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S
ingle walled carbon nanotubes
(SWNTs) have attracted continued in-
terest since their discovery in 1993,

due to their outstanding physical

properties.1,2 In this context, extensive ex-

perimental efforts1 have been developed to

investigate the kinetics of atomic-scale de-

fect formation in the nanostructure,3,4 since

defects play a decisive influence on their

electronic, transport, and mechanical prop-

erties.5 High-resolution transmission elec-

tron microscopy (TEM) studies have shown

clear evidence of the presence of point de-

fects such as monovacancy,6,7 interstitial-

vacancy defects,8 and pentagon-heptagon

defects9 in carbon nanotubes (CNTs) and

graphene. More recently, Florian reported

the possibility of artificially creating indi-

vidual vacancies in carbon nanostruc-

tures by using an electron beam of 1 Å di-

ameter.10 Although the presence of

vacancies deteriorates the genuine prop-

erties of nanotubes, in term they may

have beneficial effects,11 as for instance,

a dangling bond can provide active sites

for atomic adsorption,12 which can be

used as catalysts for thermal dissociation

of water.13

While considerable theoretical works
have been devoted to the understanding
of the electronic properties of carbon nano-
tubes with monovacancies14 and divacan-
cies,15 transport properties in the presence
of clusters of vacancies have received little
attention.16 Such studies are timely since
small holes of a few atoms feature sizes that
have recently been created in metallic car-
bon nanotubes with diameter of about 10
nm,17 as clearly evidenced by scanning tun-
neling microscopy. It was also shown that
higher-order defects can be formed by re-
moving a group of atoms with high energy
impacts7 or chemical etching.18 Among the
important fundamental and technological
issues related to the formation of vacancy
clusters are the influences of defect size and
their spatial symmetry as well as the CNT
chirality on the transport properties.

In this communication, we investigate
the electronic and transport properties
of zigzag and armchair CNTs in the pres-
ence of mono-, di- and hexavacancy de-
fects. For this purpose, we focus on (12,0)
and (7,7) nanostructures as both are me-
tallic with different chiralities, where the
former (zigzag) is known to develop a
small band gap of the order of �50 to
70 meV (semimetallic),19 whereas the lat-
ter (armchair) is gapless around the Fermi
level.20 We use density functional theory
to assess the stability of each structure
with atomic vacancies subjected to the
formation of new bonds during recon-
struction estimated from energetic and
structural considerations.21 Quantum
transport properties in the stable nano-
structures are then computed by means
of the nonequilibrium Green’s function
technique.22 Our most striking result is
the different conductance behavior be-
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ABSTRACT We use first principles density functional theory combined with nonequilibrium Green’s function

technique to investigate the electronic and transport properties of metallic armchair and zigzag carbon nanotubes

(CNTs) with different kinds of multivacancy defects. While the existence of a small band gap in pristine zigzag

(12,0) CNTs lowers its conductance compared to pristine armchair (7,7) CNTs, transport properties in the presence

of multi (hexa)-vacancy are superior in the former nanostructure, that is more sensitive to defect size and topology

than the latter. In addition, in the zigzag structures hexavacancy nanotubes have higher conductance than

divancancy nanotubes, which is due to the presence of midgap states that reduce the transmission gap and

enhance the conductance.
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tween zigzag and armchair nanotubes
with atomic vacancy sizes. Indeed, while
conductance in the (7,7) CNT is monoto-
nously decreasing with increasing defect
size, the conductance in the hexavacancy
(12,0) CNT is larger than the divacancy
nanostructures. We attribute this differ-
ent behavior to the presence of the gap
in the zigzag CNT. In both cases, different
hexavacancy configurations have different
influences on the conductance.

