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Abstract. An ideal single vacancy can be formed by removing one carbon atom from a hexagonal network.
The vacancy is one of the most important defect structures in carbon nanotubes (CNTs). Vacancies can
affect the mechanical, chemical, and electronic properties of CNTs. We have systematically investigated
single vacancies and their related point defects for achiral, single-walled carbon nanotubes (SWNTs) using
first-principles calculations. The structures around single vacancies undergo reconstruction without con-
straint, forming ground-state or metastable-state structures. The 5-1DB and 3DB point defects can be
formed in armchair CNTS, while the 5-1DB-P and 5-1DB-T point defects can be formed in zigzag CNTs.
The related point defects can transform into each other under certain conditions. The formation energies
of armchair CNTs change smoothly with the tube radius, while in the case of the 3DB defect, as the radius
get larger, the formation energies tend towards a constant value.

PACS. 61.46.+w – 61.72.Ji Point defects (vacancies, interstitials, color centers, etc.) – 71.15.Mb Density
functional theory, local density approximation, gradient and other corrections

1 Introduction

Since their discovery [1], carbon nanotubes have attracted
much attention due to their fascinating properties. One of
their most attractive aspects is that the CNTs can be
either metallic or semiconducting, depending on their in-
trinsic geometries [2]. Many previous results obtained from
both experimental and theoretical research have revealed
the novel properties of carbon nanotubes [3–6]. A carbon
nanotube was first considered as perfect graphene sheet
wrapped up into a cylinder; however, as more experimen-
tal results become available and theoretical investigations
get deeper, it appears that CNTs are not as perfect as
they were once believed to be. Defects such as 5–7 rings,
kinks, junctions, vacancies, and impurities [7–11] may be
present in CNTs. These defects can significantly change
the electronic, chemical, and mechanical properties of the
CNTs.

The single vacancy is one of the most important defect
structures in CNTs. Amongst various kinds of topological
defects in CNTs, it has been studied particularly inten-
sively [8,19–22]. An ideal single vacancy can be formed by
removing one carbon atom from the perfect tube, which
could be achieved by electron or ion irradiation [8,19],
leaving three dangling bonds around the vacancy. Va-
cancies can govern both the electronic [12] and mechan-
ical [13,14] properties of nanotubes. The work of Robin-
son et al. [15] showed that vacancies could control the
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operation of nanotube-based chemical sensors. Moreover,
vacancy-type defects can impede the adsorption of quan-
tum gases inside a bundle of carbon nanotubes [16], and
give rise to irradiation-mediated pressure build-up inside
nanotubes [17]. The defective nanotubes could be used
as catalysts, and could facilitate thermal dissociation of
water [18]. The dangling bonds can serve as a bridge of
chemical connection between two tubes [23], or provide
active sites for atomic absorption. The work of Ajayan
et al. [8] showed that an ideal single vacancy in a (10, 10)
tube is unstable: two of the three dangling bonds tend
to form a new C–C bond, and the structure becomes a
pentagonal ring coupling with one dangling bond, form-
ing a so-called 5-1DB defect. Meanwhile, Krasheninnikov
et al. [21] indicated that there exists both a ground state
and a metastable state for vacancies in a (10, 10) tube.
These works mainly concentrated on the (10, 10) tube, al-
though it is well-known that many properties of CNTs
depend on their radius and chirality. Recently, Lu and
Pan [24] showed that only the 5-1DB defect can exist in
armchair carbon nanotubes, and that the formation en-
ergies depend on the radius of the CNTs. However, the
transformation from single vacancy to its related point
defects is not yet clear, and more scrupulous studies are
needed.

In this work, we performed first-principles calculations
to systematically investigate the structure and electronic
properties of achiral SWNTs with ideal single vacancies.
Our results indicate that the single vacancies in SWNTs
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are unstable, and that they could transform into two pos-
sible point defects under certain conditions, in both arm-
chair and zigzag SWNTs. The related point defects can
be formed with no constraints, and the electronic struc-
tures of the point defects were investigated. The rest of the
paper is organised as follows: the model and method are
described in Section 2; results and analysis are presented
in Section 3; and in Section 4, we present our conclusion.

