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Abstract

The monovacancy and the divacancy in single-walled carbon nanotubes (CNTs) are addressed by spin-density functional calculations.
We study these defects in four nanotubes, the armchair (6, 6) and (8,8) and the zigzag (10,0) and (14,0), which have diameters of about 8
and 11 A, respectively. We also consider different defect concentrations along the tube axis. Our results show that CNTs with a mono-
vacancy exhibit ferromagnetism with magnetic moments ranging from 0.3 to 0.8 pg. Whereas, CNTs with a divacancy do not exhibit
magnetism due to the full reconstruction around the defect where all C atoms are three fold coordinated. We observe that the mono-
vacancy does not change drastically the CNT electronic properties, preserving their corresponding metallic or semiconducting character.
However, both armchair and zigzag CNTs with a divacancy become small-gap semiconductors with an energy gap of about 0.15 eV.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The study of defects in carbon nanostructures have be-
come considerably important since the recent experimental
findings of magnetic ordering in pressure-induced polymer-
ized fullerenes [1,2] and proton-irradiated graphite which
exclude metal impurities [3]. Magnetism in defective graph-
ite have been also predicted theoretically [4]. However,
experimental evidence of defect-induced magnetism in
CNT samples is still lacking due to the presence of metal
catalysts. Calculations on open ended zigzag nanotubes
are found to exhibit energetically favorable ferromagnetic
ordering which are associated to unsaturated dangling
bonds at zigzag edges [5]. Single vacancies in CNTs with
small diameters, ranging from 4 to 8 A, have been recently
addressed by first-principles calculations [7]. Although rel-
ative high concentrations of vacancies or small supercell
sizes containing a vacancy have been considered in this
work, it shows that only metallic nanotubes with a single
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vacancy in their ground state equilibrium geometries would
exhibit ferromagnetism.

2. Theoretical approach

The calculations were performed in the framework of
the spin-polarized density functional theory, using a basis
set of numerical pseudoatomic orbitals as implemented in
the code SIESTA [8]. The exchange-correlation energy is
calculated within the generalized gradient approximation
[9]. Standard norm-conserving pseudopotentials in their
separable form are used to describe the electron-ion inter-
action. We use a double-{ singly-polarized basis set. We
study the vacancies in both armchair and zigzag CNTs with
different sizes. The armchair CNTs have chiral indices of
(6,6) and (8,8), and the zigzag ones (10,0) and (14,0).
These tubes have diameters of about 8 and 11 A, respec-
tively [6]. The armchair and zigzag CNTs were described
using supercell with lengths of L;=12.46 A and L,=
12.96 A, respectively, where periodic boundary conditions
are applied only along the tubes axis. This means that we
are calculating CNTs with a linear density of defects. For
the Brillouin zone sampling we use six & points along the
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CNT axis [10]. To ensure negligible interaction between
tubes we imposed a vacuum region of 12 A. Longer super-
cells with lengths up to 2L are also considered to study the
effect of a lower defect concentrations in (6,6) and (10,0)
CNTs, which were described with supercells containing
up to 240 atoms and the I' point for the BZ sampling.
The positions of all atoms were relaxed using the conju-
gated gradient algorithm until the force components be-
come smaller than 0.05 eV/A.

3. The monovacancy in carbon nanotubes

Fig. 1(a) and (b) shows respectively the equilibrium
geometries of the (6,6) and (10,0) CNTs containing the
monovacancy (hereafter referred to as (6,6)+ 1V and
(10,0) + 1 V). We find that the neighboring C atoms par-
tially reconstruct around the defect, forming a pentagon
bonding structure, leaving a C atom twofold coordinated,
which moves slightly off to the nanotube surface. We
also find metastable configurations for (6,6) + 1V and
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Fig. 1. Equilibrium geometry of the monovacancy and the divacancy in
(6,6) and (10,0) CNTs. (a) (6,6) +1V, (b) (10,0)+ 1V, (¢) (6,6)+2V,
(d) (10,0) + 2 V. Red balls display the C atoms around the defect. (For
interpretation of the references in color in this figure legend, the reader is
referred to the web version of this article.)