MODEL
We simulate two metallic (12,0) and (7,7)

single wall CNTs (SWNTs) with 10 Å diam-
eter by using a supercell of length L � 42 Å.
We perform optimization calculations using
the density functional theory, as imple-
mented in the SIESTA code.23 The standard
norm-conserving Troullier�Martins24

pseudopotential orbitals are used to calcu-
late the ion�electron interaction. We use the
numerical double-� plus polarization (DZP)
basis set, and plane cutoff energy is chosen
as 200 Ry. The exchange correction term is
calculated within the generalized gradient
approximation.25 To test the accuracy of the
structure of defected tube after reconstruc-
tion, we compare our relaxed structures with
published works and found good
agreement.15,16

To compute the transport properties of
the defective CNTs, we consider a two-probe
geometry system26 constructed in such a
way that the central region consists of an op-
timized supercell (contains 10 unit cells for
(12,0) nanotube and 17 unit cells for (7,7)
nanotube) containing the defects, which is
surrounded by two leads made of one unit
pristine supercell on each side. Our band-
structure calculations for both structures are
shown to be consistent with previous

works27,28 and ensure that our results are reliable. More

details about the NEGF formalism can be found in ref

22. The current is calculated by means of the Laudauer

formula:

I ) 2e
h ∫µmin

µmax
dE(fl - fr)T(E, Vb) (1)

where the transmission coefficient T as a function of

the electron energy E is given by

T(E, Vb) ) 4Tr[Im(ΣlGRΣrGA)] (2)

�l (�r) represents the self-energies of the left (right)

electrode, GR (GA) is retard (advanced) Green’s func-

tion, fl (fr) is the corresponding electron distribution

function of the electron eigenstates of the left (right)

electrode. Furthermore, �min � min (� � Vb, �) [�max �

max (� � Vb, �)] denotes the minimum (maximum)

electrochemical potential � of the electrodes. The cal-

culations are performed at T � 300 K.

Figure 1. Vacancy configurations of all structural models. (a and b) Ball-and-stick model
for (7,7) and (12,0) SWNT with monovacancy, divacancy and hexavacancy, respectively.
The newly formed C�C bonds during the reconstruction are highlighted by yellow, and
the atoms at the far side are omitted for clarity.

TABLE 1. Transformation Energy Ef

configuration (7,7) SWNT (12,0) SWNT

1Va 6.41 eV 5.85 eV
2Va 3.57 eV 3.69 eV
6Va 9.41 eV 21.31 eV
6Vb 6.97 eV 18.97 eV
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RESULTS AND DISCUSSION
Figure 1 shows different stable or metastable con-

figurations of carbon vacancies, that is, mono- (1Va),

di- (2Va), and hexavacancy (6Va, 6Vb) in armchair and

zigzag SWNTs obtained after structural optimization by

SIESTA. The optimization process is performed by spon-

taneously reconstructing the CNT around the defects;

