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Multiwall carbon nanotubes �MWCNTs� dispersed on graphite on highly oriented pyrolytic graphite
�HOPG� substrate were irradiated with Ar+ ions of 30 keV. The irradiated samples were investigated by
scanning tunneling microscopy �STM� and spectroscopy �STS� in air. The irradiation-induced defects appear as
hillocklike protrusions on the nanotube walls, similar to the hillocks observed earlier on ion irradiated HOPG.
The results are in agreement with recent predictions, which attribute the STM features produced by ion
irradiation to local modifications of the electronic structure. “�3��3R” type superstructures are also observed
near some of the defects. After annealing at 450 °C in nitrogen atmosphere, the irradiated MWCNTs were
investigated again by STM. The effect of heat treatment on the irradiation-induced nanotube defects is also
discussed.
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I. INTRODUCTION

Carbon nanotubes �CNTs� usually are regarded as perfect
tubes made from sheets of graphite, which are rolled into
cylinders.1 However, defects like vacancies, vacancy-related
defects or nonhexagonal carbon rings may occur in the struc-
ture of nanotubes. The specific combination of such defects
may lead to the formation of nanotube junctions,2,3 branched
nanotubes,4,5 or regularily coiled carbon nanotubes.6–9 It has
been shown that defects also influence the transport proper-
ties of the nanotubes.10 Topological defects may occur in the
as-grown nanotubes, or they can be generated by several
methods like chemical treatment or irradiation with charged
particles. Recent experiments show that both electron and
heavy ion irradiation can modify the structure and dimen-
sions of CNTs.11–14 Irradiation with heavy ions may induce
interesting phenomena like welding,15,16 crosslinking,17,18 or
coalescence19 of the nanotubes. In situ X-ray photoelectron
spectroscopy �XPS� and Auger electron spectroscopy �AES�
analysis20 showed that irradiation with Ar+ ions produces
dangling bonds �vacancies� on the surface of nanotubes and
may cause shrinkage of the nanotube diameters. Ar+ irradia-
tion was used in order to create tunneling barriers in multi-
wall carbon nanotubes,21 and also to control the shape of the
nanotubes.22 Furthermore, Ni et al.23 used CF3

+ ion beams to
functionalize nanotubes, since defects are supposed to be the
preferred sites for chemical reactions.24 Other groups have
investigated the possibility of using CNTs as masks during
irradiation, in order to produce ultranarrow metal
nanowires.25,26 A brief overview on the irradiation-induced
effects in carbon nanotubes has been given recently.27

Krasheninnikov and co-workers28,29 employed the tight-
binding technique to calculate scanning tunneling micros-
copy �STM� images of individual vacancies created by irra-
diation. They have calculated also the STM images of other
vacancy-related defects, and have demonstrated that different
type of defects have different signatures in the STM
images.30 The STM signatures of native topological defects
�nonhexagonal carbon rings� were also simulated.31,32 Recent
experimental and theoretical STM and scanning tunneling

spectroscopy �STS� analysis revealed a pentagon-heptagon
pair at a particular nanotube junction.33 Such defects were
created also in single graphene layers and examined by high-
resolution transmission electron microscopy �HR-TEM�.34

STM is a very effective tool to detect atomic-scale defects
in the walls of CNTs. In this work we present the results
from experimental STM investigation of irradiated multiwall
CNTs �MWCNTs�.

II. EXPERIMENTAL DETAILS

The multiwalled carbon nanotubes used in this study were
produced using the electric arc-discharge technique employ-
ing two graphite electrodes. The growth was carried out in
helium atmosphere �66 kPa� by applying a current of 100 A
and a voltage of 25 V. After a typical experimental time of
7 min, about 80 wt % of the evaporated material resulted in
the formation of a cylindrical deposit grown onto the graph-
ite cathode and whose inner black core contained the
MWCNTs.

1 mg of nanotube-sample was ultrasonicated in toluene
for 60 min, and droplets of the suspension were dispersed on
graphite on highly oriented pyrolytic graphite �HOPG� sub-
strate. After the evaporation of toluene, the supported nano-
tubes were irradiated with Ar+ ions of 30 keV, with a dose of
D=5�1011 ion/cm2. The low dose of ions was chosen in
order to produce individual defects in the nanotube walls.
Without further manipulation, the irradiated MWCNTs were
investigated with STM and STS under ambient conditions.
The STM measurements were carried out in constant current
mode with tunneling currents of 0.3–1 nA and bias voltages
in the range of 0.1–0.5 V. Atomic resolution images were
typically achieved with the current set to 1 nA and 0.1 V
bias. The STM tips were prepared by mechanically cutting
from a Pt/ Ir wire.

III. RESULTS AND DISCUSSION

The STM observation of irradiated multiwall CNTs re-
vealed the signatures of the defects induced by the Ar+ ions.