(10,0)+ 1V, 10.5 and 12.1 meV/atom higher in energy
than their respective ground state (GS) geometries. In these
configurations the pentagon structure plus the twofold
coordinated C atom are also found but rotated about 60°
with respect to the equilibrium geometries. A third meta-
stable structure is found for (10,0)+ 1V, which is
17.2 meV/atom higher in energy than the GS geometry.
Here, the C atoms adjacent to the vacancy do not form
bonds, remaining twofold coordinated. This geometry is
known as 3db (three dangling bonds) structure. Similar re-
sults for the GS and metastable geometries are found for
the vacancy in the 11 A diameter CNTs (8,8) and (14,0).
The metastable geometries of (8,8)+ 1V and (14,0) +
1V are 7.3 and 6.7 meV/atom higher in energy that the
respective GS geometries. It is interesting to note that the
3db metastable structure of (10,0) + 1V is not found in
(14,0) + 1V, suggesting that the 3db geometry exits due
to the higher strain in the (10,0) tube, hindering further
relaxations.
The vacancy formation energies were calculated by

Etorm (V) = Etot(CNT + V) — Eio(CNT) + pi¢ (1)

where E,(CNT + V) and E(CNT) are the total energy
of the tube containing the vacancy and the perfect tube,
respectively. uc is the carbon chemical potential which is
calculated as the total energy per atom in the perfect tube.
Our results are listed in Table 1 where we also include va-
cancy calculations performed in (6,6) and (10,0) CNTs
considering a supercell with twice the length of the one pre-
viously used. We find that the vacancies in the 8 A diameter
CNTs have similar formation energies, ranging from 5.65
to 5.85eV, including the longer supercell, whereas for the
11 A diameter CNTs the formation energies tend to de-
crease due to the larger curvature.

Table 1 shows our results for the magnetic moment per
defect site given by m = 2 Sug, where S is the spin and pg
the Bohr magneton. We find that all nanotubes under con-

Table 1

Formation energy (Ef,m) and magnetic moment per defect (m) for the
monovacancy and the divacancy in armchair and zigzag CNTs, consid-
ering different supercell lengths (L) or vacancy concentrations. dc_c is the
equilibrium distance between C atoms that approach each other to form
the pentagon bonding structure. In parenthesis are shown our results for
the metastable geometries

System L (A) m (ug) Etorm (eV) dc c (A)
(6,6)+1V 1246 082(L.1)  575(7.00)  1.56(1.93)
(6,6)+1V 24.92 0.63 5.85 1.57
(10,0)+1V 1296  032(1.0) 567 (7.11)  1.54(1.72)
(10,0)+ 1V 25.92 0.49 5.65 1.53
(8,8)+1V 1246 077(1.1)  465(581)  1.58(1.98)
(14,0)+1V 1296 053 (L1)  520(632)  1.58(1.74)
(6,6)+2V 1246 0.0 (0.0) 424 (7.84)  1.53(1.78)
(6,6)+2V 24.92 0.0 4.17 1.52
10,0042V 1296 0.0 (0.0) 3.90 (6.65)  1.50 (1.65)
(10,0)+2V 25.92 0.0 4.06 1.49
8,8)+2V 12.46 0.0 2.09 1.53
(14,00+2V 1296 0.0 2.33 1.50
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sideration exhibit ferromagnetic ordering. The lower-en-
ergy structures of (6,6) + 1V and (10,0) + 1 V have mag-
netic moments of 0.82 and 0.32 pp, respectively, whereas
for the metastable configuration the magnetic moments
are closer to 1 pg. Clearly, the magnetism is due to the un-
der-coordinated C atom which has a localized unpaired
spin, as shown in Fig. 2. As a C atom with a dangling bond
has a magnetic moment of 1 pg, the lower magnetic mo-
ments found in (6,6) + 1V and (10,0) + 1V are due to a
redistribution of charge around the defect. This can be
checked by looking at the equilibrium distance between
the C atoms that form the pentagon structure, shown in
Table 1. As longer this distance is, larger is the magnetic
moment. This means that once a vacancy is created, two
of the three dangling bonds containing a spin rehybridize
forming the pentagon structure. The weakness of this bond
depends on the curvature strain of the tube. An extreme
case occurs in the 3db configuration of (10,0) + 1 V. Here
no bond between the undercoordinated C atoms is formed,
resulting in three dangling bonds with a total magnetic mo-
ment of 1.4 pg. Considering lower concentration of vacan-
cies, that is doubling the supercell length, we find that
magnetic moments on (6,6) + 1 V and (10,0) + 1 V change
to 0.63 and 0.49 pg, respectively. The same behavior is ob-
served for the tubes with higher diameters where the mag-
netic moment on (8,8) + 1V and (14,0) + 1 V are 0.77 and
0.53 up, respectively. The above results suggests that the
magnetic moment would change with the distance between
defects in CNTs. We are performing additional calcula-
tions to clarify this.