Table 1 lists the transformation energy for all configura-

tions.29 Generally, the reconstruction around the mono-

vacancy (1Va) defect gives rise to a dangling bond

(DB) and leaves a so-called 5�1DB defect.30,31 This dan-

gling bond can provide an active site for atomistic ad-

sorption. The 5�1DB defect is one of the most stable

structures. Note that the orientations of the 5�1DB de-

fect in (7,7) and (12, 0) SWNTs are different. In this

framework, we define the defect orientation as the

angle made by the axis of defect (indicate by the red ar-

rowed in Figure 1) with the horizontal direction. Hence,

the 5�1DB defect in the (7,7) SWNT is titled at 38°

with respect to the axis, while the orientation of the

5�1DB defect in the (12,0) SWNT is parallel to the tube
axis, which is a consequence of the CNT chirality. In
the situation of divacancies (2Va), the optimization pro-
cess shows that four uncoordinated carbon nanotubes
around the missing carbon atoms have bonded to-
gether, forming a pentagon�octagon�pentagon
(5�8�5) defect. We also observe that the orientation
of the 5�8�5 defect in the (7,7) SWNT is titled by 32°
with respect to the axis while it remains parallel to the
axis in (12,0) SWNT. It is worth mentioning that the
5�8�5 defect is the most stable defect because of its
lowest transformation energy (see Table 1).4 For the
hexavacancy clusters, our simulation shows that the
(7,7) nanotubes have the lowest formation energies.
For this armchair nanostructures, the hexavacancy con-
figurations do not contain any unsaturated atoms, un-
like zigzag (12,0) CNTs, for which the 6Va configuration
exhibit two unsaturated atoms compared with six un-
saturated carbon atoms in the 6Vb configuration. Ex-
cept for the 6Vb defect in the armchair (7,7) nanotube,
all configurations manifest as a large hole in the tube.
Specifically, in the (12,0) nanotube, the 6Va configura-
tion contains a symmetric tetra-decagon (14-bond ring)
and the 6Vb configuration manifests as a missing hexa-
gon that results in six unsaturated carbon atoms. The
transformation energy of the hexavacancy configura-
tions are the largest, as shown in Table 1, suggesting
that the large holes may split into smaller size vacan-
cies through atomic reconstruction. The lowest trans-
formation energy for the hexa-vacancies occurs for the
6Vb configuration in the (7,7) nanotube, made of two
5�7 defects separated by a hexagon. This configuration
is associated with atomic bond shrinking around the
defects area, where bonds perpendicular to the nano-

tube axis are more affected due the CNT curvature.
Overall, it can be seen that all defects only affect the lo-
cal structure of the SWNT, whereas the diameter of the
structure near the defect shrinks accordingly.

The electronic band structure of the two types of
nanotubes with various defect configurations and their
pristine analogues are displayed in Figure 2. In the band
structure of the pristine (7,7) nanotube, the highest oc-
cupied band 	 and the lowest unoccupied band 	=

cross at the Fermi level, away from the

-point. In the armchair 1Va configuration,
the titled 5�1DB defect creates a state-
labeled � that appears above the Fermi
level, and results from quasi-bound unsat-
urated �-orbitals.14 This �-state hybridizes
with the 	,	=-bands to evolve into the 
,
=-
bands that anticross at the Fermi level close
to the 
-point. The �-band is now the low-
est unoccupied band32 which anticross
with the 
-band opening the direct band
gap of about 0.05 eV. In the 2Va configura-
tion, the �-state has moved closer to the
Fermi level. The reconstruction process of

Figure 2. Band structure of (a) (7,7) and (b) (12,0) SWNT with various
vacancies. The band structure of the pristine nanotube is also given for
comparison.

Figure 3. I�V curve and conductance (inset map) of (a) (7,7) and (b) (12,0) defective
SWNT, the result of pristine is given for comparison. The same color in I�V curve and
in conductance (inset map) denotes the same structure.
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the tilted divacancy has introduced twisting-type defor-
mations and opened a band gap of about 0.11 eV at
the 
-point, which is consistent with previous work.15

Except for the anticrossing of the low 
-band close to
the X-point (ca. �0.6 eV), the band structure away from
the Fermi level does not experience much change;
therefore, the large scale deformation (5�8�5 de-
fects) dominates the electronic structure of the tilted di-
vacancies nanostructure. In the 6Va configuration, the
split 
,
=-bands move away from the Fermi level signifi-
cantly, while the �-state approaches the Fermi level, es-
pecially close to the X-point. This roll-off at large k vec-
tors effectively reduces the band gap and makes the
current in this configuration a little larger than in the
6Vb case (see Figure 3). The band gap of the 6Vb con-
figuration is further increased to 0.325 eV, as 
,
=- and
�-bands move apart. Overall, it can be seen that the
band gap in the various vacancy configurations of the
(7,7) SWNTs is monotonously increasing with the in-
creasing numbers of atomic vacancy (or the size of the
vacancy cluster).