2 Model and methods

We have performed ab-initio, total-energy calculations
using VASP (the Vienna ab initio simulation pack-
age) [25,26], which is based upon an iterative solution
of the Kohn-Sham equations of density-functional the-
ory, using a plane-wave basis set with Vanderbilt ultra-
soft pseudopotentials [27]. We employed a cutoff energy
of 400 eV for the plane-wave basis set. For the exchange-
correlation energy, we used the generalised-gradient ap-
proximation due to Perdew and Wang [28]. Brillouin-zone
integrations were performed on a 1 × 1 × 4 Monkhorst-
Pack grid [29]. The energy minimisation was performed
over the atomic and electronic degrees of freedom by us-
ing conjugate-gradient iterative techniques.

In our calculations, two groups of SWNTs were con-
sidered: a series of (n, 0) tubes with n = 6–12 containing
144–288 atoms, and a series of (n, n) tubes with n = 3–9
containing 120–360 atoms. For the (n, 0) tubes, we con-
sidered six unit cells in the supercell, and the length of
the supercell along the tube axis is 25.56 Å. For the (n, n)
tubes, the supercell contained ten unit cells, with a su-
percell length of 24.60 Å. We adopted supercell models in
which the SWNTs were arranged with their outer walls
separated by 6.00 Å.

3 Results and analysis

We first considered the case of (n, 0) CNTs, and selected
a (9, 0) tube for study. An ideal single vacancy is made in
a (9, 0) tube (Fig. 1a) by removing one carbon atom from
the perfect SWNT, leaving three dangling bonds around
the ideal vacancy. We investigated this single-vacancy sys-
tem and found that the atoms around the vacancy expe-
rience large forces, hence we believe that such a system is
unstable and does not represent the true atomic structure.
In order to get the optimised structure of (n, 0) CNTs with
an ideal vacancy, we performed full relaxation. We found
that the C1 and C2 atoms (as labelled in Fig. 1a) tend
to form a C–C bond, with this new bond directed per-
pendicular to the tube axis. The local structure around
the ideal vacancy consists of one pentagonal ring and one
dangling bond on atom C3, representing a 5-1DB-P [24]
defect. The relaxation may have brought the geometry
into a local minimal configuration, and so we considered
another configuration involving the bonding of atoms C1
and C3. As shown in Figure 1, we manually set the dis-
tance between C1 and C3 to be 1.50 Å, and then fixed

Fig. 1. (a) The structure of a (9, 0) zigzag CNT, where C1,
C2, and C3 are the three atoms around the vacancy. (b) The
structure of an ideal single vacancy in a (6, 6) armchair CNT.

atoms C1 and C3, while relaxing the remaining atoms in
the system. After that, we performed full relaxation over
the entire system. The final structure shows that the C1
and C3 atoms also form a C–C bond, tilted with respect
to the tube axis. This structure is named the 5-1DB-T [24]
defect. The C1–C3 and C2–C3 bonds are symmetrically
equivalent.

Furthermore, we modelled many other zigzag carbon
nanotubes. After extensive calculations, we found that the
basic distortion patterns around vacancies in these tubes
are almost the same as in the (9, 0) tube described above.
The major difference between different zigzag tubes was
the bond length of the new C–C bonds, both for 5-1DB-
P and 5-1DB-T defects. This result agree qualitatively
with Lu’s work [24], in both the geometrical structures
and the formation energies. In Lu’s work, the formation
energies of zigzag CNTs behave like step and sawtooth
features with nanotube radius for 5-1DB-P and 5-1DB-T
defects, while in our calculations the formation energies
only behave as step-like features, as shown in Figure 2a.
This disagreement may come from the different methods of
calculation; in Lu’s work, they used a tight-binding model,
while we used an ab initio method and are convinced that
our calculation should be more accurate. The formation
energy is defined as follows:

Eformation−energy = Edefect − Eperfect × Ndefect

Nperfect
.

Edefect and Eperfect are the total energies of the defec-
tive and perfect systems, respectively, while Ndefect and
Nperfect are the number of atoms in the defective and per-
fect systems.

We treated armchair CNTs in a similar way to the
zigzag CNTs. After removing one carbon atom from the
SWNTs, we performed full relaxations. For n = 3–6,
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Fig. 2. Defect formation energies as a function of index n for
(a) zigzag, and (b) armchair carbon nanotubes.

