understanding of
experimental observations45,47,48 that boron accumulates a
the nanotube tips, that it favors zig-zag nanotubes over o
structures, and that the nanotubes synthesized in the pres
of boron have a larger aspect ratio than other nanotubes
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