In the pristine (12,0) nanotube, the 	,	=-bands con-
verge at the 
-point; both are doubly degenerate and
contribute to two quantum transmission channels.
Finer scale simulation however reveals a small band
gap due to the curvature effect.19 In the presence of va-
cancy defects, the doubled degenerate 	,	=-bands
split at the 
-point and become the modified 
,
=-
bands. In the 1Va structure, the defect introduces a
�-state that results from quasi-bound unsaturated
�-orbitals,14 as in the (7,7) SWNT. It crosses the 
-band
at the 
-point, and is partially occupied around the
symmetry point at the expense of the 
=-bands. In the
2Va nanotube, the band structure resembles the 1Va
structure with a larger splitting of the 
-bands at the

-point. Here, there is a new state called �, very close
and below the Fermi level with a very small dispersion
that flattens near the X-point, also predicted by Berber
et al.15 The existence of a large hole in the 6Va configu-
ration opens the band gap by moving the 
,
=-bands
apart, and the �-state is now very flat and above the
Fermi level, while the �-band reappears. The band
structure resembles the one in the 6Vb configuration
of the (12,0) CNTs but with �-state. The 6Vb vacancy
that consists of a large hole in the nanotube produces
a new defect state labeled �=, very close to its parent
�-state, above the Fermi level.

Figure 3 shows the I � V characteristics of the two
sets, that is, (7,7) and (12,0), of carbon nanotubes, with
the corresponding conductances for each vacancy size
and configuration in insets. The voltage range corre-
sponds to an electric field range of 15 KV/cm, for which
all I�V characteristics are linear with the applied volt-
age. For both chiralities, the conductance of the pris-
tine nanotube is the highest, closely followed by the
1Va conductance, indicating that the 5�1DB defect
does not remarkably scatter electrons. Also, as expected

the conductances of the pristine armchair (7,7) nano-
structures are higher than the pristine zigzag (12,0)
CNTs because of the absence of transmission gap in
the former. The conductance of the divacancy (7,7)
nanotube is the second highest due to the (5�8�5) de-
fects that gives rise to significant electron backscatter-
ing, and translate into a decrease of the transmission
coefficient larger than the 1Va CNT. The conductance
continues to decrease in the 6Va (7,7) nanostructures,
because backscattering increases compared with the
2Va case. Finally, the 6Vb (7,7) configuration has the
lowest conductance because of the smaller transmis-
sion coefficient at the Fermi level compared with that
of the 6Va CNT. Generally speaking, the (7,7) nanotube
conductance is a monotonic function of the defect size
and geometry.

In the (12,0) CNTs, the drop in the conductance of
the divacancy nanostructure is slightly deeper than in
the 2Va (7,7) CNTs, which we attribute to the presence
of the localized �-state close to the Fermi level in the
former. Unexpectedly, the conductance of both hexava-
cancy (12,0) configurations is equal or superior to that
of the divacancy (12,0) nanotube. Indeed, both defects
have a highly symmetric pattern that reduces the curva-
ture effect compared with the divacancy structure, and
thereby reduces the transmission gap, which in the 6Va
configuration boosts the conductance to a level compa-
rable to the 2Va CNTs. In the 6Vb (12,0) structure this ef-
fect is enhanced by the presence of the 
,
=-bands,
which also enhances the transmission around the gap.
This defect is spatially more symmetric than the 6Va va-
cancy, which reduces backscattering compared to the
latter. Moreover, the topology of the defect is directly
responsible for the higher conductance of the 6Vb
(12,0) CNT compared to its analogue in the armchair
(7,7) CNT, as the band gap in the former is even smaller
than in the latter structure. The curvature effect can be
clearly seen in comparing the distortion produced by
the 6Vb defect on both the armchair and zigzag struc-
tures in Figure 1. The anomalous conductance variation
in the (12,0) nanotubes shows that the transport in a de-
fective CNT is not a direct function of the number of
missing atoms but of the chirality and defect pattern
in the nanostructure.

CONCLUSION
In this communication, we have shown unexpected

conductance variations between armchair and zigzag
metallic carbon nanotubes in the presence of multiva-
cancy defects. Specifically, conductance in zigzag CNTs
is not a monotonic function of the number of missing
C-atoms compared with the conductance of armchair
metallic CNTs. In the former, the conductance depends
on the reconstruction around the defect and its spatial
symmetry. Our results suggest the ability to tailor the
atomic structure of carbon nanotubes and provide new
ways to control their transport properties.
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