the three dangling bonds around the vacancy formed the
3DB defect, as in graphite. In the case of n = 7–9, atoms
C1 and C2 (as labelled in Fig. 1b) formed a C–C bond,
and this structure is named the 5-1DB defect [8]. We man-
ually created the 5-1DB defect for the n = 3–6 SWNTs;
we placed atoms C1 and C2 at a separation of 1.50 Å, and
fixed atoms C1 and C2 before relaxing the other atoms.
After this, we allowed relaxation over the entire system,
and obtained the optimised structure. For the systems of
n = 7–9, we placed atoms C1, C2, and C3 in the ex-
act positions as those in the 3DB defects in the n = 3–6
CNTs, and fixed these three atoms while relaxing all other
atoms. After that, relaxing the entire system resulted in a
metastable state; we describe 3DB defects as metastable
states because of their higher total energies compared to
the 5-1DB defects, and because 3DB can exist with no
constraints. For all of the armchair carbon nanotubes con-
sidered, we found two types of optimised structure, and
both of them are stable. We found the formation energy of
a (4, 4) armchair CNT to be 5.41 eV, this value being quite
close to the result of 5.31 eV found in other work [30]. In
addition, the bond lengths that we obtained agree well
with the work of Berber et al. [31].

As the stable states for each tube are found, the rel-
ative energetic stabilities of these point defects should be
calculated, hence we evaluated the defect formation ener-
gies. Figure 2a shows the formation energies of 5-1DB-P
and 5-1DB-T for zigzag CNTs, while Figure 2b shows the
formation energy of 5-1DB and 3DB for armchair CNTs.
It is clear that the formation energies obey E(5−1DB−T) >
E(5−1DB−P) for zigzag CNTs, and E(3DB) > E(5−1DB) for
armchair CNTs. Therefore, we suggest that 5-1DB and
5-1DB-P are the ground states for single-vacancy defects
in armchair and zigzag CNTs, respectively, and that 3DB
and 5-1DB-T are metastable states. For armchair CNTs,
two carbon atoms in the 5-1DB defects form covalent

Fig. 3. Qualitative picture for a defect that has mirror sym-
metry through the tube axis.

Fig. 4. The energy path from the 3DB ideal vacancy to the
5-1DB defect. The x-axis represents the transitional configura-
tions, and the y-axis represents their relative energies (where
we define the total energy of the 5-1DB state to be zero). For
finding the energy path from the ideal vacancy to the 3DB de-
fect, we first place atoms C1 and C3 at a separation of 2.56
Å, which is equal to the separation of C1 and C3 in the 3DB
defect. Then we move atom C2 towards the C1–C3 line using
a step length of 0.10 Å, and hence obtain the energy pathway
of forming the 3DB defect from an ideal vacancy. Similarly,
we fix atom C1 and move C3 (using a step length of 0.10 Å)
from the ideal vacancy position to the configuration represent-
ing the 5-1DB defect, and then move atom C2 using the same
step length, in order to obtain the energy path for forming the
5-1DB defect from an ideal vacancy.

bonds, while 3DB defects contain three dangling bonds,
explaining the higher energies of the 3DB defects. For
zigzag carbon nanotubes, as shown in Figure 3, the single
vacancy lies in the middle of the tube, hence it is easier
to form a structure that has mirror symmetry through
the tube axis than a structure that has no symmetry.
The formation energy curves for zigzag tubes exhibit step-
like features; interestingly, the step-like curve is periodic,
and characterised by lower formation energies for defec-
tive (n, 0) tubes with n = 3k (where k is an integer) than
for their neighbouring (n− 1, 0) and (n+1, 0) tubes. This
periodic property is not a unique phenomenon; in pre-
vious work [32], “band-folding” considerations and study
of the relationship between the symmetry and the elec-
tronic structure for perfect tubes [33] suggested that per-
fect (n, 0) tubes should be sorted into metals and semicon-
ductors. The periodic variation in the electronic structure
characteristics of the (n, 0) tubes is governed by that of
the metallic (n, 0) tubes. All of the phenomena mentioned
above are distinct in special properties, but similar in
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Fig. 5. Charge-density difference plots for: (a) the 3DB, (b) 5-1DB, (c) 5-1DB-P, and (d) 5-1DB-T arrangements, clearly
showing the electronic structure of these point defects. These defect states can be identified using both the bond length and
the charge-density differences. Here, the charge density difference is equal to the self-consistent charge density of the defect
structure minus the charge density of isolated atoms.

periodic features. Figure 2b clearly shows that the forma-
tion energies for armchair CNTs increase smoothly with
the radius of the tube. The formation energies for the 3DB
defect converge towards a constant as the nanotube radius
get larger, because the wall of the tube becomes flatter,
and for very large tube radii the structures of the defects
get closer to those in graphite.

We examined the bond lengths in the vacancy-related
point defects, and the trend of the bond length shows the
same features as the associated formation energies, except
for the 3DB states, since these are metastable states and
the carbon atoms do not tend to form C–C bonds.