PHYSICAL REVIEW B 72, 045429 �2005�

1098-0121/2005/72�4�/045429�6�/$23.00 ©2005 The American Physical Society045429-1

http://dx.doi.org/10.1103/PhysRevB.72.045429


These defects appear as protrusions �tunneling-current
maxima� in the STM images, which is in agreement with
theoretical predictions.28,29 Figure 1�a� depicts a portion of
an irradiated multiwall CNT, containing around 30 defects
�no defects could be detected on the original sample�. These
protrusions are similar to the hillocks observed earlier on
irradiated HOPG surface.35,36 An atomic resolution STM im-
age of a nanotube-defect is presented in Fig. 1�b�. The cross-
sectional line shows that the apparent height of the hillock is
around 0.24±0.03 nm �Fig. 1�c��. One can observe that
atomic resolution is lost at the hillock, and one cannot di-
rectly determine which type of defect is �vacancy, nonhex-
agonal ring, etc.�.

Above the defect shown in Fig. 1�b� we performed also
STS measurements. The dI /dV curves are plotted in Fig.
1�d�, where the dashed line corresponds to the curve mea-
sured at a relatively large distance from the defect, i.e., above
a defect-free region. It is obvious from the figure that an
additional peak appears in the local density of states �LDOS�
at 0.1 eV above the Fermi energy. These additional elec-

tronic states contribute to the tunneling process and as a re-
sult the tunneling current increases as compared with the
defect free region when the STM tip reaches the defect site
during scaning. Thus the STM tip has to move upwards on
the z axis �farther from the nanotube surface� in order to keep
constant the value of the tunneling current set previously in
the microscope �constant current operating mode�. This ver-
tical movement of the tip produces the “heights” observed at
the defect sites in the topographic images. This result is in
agreement with calculations which show that both
vacancies28,37 and nonhexagonal carbon rings31,32 may act as
local perturbations and can change the LDOS features near
the Fermi level.

It is well known from the literature, that carbon nanotube
defects �introduced for example during chemical purifica-
tion� can be removed by annealing the samples at high
temperatures.38 In order to monitor with STM the effect of
elevated temperature on the defects induced by irradiation,
we annealed the irradiated nanotube sample at 450 °C for
90 min. The heating was done under a nitrogen atmosphere

FIG. 1. �a� MWCNT with defects �hillocklike protrusions� created by irradiation. �b� Atomic resolution STM image of a nanotube defect.
�c� Cross-sectional line showing the apparent height of the defect. �d� dI /dV curves recorded above the defect presented in �b� �continuous
line�, and above a defect-free region of the CNT �dashed line�.
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of 5 bars. After annealing, the sample was investigated again
with STM under ambient conditions. Figure 2�a� shows a
portion of a multiwall CNT after the heat treatment. One can
see that—using the same tunneling conditions—the
irradiation-induced hillocks are not very well observed, com-
pared to the case before annealing �Fig. 1�a��. However,
when scanning a smaller area �12�12 nm2�, the defect sites
can be distinguished again. Figure 2�b� shows two defect
sites labeled 1 and 2. The apparent heights of these hillocks
turned out to be less than 0.1±0.03 nm �see the cross-
sectional line in Fig. 2�c��, which is much lower than the
0.24±0.03 nm measured before heating the sample �Fig.
1�c��. This result nicely shows how CNT defects tend to heal
already at moderate temperatures.

We performed STS measurements at the two defect sites
presented in Fig. 2�b�. The additional peaks above the Fermi
energy are observed on both curves �Fig. 2�d��. However, in
this case the peaks are at 0.35 eV above the Fermi energy,
i.e., at energies higher with around 0.25 eV than before heat-

ing. This observation indicates that the nature of the defects
changes during the annealing, these defects produce donor-
like surface states. Such kind of states can appear assuming
that nitrogen adsorbs at the defect sites.39,40 Another possible
mechanism is the transformation of the vacancy-type defects,
during the annealing process, into nonhexagonal ring-type
defects by dangling bond saturation, predicted by molecular
dynamical simulations.30

In Fig. 3 we show an atomic resolution STM image of a
multiwall CNT with defects. The image was recorded after
the heat treatment. Several defect sites can be distinguished
in the figure, separated by a couple of nanometers from each
other. In the close vicinity of these defects we observed pe-
riodic oscillations in the LDOS �superstructures�. A magni-
fied portion of Fig. 3 is presented in Fig. 4 where the cross-
sectional lines show that the period of these oscillations is
about 0.39 nm, which is larger than the period of �0.25 nm
indicated by the atomic structure �see the inset�. The ampli-
tude of these oscillations decreases with increasing distance,

