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The presence of vacancy clusters in carbon nanotubes has been assumed to explain the formation of carbon
peapods and the difference between the experimentally measured and theoretical fracture strength of nano-
tubes. We use atomistic simulations at various levels of theory to study the characteristics of large vacancies
formed by up to six missing atoms. We show that the formation of big “holes” on nanotube walls is energeti-
cally unfavorable as the vacancies tend to split into smaller defects due to the reconstruction of the nanotube
atomic network. We also demonstrate that there is a weak but long-ranged interaction between the vacancies
not only through strain fields but, surprisingly, also due to electronic effects, similar to those of adatoms on
metal surfaces.
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I. INTRODUCTION

Although single-walled carbon nanotubes �SWNTs� are
frequently referred to as perfect crystalline wires, even high-
quality nanotubes have at least one defect per each 4 �m.1

Among them, single- and multiatom vacancies are some of
the most prolific and important point defects. Vacancies can
impede the adsorption of quantum gases on nanotube
bundles,2 govern the conductance of nanotubes,3–5 and con-
trol the operation of nanotube-based chemical sensors.6 They
can also improve on the catalytic characteristics of nanotubes
for thermal dissociation of water.7 Single vacancies and
small vacancy clusters have been found to decrease the ten-
sile strength and critical strain of nanotubes.8–10 Reconstruc-
tion of vacancies due to dangling bond saturation gives rise
to many interesting effects, such as pressure buildup inside
irradiated nanotubes,11 nanotube welding,12,13 and coales-
cence.12

Not surprisingly, the structure and energetics of vacancies
in nanotubes have been studied at length.14–19 However, the
properties of nanotubes with vacancy clusters have received
much less attention, although vacancy clusters have been
thought to be highly important for understanding the carbon
peapod formation process20,21 and the difference between the
experimentally measured and theoretical fracture strength of
nanotubes.8

In this work, we theoretically study the structure and en-
ergetics of vacancy clusters formed by removing 1–6 atoms
from a nanotube. We calculate the formation energies of both
metastable and the lowest-energy structures and estimate the
energy gained when these defects are formed from single
vacancies. We show that the formation of small vacancy
clusters from single vacancies is energetically favorable in
contrast to big “holes,” as the vacancies formed by more than
five missing atoms tend to split into smaller defects. To fully
understand the vacancy coalescence mechanism, we also
study the long-range interaction between single vacancies
through strain fields and electronic degrees of freedom.

II. METHODS

In our simulations, we used primarily a nonorthogonal
density-functional-theory-based tight-binding �DFTB� mod-

el.22 In this approach the parameters of the Hamiltonian are
derived from ab initio density-functional theory �DFT� cal-
culations. The properties of point defects in nanotubes and
graphite, as given by this method, have been shown to be in
excellent agreement with those obtained by DFT calcu-
lations.17,23 The structural relaxation was done with an accu-
racy of 2.7 meV in the total energy.

To study long-ranged effects, we also used an empirical
potential �EP� model of Brenner.24 This model has been de-
veloped to describe carbon in both the graphite and diamond
phases as well as a wide range of small carbon and hydro-
carbon molecules. It has previously been widely used to
study carbon nanotubes;8–10,25–29 in particular, it has been
found to give the correct structure of mono- and divacancies
in nanotubes27 �although the latest modification of the
potential30 predicts that the lowest-energy configuration is a
structure with a four-coordinated carbon atom, which is ob-
viously incorrect�.

Finally, for accurate calculations of the electronic struc-
tures of defected nanotubes, we employed DFT implemented
in the plane wave basis set VASP code,31 with simulation
setup similar to that used in previous calculations.17,32 In
particular, we used projector augmented wave potentials33 to
describe the core electrons and the generalized gradient
approximation34 for exchange and correlation. All structures
were fully relaxed until the forces acting on atoms were less
than 20 meV/Å. A kinetic energy cutoff of 400 eV was
found to converge the total energy of our system to within
meV. The same accuracy was also achieved with respect to
the k-point sampling of the Brillouin zone �normally nine
points along the tube axis�.