Fig. 3(b) and (c) shows the spin-resolved density of
states (DOS) for (6,6)+ 1V calculated with supercell
lengths of L; and 2L, which are compared with the perfect
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Fig. 3. Spin-resolved density of states (DOS) for the (6,6) CNT with a
monovacancy. (a) The perfect (6,6) CNT, (b) (6,6) + 1 V calculated with a
supercell length of L, and (c) (6,6) + 1 V calculated with a supercell length
of 2L,. In (b) and (c), upper and lower panels correspond to majority and
minority spin configurations, respectively. Dashed lines indicate the
position of the Fermi level (EF).

(6,6) CNT (Fig. 3(a)). We observe that the (6,6) armchair
CNT preserves its metallic character for different vacancy

Fig. 2. Spin-density isosurfaces for the monovacancy in 8 A diameter CNTs. (a) (6,6) + 1V and (b) (10,0) + 1 V. The isosurfaces correspond to a charge

of 0.015 e/A>.
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Fig. 4. Spin-resolved density of states for the (10,0) CNT with a
monovacancy. (a) The perfect (10,0) CNT, (b) (10,0) + 1V calculated
with a supercell length of L, and (c) (10,0)+ 1V calculated with a
supercell length of 2L,.

concentrations. We also note that the difference between
majority (upper panel) and minority (lower panel) spin
configurations in Fig. 3(b) and (c) clearly demonstrates
the magnetism in the (6,6) + 1V system. Similar results
are found for (8,8) + 1V CNT which suggests that these
properties would be also found in armchair CNTs with lar-
ger diameters. Fig. 4(b) and (c) shows the spin-resolved
DOS for (10,0) + 1V calculated with supercell lengths of
L, and 2L,, which are compared with the perfect (10,0)
CNT (Fig. 4(a)). As we can see, the (10,0) semiconducting
CNT maintains this property when a C atoms is removed.
For higher vacancy concentration the gap energy is about
0.1 eV mainly due to a defect state rising above the Fermi
level. This state is localized at the uncoordinated C atom
and at the C—C bond that form the pentagon. For lower
vacancy concentration the defect state is less dispersive
increasing the gap energy up to 0.2 eV.

4. The divacancy in carbon nanotubes

Fig. 1(c) and (d) displays the GS geometries for the diva-
cancy in (6,6) and (10,0) CNTs (hereafter referred to as
(6,6) +2V and (10,0) + 2 V). We find metastable geome-
tries for (6,6) +2V and (10,0) + 2V, which are 10.5 and
23.3 meV/atom higher in energy than the respective GS
geometries. We observe that once a divacancy is created,
the undercoordinated C atoms spontaneously reconstruct