FIG. 2. �a� Irradiated MWCNT with defects, after heat treatment. �b� STM image of two nanotube defects. �c� Cross-sectional line
showing the apparent heights of the two defects. �d� dI /dV curves recorded above the two defects presented in �b� �continuous lines�, and
above a defect-free region of the CNT �dashed line�.
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and it vanishes within a distance of about 3 nm from the
defect. These superstructures closely resemble the “�3
��3R” type superstructures observed earlier on HOPG
surfaces36,41 �R=0.246 nm is the distance between B-site at-
oms in the HOPG� and predicted theoretically for single wall
CNTs �SWCNTs� with vacancies.28,37 The experimentally
observed patterns can be explained considering the local per-
turbation of the electronic structure caused by the defect,
without taking into consideration any rearrangement in the
atomic structure of the MWCNT. The period of the atomic
resolution pattern observed in the defect free regions of the
MWCNT is �0.25 nm �Fig. 4�, just like in case of HOPG,
which shows that the two outermost graphene layers must
exhibit an ABAB type stacking,42 i.e., the outermost layer has
two nonequivalent atoms. In this case the wave functions at
the Fermi energy can be expressed as a symmetric and an
antisymmetric linear combination of the allowed wave func-
tions near the Fermi energy.43 Moreover, in the case of a

CNT—specified by the chiral vector L�—the electron wave
function is required to satisfy the periodic boundary condi-

tion ��r��=��r�+L� �, giving rise to a quantization of the k�,
the wave-vector component perpendicular to the tube axis.44

In order to reproduce the experimentally found super-
structures, we write the symmetric wave function in form of
the sum of cosines, and the antisymmetric wave function as a
sum of sinuses, similarly to the wave functions constructed
by Shedd and Russell for graphite,45 but also considering the
quantization of the angular momentum component of the
wave vector, specific to carbon nanotubes46

�S�r�� = �
i=1

3

ai cos��k�Z
i + k��

i � · r�� and

�A�r�� = �
i=1

3

bi sin��k�Z
i + k��

i � · r�� , �1�

where k�i= �k�Z
i +k��

i � are wave vectors pointing toward the cor-
ners of the Brillouin zone, with k�Z

i the axial and k��
i the cir-

cumferential components. The k�� component has discrete
allowed values in case of nanotubes

k�� =
2�

L
�n −

�

3
	 , �2�

where n is an integer, characterizing the angular momentum
component of the electron, L is the tube circumference, and
�=0±1.46 The effect of a localized perturbation can be con-
sidered by adding a scattered wave to the symmetric
solution.43 Considering a constructive interference between
the normal symmetric wave function and the added scattered
wave function,43,47 the experimentally observed superstruc-
ture is well reproduced. A computer generated grey-scale
plot of the calculated electron density as a function of posi-
tion is shown in Fig. 5. The calculated value of the distance
between adjacent rows of high LDOS sites �at the Fermi
energy� is �3/2�R=0.37 nm, which is in a good agreement

FIG. 3. Atomic resolution STM image of a MWCNT with sev-
eral defects created by Ar+ ion irradiation. Electronic superstruc-
tures of �3��3R type can be observed near some of the defects.
The lines due to the increased LDOS have the same orientation
within one group, while the groups are oriented at 60°.

FIG. 4. MWCNT portion magnified from Fig. 3. The cross-
sectional lines show the period of the observed superstructures
�1−1��, and the period determined by the atomic structure �2−2�,
inset�. In both cases the value given as “horizontal distance” corre-
sponds to the distance measured between the two markers.
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with our experimental findings. Furthermore, the theoretical
results show that as long as the chirality of the tube is un-
changed, the orientation of the superstructures remains the
same. The experimental results are in agreement with this
statement, the STM image in Fig. 3 shows that the super-
structures surrounding different defects have the same orien-
tation �see the guiding lines in the figure�. The angle of 60°
between the observed interference patterns is due to the al-
lowed wave propagation directions near the Fermi energy.45

IV. CONCLUSIONS

We have investigated irradiated multiwall CNTs by STM
and STS. Atomic resolution STM images of the irradiated
CNTs were presented, showing the irradiation-induced de-
fects as hillocklike protrusions �tunneling current maxima�,
corresponding to the locally changed electronic structure at
the defect sites. The heights of these protrusions decreased
after a heat treatment, indicating the healing tendency of the
defects. STS measurements also show that the nature of the
defects changed during the annealing. Electronic superstruc-
tures of �3��3R type �oscillations in the LDOS� were ob-
served near some of the irradiation-induced defects. These
experimentally found superstructures could be well repro-
duced by considering a constructive interference between
normal electron wave functions and those scattered by the
defect. The measurements show that the superstructures ob-
served on a nanotube with a given chirality have the same
orientation.
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