The simulated nanotubes consisted of 100–600 atoms and
had lengths of 12.3–36.9 Å �corresponding to 5–15 unit
lengths for an armchair carbon nanotube�. Much larger sys-
tems were used in EP calculations. The effect of finite system
size was ensured to be negligible by repeating several calcu-
lations with significantly larger system sizes.

III. RESULTS AND DISCUSSION

We first calculated the structure and characteristics of 30
different vacancies by structural relaxation of the system
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with the DFTB method. The defects were formed by remov-
ing 1–6 atoms from a pristine lattice with different atomic
positions so that all possible configurations for the smallest
vacancy clusters and the most likely configurations for the
larger clusters �4–6 missing atoms� were included. We also
considered some structures which can be obtained from the
multivacancies by rearranging the atoms, as for example, the
V2�5-5-5-7-7-7� defect35 related to the double-vacancy
�V2�5-8-5�� defect; the numbers stand for nonhexagonal rings
present in the system. In our previous studies,36 we ran mo-
lecular dynamics simulations for defected nanotubes, but did
not observe formation of any other low-energy structures.
Formation energies E�f� of various stable and metastable con-
figurations are presented in Table I, and the atomic structures
of several defects are shown in Fig. 1. For single and diva-
cancies, the calculated formation energies are in a very good
agreement with the published data.14,17

Atoms in the neighborhood of a vacancy defect recon-
struct to saturate the dangling bonds if possible �see Fig. 1�,
similar to the vacancy behavior in graphene.35,37,38 The cur-
vature allows the reconstruction to be stronger in nanotubes,
shortening the bonds and locally decreasing the diameter of
the SWNT. Due to the curvature, the minimum-energy struc-
tures for multivacancies in graphene and nanotubes may dif-
fer. For example, the lowest-energy configuration of a diva-
cancy in a �10,10� SWNT is V2�5-8-5�, in contrast to
V2�5-5-5-7-7-7� reported for graphene.35 Depending on the
tube diameter, the difference in energy proved to be
0.6–1 eV, which is in agreement with the DFT result
�0.7 eV� for a �5,5� SWNT.19

The lowest-energy structure for a tetravacancy in arm-
chair nanotubes V4�5-7-7-5�� is also different from V4�5-
5-5-9�, which has the lowest energy in graphene.37 Due to
local shrinkage, the bonds perpendicular to the nanotube axis
can shorten more easily, and therefore the energetically fa-
vored structures in nanotubes are those with the maximum
number of perpendicular bonds. In graphite the circular
structures are preferred because the stress can be shared in all
directions on the plane.

The minimum-energy structure of a hexavacancy consists
of two �5-7� defects separated by a perfect hexagon �see Fig.
1�. The vacancy splits into two smaller defects accompanied

TABLE I. Formation energies of the vacancy structures calcu-
lated with the DFTB method. Values in parentheses give the number
of atoms in carbon rings in defects. Subscripts show the number of
dangling bonds in each ring. Orientations of defects �“parallel” �

and “perpendicular” �� are given as the orientation of the longest
chain of missing atoms in each defect with respect to the nanotube
axis.