around the defect forming an octagon with two adjacent
pentagons in opposite directions. For (6,6) +2V the
pentagons point along a line of about 30° with respect to
the tube axis, whereas in the metastable structure the
pentagons are aligned normal to the tube axis. For
(10,0) +2 V the pentagons align along the tube axis
for the GS geometry and along a line of about 60° with
respect the tube axis. Similar equilibrium geometries
for (8,8) +2V and (14,0) + 2V were found, suggesting
that these reconstructions should be also found in larger
diameters CNTs. For the 8 A (6,6) and (10,0) CNTs the
divacancy formation energies are found to be 4.2 and
4.0 eV, respectively. For the 11 A (8,8) and (14,0) CNTs
the formation energies decrease to 2.1 and 2.3 eV, respec-
tively, about half the value found in the 8 A CNTs. This
suggests that the curvature strain becomes important for
the divacancy formation in small diameter CNTs. In Table
1 we also show the bond lengths between the C atoms that
form the pentagon structure. The smaller bond length, of
about 1.5 A, are found for the divacancy in the zigzag
(10,0) and (14,0) CNTs. As a consequence of the full
reconstruction of the divacancy all C atoms around the
octagon are threefold coordinated. Thus, no unpaired c
electron is found, implying that carbon nanotubes with this
defect do not exhibit magnetism. Therefore, we can infer
that the origin of the magnetism in nanotubes and graphite
are mainly due to unpaired o electrons which are localized.
On the other hand, the delocalized © electrons would have
a negligible contribution because once an unpaired ¢ elec-
tron reconstructs the magnetization disappear as shown by
our divacancy results.

Fig. 5(b) and (c) shows the DOS for the (6,6) + 2 V sys-
tem calculated with supercell lengths of L, and 2L, respec-
tively, which are compared with the perfect (6,6) CNT

DOS (arbitrary units)

Fig. 5. Density of states for the (6,6) CNT with a divacancy. (a) Perfect
(6,6) CNT, (b) (6,6) + 2 V calculated with a supercell length of L, and (c)
(6,6) + 2V calculated with a supercell length of 2L,.
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Fig. 6. Density of states for the (10,0) CNT with a divacancy. (a) Perfect
(10,0) CNT, (b) (10,0) + 2 V calculated with a supercell length of L, and
(¢) (10,0) + 2V calculated with a supercell length of 2L,.

(Fig. 5(a)). We find that for the higher defect concentra-
tions, the system has a metallic character which is due to
a CNT state that crosses the Fermi level at about 0.8T'X.
However, for the lower defect concentrations, the system
becomes a semiconductor opening an energy gap of about
0.15 eV (Fig. 5(c)), which is due to the flattening of the de-
fect state above the Fermi energy. Similar results are found
for the (10,0) + 2 V system shown in Fig. 6. Here, the per-
fect (10,0) CNT is a semiconductor with an energy gap of
0.8 eV (Fig. 6(a)). For the higher defect concentrations, a
defect state crosses the Fermi level at about 0.1T'X, giving
a metallic character to the system (Fig. 6(b)). For the more
dilute defect concentrations, the (10,0) +2 V system be-
comes semiconducting due to the flattening of the defect
state (Fig. 6(c)). The defect states in both defective CNTs
are localized at the atoms of the octagon. It is interesting
to note that the (8,8) and (14,0) CNTs with a divacancy,
calculated with supercell lengths of L, and L,, respectively,
also exhibit an energy gap of about 0.15 eV. This suggests
that in CNTs with larger diameters, the energy gap should
also increase due to the flattening of the defect state above
to the Fermi energy.

5. Summary and conclusions

Based on ab initio calculations we have shown that
CNTs with a monovacancy exhibit a ferromagnetic order-
ing induced by an undercoordinated C atom. The magnetic
moment in the defect equilibrium geometries fluctuate
among 0.3 and 0.8 pp, depending on the defect concentra-
tions and on the CNT diameters. On the other hand, CNTs
with a divacancy are not magnetic because all the C atoms
around the defect are three-fold coordinated. The elec-
tronic structure shows that the monovacancy does not
change the electronic character of the tubes. However,
the divacancy can induce that both armchair and zigzag
CNTs become small-gap semiconductors. The above prop-
erties suggest the possibility to achieve metal-free magnets
and magnetic patterns at the nanometer scale.
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