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Using empirical-potential and tight-binding models, we study the structure and stability of
atomic-scale irradiation-induced defects on walls of carbon nanotubes. Since atomic vacancies are
the most prolific but metastable defects which appear under low-dose, low-temperature ion
irradiation, we model the temporal evolution of single vacancies and vacancy-related defects~which
isolated vacancies can turn into! and calculate their lifetimes at various temperatures. We further
simulate scanning-tunneling microscopy~STM! images of irradiated nanotubes with the defects,
employing for this the tight-binding Green’s function technique. Our simulations demonstrate that
the defects live long enough at low temperatures to be detected by STM and that different defects
manifest themselves in STM images in different ways, all of which makes it possible to detect and
distinguish the defects experimentally. ©2002 American Vacuum Society.
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I. INTRODUCTION

Of late, numerous experimental and theoretical studies
carbon nanotubes have demonstrated possibilities for de
oping carbon-based electronics.1–5 However, implementation
of even the simplest electronic devices demands a thoro
understanding of the structural and electronic properties,
only of perfect nanotubes, but also of nanotubes with vari
defects which can appear during nanotube growth or can
created by external actions. Moreover, recent experime5

indicate that the defects in nanotubes can be used to fabr
an intratube quantum dot device. However, methodolog
development requires knowing what the defects involv
are, and how they can be produced in a controllable w
Besides this, the studies on imperfect nanotubes are of
ticular interest due to a unique opportunity to investigate
influence of disorder on properties of genuine on
dimensional systems of nearly macroscopic size.

Thus, many theoretical and experimental works on
electronic and structural properties of nanotubes w
defects6–17 and on the formation of defects und
electron18–21 or ion irradiation22–24 have recently appeared
Various point defects in nanotubes have been conside
such as pentagon/heptagon Stone-Wales defects asso
with a rotation of a bond in the nanotube atom network,6–10

adatoms on the walls of nanotubes,11 impurities,12 and de-
fects initiated through the adsorption of a carbon dimer o
nanotube wall.10,17A large number of theoretical works de
with atomic vacancies.12–16,19,22,23

At the same time, it is not yet quite clear whether t
atomic vacancies exist in carbon nanotubes or not. Althou
as recent studies demonstrate,19,22,23single vacancies and va
cancy clusters may be created by removing carbon atom
knock-on events under electron or ion irradiation, such
fects may be metastable or even quite unstable transform
quickly to other defects.

a!Author to whom correspondence should be addressed; electronic
akrashen@beam.helsinki.fi
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Indeed, recent experiments indicate that high-do
electron18,19 irradiation of single-walled nanotubes~SWNTs!
gives rise to surface reconstructions and drastic dimensi
changes, as a corollary of which the apparent diameter
SWNT’s substantially shrink. To explain these phenomena
has been suggested19 that isolated vacancies~which appear
under irradiation! are unstable and the apparent reduction
the SWNT diameter is due to a mending of the vacanc
through dangling bond saturation and by forming vacan
related defects such as nonhexagonal rings or pentagon-
dangling-bond defects.

Tight-binding molecular dynamics simulations19 con-
ducted at a temperature of 700 K confirm the vacan
mending mechanism for high irradiation beam dose~when a
large number of atoms are removed very rapidly! and at high
temperatures. However, because of an extremely high ra
atom removal~of 5 atoms/ps!, that study is not relevant to
ordinary ion irradiation dose rates. Moreover, it is not qu
clear whether single vacancies also transform easily at
temperatures and how the lifetime of vacancies depends
the temperature. Besides this, recent experimental work24 on
the irradiation of nanotubes with Ar ions indicate that da
gling bonds are present in irradiated nanotubes. Since d
gling bonds are usually related to isolated vacancies, s
vacancies, even if metastable, may be long-lived defects~and
may survive for macroscopic times!, especially under low-
temperature, low-dose irradiation. It should be noted, ho
ever, that the dangling bonds may also be associated with
other vacancy-related defects which have been considere
Ref. 19. Thus, the stability of vacancies and vacancy-rela
defects as well as their influence on the electronic proper
of SWNTs call for further studies.

Recently we demonstrated23 that vacancies are the pre
dominant defects which appear under low-energy irradiat
of individual single-wall nanotubes with Ar ions. We als
showed that ideal single vacancies at low temperatures
metastable but macroscopically long-lived defects. Sinc
scanning tunneling microscope~STM! is a good tool to iden-
il:
7282Õ20„2…Õ728Õ6Õ$19.00 ©2002 American Vacuum Society
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729 A. V. Krasheninnikov and K. Nordlund: Stability of irradiation-induced point defects 729
tify atom-scale defects at surfaces directly, we also simula
STM images of irradiated nanotubes with ideal vacanc
within the framework of a tight-binding approach. Out r
sults show that the vacancies may be detected by STM
that, at low bias voltages, they appear as bright spots in
STM images due to the growth in the local electron dens
of states on atoms surrounding the defects. However, we
not study the stability of the vacancy-related defects,
simulat their STM images or current-to-voltage characte
tics.