E�f� �eV�
Defect structure Graphene �10,10� �5,5�

V1�5-91�� 7.38 6.51 5.30

V2�5-8-5�� 7.52 5.25 4.03

V2�5-5-5-7-7-7� 6.24

V2�5-8-5�� 8.22 7.72

V3�5-101-5�� 10.67 8.70 6.77

V3�5-101-5�� 10.42 8.70

V4�5-7-7-5�� 14.07 7.67 6.37

V4�5-7-7-5�� 9.04

V4�5-5-5-9� 10.32

V5�5-5-5-111� 14.94 11.27 9.06

V5�5-143-5� 12.55

V6�5-7-6-7-5�� 19.58 7.68 6.68

V6�5-7-6-7-5� 9.42 7.61

V6�5-7-6-7-5�� 13.27

V6�186� 17.21

FIG. 1. �Color online� Atomic structures of multivacancies on a
�10,10� SWNT given by the DFTB method. Pentagons are colored
in yellow �light gray�, rings with more than six atoms in blue
�slightly darker gray�. Atoms with dangling bonds are represented
as red �dark gray� balls. The atomic network of the pristine tube
with the removed atoms is shown in the top right corner of each
panel. The right part illustrates changes in the nanotube network.
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by a strong reconstruction of the nanotube atomic structure.
As the difference in E�f� between this structure and the cir-
cular V6�186� defect is nearly 10 eV on a �10,10� SWNT, it
can be inferred that multivacancies formed by six or more
missing atoms tend to split into smaller vacancies instead of
growing. For multiwalled nanotubes the effect should be
weaker due to lower curvature. Higher-order defects can still
be formed by removing a group of atoms at once with high-
energy impacts or chemical etching, especially with hydro-
gen termination. However, these defects can be expected to
reconstruct into chainlike defects by migration of the under-
coordinated atoms to saturate the dangling bonds, thus clos-
ing the holes. Note that pressure buildup inside irradiated
nanotubes11,39 could not occur if big vacancy clusters were
energetically favorable.

As multivacancies can be formed from migrating single
vacancies �for example, under electron irradiation11,36�, we
also calculated the energy gained due to the coalescence of
single vacancies into larger defects �see Fig. 2�. The struc-
tures without dangling bonds �i.e., the ones with an even
number of missing atoms� are clearly energetically the most
favored; it costs less than 3.0 eV to add a single vacancy to
odd-numbered multivacancies, whereas the energy needed to
remove an atom from an even-numbered vacancy is more
than 7.5 eV.

Because interaction between vacancies can affect their
migration and coalescence, we studied in detail the effect of
a vacancy on the nearby defects. Only single vacancies in
nanotubes are mobile �the migration energy for a single va-
cancy in SWNTs is around 1.5 eV,17 while for a divacancy
the migration energy is around 5 eV�, so that we limited our
simulations to single vacancies.

We created two single vacancies in a �5,5� SWNT at dif-
ferent positions along the tube axis and circumference with
several orientations, fully relaxed the atomic structure, and

calculated the difference in the total energy with respect to
the infinite separation between the defects as a function of
the distance between the vacancies. The difference in va-
cancy formation energy E�f� �the same as the difference in the
total energies� as a function of vacancy separation is shown
in Fig. 3. When two vacancies are oriented along the tube
axis, the energy goes down at small separations. The meta-
stable defect configuration shown in the upper left corner in
Fig. 3�b� was also found in graphene,40 although in the case
of nanotubes the curvature resulted in the elevation of two C
atoms.

The results clearly indicate that there is a long-ranged
interaction between the vacancies in the 10 meV range,
which can be either attractive or repulsive. Qualitatively
similar results were obtained for several different orienta-
tions of the vacancies. Interestingly enough, for some orien-
tations of the vacancies, we found a nonmonotonic �saw-
tooth� dependence of the energy on the defect separation.

Simulations with the EP model gave qualitatively the
same results as with the DFTB method at small separations

FIG. 2. Energies �in eV� gained by coalescing monovacancies
�V1� to form higher-order defects �Vi� on a �10,10� SWNT, as given
by the DFTB method.

FIG. 3. �Color online� Difference in the vacancy formation en-
ergy in a �5,5� nanotube �two single vacancies� as a function of
separation between the defects for two orientations as calculated
with the DFTB method. The insets show the energy at large sepa-
rations as calculated with both the DFTB and EP models. The ar-
rows visualize the correspondence between the plot points and the
atomic structures.
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between the vacancies, but the dependencies at large dis-
tances were different. As the interaction can originate from
the overlap of the strain fields created by each defect, to
understand the origin of the interaction, we computed the
local pressure on atoms near a vacancy by evaluating the
virials41 with the EP model. We considered a graphene sheet,
and nanotubes with various chiralities. We found that two
separate strain fields surround a single vacancy �see Fig. 4�.
The first field corresponds to the region where the bonds are
shortened due to a new bond at the pentagon �blue and cyan
atoms�. The second field, oriented perpendicular to the first
one, corresponds to the region where the bonds are stretched
�yellow and red atoms�. In nanotubes the fields are mixed
and have shorter ranges due to the curvature-enhanced struc-
ture relaxation in the transverse direction. A partial compen-
sation of the strain �and thus gain in energy when strain
fields with opposite signs overlap� results in attraction be-
tween the vacancies, while the overlap of the fields of the
same sign gives rise to repulsion.