For both armchair and zigzag CNTs, there are two
kinds of point defect. In reference [24], the energy barrier
for zigzag SWNTs is given as being lower than 1.9 eV. Our
calculations reveal that for the armchair CNTs (n = 3–6),
the initial structures that contain single vacancies do not
directly convert to the most favoured configuration (5-
1DB), but rather go via a metastable 3DB state. Could
this phenomenon be attributed to the energy barrier be-
tween these two configurations? How much energy is as-
sociated with conversion of a 3DB defect, via the ideal va-
cancy, to the 5-1DB defect? (The ideal vacancy is formed
by removing one carbon atom from the perfect tube.)
In practice, searching for the general lowest energy path-
way is prohibitive. Therefore, we selected only the (6, 6)
tube as an example. Starting from the ideal vacancy,
we moved atoms C1, C2, and C3 towards the config-
urations of the various point defects. At each step, we
fixed the three atoms surrounding the vacancy and re-
laxed all other atoms, and eventually obtained the energy
path for defects transforming. Figure 4 shows the energy
pathway corresponding to breaking the 3DB defect and
forming an ideal vacancy, and then breaking the ideal va-
cancy and forming the 5-1DB defect. The x-axis repre-
sents the transition path, and the y-axis represents the
relative energies. The energy barrier is defined as follows:
Ebarrier = Emax − Eidealvacancy, where Emax is the highest
energy found in the related energy paths (ideal vacancy
to 3DB and ideal vacancy to 5-1DB). The energy bar-
rier in a realistic transition between the ideal vacancy and
3DB states should be no more than 22.8 meV, while the

energy barrier between the ideal vacancy and the 5-1DB
defect should be less than 131.2 meV. It should be pointed
out that we have manually assumed the pathway, hence
the precision of these values might not be reproduced in
experiment, although the physical picture is reliable. We
have used the relationship: kBT = �Etotal to estimate the
temperature needed to form 5-1DB from an ideal vacancy,
and find that T ≈ 1500 K, which is close to the result at-
tained in reference [22], while T ≈ 260 K is required for
the 3DB defect.

Our work shows that the distortions caused by the
point defects considered are spatially localised to within
two shells of atom. None of the point defects considered in
our calculation could effectively alter the σ-like–π-like hy-
bridisation of the entire system [24]. The atomic-structure
effect could be confirmed by the atomic configuration of
the system. The C–C bond length returns to 1.42 Å (which
is the ideal C–C bond length in a perfect tube) at a dis-
tance two atomic shells away from the vacancy. The elec-
tronic structure around the defects can be seen clearly in
Figure 5, which shows the deformation density that can be
used to estimate the type of bonds present in the defect.
In Figure 5, the dark-blue spheres denote carbon atoms,
and their related charge-density differences are given ac-
cording to the colour bar below the picture. For armchair
CNTs, the 3DB defects consist of three atoms forming
three dangling bonds. The charge left in the middle of
the defect comes entirely from the charge density of an
isolated atom, because the result of the self-consistent de-
fect calculation shows that there is essentially no charge
present in this region. For the 5-1DB, 5-1DB-P, and 5-
1DB-T defects, the atoms around the vacancies tend to
form a new C–C bond and leave one dangling bond, and
the charge density difference is strongly localised on the
new C–C bonds, explaining the bonding character of the
point defects. Therefore, our calculations accurately show
the manner in which the three atoms join together, not
only through the bond lengths or geometrical structures,
but also through the electronic structures. When a sin-
gle vacancy is created in a SWNT, the original σ-like–π-
like hybridisation around the vacancy is destroyed, intro-
ducing constraints. The formation of bonds can lower the
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energies of ideal vacancies and drive a change in their local
structures into those of their related point defects.

4 Conclusion

To summarise, we have systemically studied single vacan-
cies and their related point defects in achiral carbon nan-
otubes. Our calculations show that the ideal single va-
cancy is unstable and will reconstruct without constraint.
For both armchair and zigzag SWNTs, ideal single vacan-
cies can transform into either ground-state or metastable-
state structures. The formation energies of zigzag CNTs
change in a step-like fashion with the radius of the tubes,
while the formation energies of the armchair CNTs change
smoothly with the tube radius. In particular, in the case
of 3DB defects, the formation energies tend towards a
constant value as the nanotube radius get larger. The
trends seen in formation energies are associated with the
strengths of the new bonds around the point defects.
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is supported by the NSFC (90306016).
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