Overall, we found a qualitative agreement between the
results obtained with both DFTB and EP methods, except for
the areas with energy oscillations found in the DFTB model.
Careful analysis of the electronic structure of the SWNT
with a single vacancy revealed that the energy oscillations
come from the standing electron waves at the Fermi energy
near the vacancy, as predicted earlier42 and experimentally
confirmed43 for nanotubes with irradiation-induced defects.

To get more insight into the electronic structure, we cal-
culated the spatial distribution of the electron density in the
energy range of 0.3 eV near the Fermi level with the DFT
method. The results are presented in Fig. 5. The clearly ob-
servable electronic superstructure near the defect results in a
nonmonotonic vacancy-vacancy interaction, as a slightly dif-
ferent amount of electron density is available for making a
new bond at the pentagon of the second vacancy. A similar
phenomenon—substrate-mediated long-ranged oscillatory
interaction—was previously reported for adatoms on metal
surfaces.44 However, this result is somewhat unexpected for
carbon nanotubes with a relatively small density of states at
the Fermi level. Moreover, our simulations45 indicate that
there exists an electronic interaction between defects in not
only metallic but also semiconducting nanotubes. As indi-
vidual vacancy gives rise to a peak in the density of states

near the Fermi level, the defect-defect interaction should
split the peak into two close peaks, thus opening a way for
defect-mediated band-structure engineering.

Vacancy-vacancy interaction through the strain field and
electronic degrees of freedom should change the migration
of vacancies, especially at low temperatures. The interplay
between two different vacancy-vacancy interaction mecha-
nisms results in a complicated energy profile. When the elec-
tronic effects are weak, the interaction can be either repulsive
if the overlapping strain fields are of the same sign or attrac-
tive if the vacancy orientation is different so that the fields
compensate each other. Overall, the compensation of two
strain fields of opposite signs near two nearby defects favors
formation of divacancies from single vacancies, while elec-
tronic effects may give rise to a correlated distribution of
defects, similar to adatoms on metal surfaces,44 which can be
used for engineering the local electronic structure of nano-
tubes with defects. We believe our results are general and are
relevant for all kinds of single-walled nanotubes and multi-
walled nanotubes with small diameters.

IV. CONCLUSIONS

In this work, by atomistic simulations we studied the
structure and energies of large vacancy clusters and showed
that, although the formation of small vacancy clusters from
isolated vacancies is energetically favorable, the existence of
big holes is not, as the vacancies formed by more than five
missing atoms tend to split into smaller defects due to the
reconstruction of the nanotube atomic network. This explains
why the nanotubes irradiated at high temperatures preserve
their tubular shape but contract locally,11,36 while at low tem-
peratures the nanotubes are quickly destroyed. The existence
of the optimum temperature for peapod formation can be
understood in terms of splitting of big vacancy clusters into
smaller defects, so that big holes required for the diffusion of
fullerenes inside nanotubes disappear. As the network recon-
struction is more efficient in small-diameter nanotubes, our
results also explain experimental observations21 that it is
easier to close holes in nanotubes with small diameters. We
stress, however, that for full understanding of the reversible
hole engineering in carbon nanotubes21 the knowledge on the
energy barriers separating various configurations is required,
which is beyond the scope of our work. We would also like
to point out that, although big vacancy clusters are energeti-
cally unfavorable, they can appear at low temperatures due to

FIG. 5. �Color online� Isometric plot of the electron density near
the Fermi level around a single vacancy in a �5,5� SWNT, as cal-
culated by the plane wave DFT method. �a� Top view; �b� side view.

FIG. 4. �Color� �a� Strain fields near a single vacancy in
graphene as given by the EP method. �b� Sketch illustrating the
effect of vacancy orientation on the type of the interaction �repul-
sive or attractive� between two single vacancies in graphene.
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chemical treatment or irradiation. We also showed that elec-
tronic and mechanical effects give rise to long-range interac-
tions between single vacancies in carbon nanotubes, which
may govern the migration of vacancies, especially at low
temperatures.
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