In this article, making use of molecular dynamics wi
empirical potentials,26 we ~i! study the stability and tempora
evolution of vacancy-related defects in SWNTs,~ii ! present
the details of our calculations on the ideal vacancy stab
~which were omitted in Ref. 23!, and ~iii ! simulate STM
images of SWNTs and STM current-to-voltage characte
tics in the vicinity of the vacancy-related defects. We~iv!
further discuss possible STM experiments on real-time mo
toring of the time evolution of irradiation-induced defects
the walls of carbon nanotubes, since such experiments
not only contribute to understanding the mechanisms of
fect formation, but may also serve as a test for the validity
tight-binding and empirical potential molecular dynami
models.

II. CALCULATIONS OF THE VACANCY-RELATED
DEFECT LIFETIMES WITHIN THE FRAMEWORK
OF EMPIRICAL POTENTIAL MODELS

In Ref. 23 we have studied formation probabilities
atomic-scale defects produced by low-dose irradiation
nanotubes with Ar ions. We have considered~10,10! arm-
chair SWNTs, which are reported to be the predominant c
stituents of ropes synthesized by the electric arc techn
using a catalyst.28 Using molecular dynamics,25 we have
simulated impact events over a wide energy range of incid
ions. We have shown that the most common defects p
duced under ion irradiation are vacancies, which at low te
peratures are metastable but long-lived defects.

At high temperatures the vacancies~ideal vacancies
which have three dangling bonds! can transfer to two othe
defects. Those are single pentagon-one dangling bond at
configurations and fourfold coordinated atoms in the cen
of two pentagons and two hexagons, cf. Fig. 1. For brev
we label the former defect ‘‘5-1db’’ and the latter ‘‘5-6’’ de
fect. Formations of such defects under high-dose elec
irradiation have also been reported.19

The tight-binding and empirical potential simulations i
dicate that the 5-1db defect has the lowest energy.19,23 Thus,
although all three defects may appear as a result of ion
pact, the long quenching of the nanotubes should eventu
lead to the transformations of single vacancies and 5-6
fects to 5-1db defects. However, since single vacancies
5-6 defects are metastable~i.e., there is an energy barrie
separating these two configurations from the configura
with the minimum energy!, such defects may survive at low
temperatures for finite times which may be long enough
detecting the defects experimentally.
JVST B - Microelectronics and Nanometer Structures
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Our goal here is to estimate the lifetimes of these me
stable defects. To examine the stability of the defects,
simulated the time evolution of a 100-Å-long nanotube w
the defects over timescales up to more than 10 ns at temp
tures of 1000–4000 K employing molecular dynamics.25 The
Brenner potential,26 without bond conjugation terms, wa
used for modeling the carbon atom interaction. This poten
reproduces well the melting point27 and elastic constants26 of
graphite and diamond. A good correlation between the res
of ab initio and classical simulations of nanotubes has a
been reported.11,29

We found that at high temperatures a single vacancy d
transform into 5-6 and 5-1db defects. At least at temperatu
below 2500 K, the clearly dominant process was a trans
mation into the 5-1db defect, as expected from the de
energetics. The vacancy lifetimes at different temperatu
are shown in Fig. 2. For every temperature considered,
carried out at least 40 independent runs and averaged
results. With simulations between temperatures of 1500
2200 K, we determined that the average vacancy lifetime
be well described with activated behavior with a single ac
vation energy, i.e., by the formulatvac5a exp(b/kBT), where

FIG. 1. Ball-and-stick representation of the carbon network of a prist
~10,10! single-walled nanotube~a!. Carbon network of the nanotube with a
irradiation-induced vacancy~b! as well as vacancy-related defects in ‘‘5
1db’’ ~c! and ‘‘5–6’’ ~d! configurations. Only the front walls of the nano
tubes are sketched. Atoms with unusual number of bonds are circled.

FIG. 2. Lifetimes of single vacancies at different temperatures.



d
d

te
lo
a

ca
a

in

3
e
n

,
va
c
ci
pa
o
en

in

r,
ti
e

n
ic
of
th

cts

in
ula-
nt

, we
fa-

tip
-
ive
n
e

ip-
t

he
te,
ate

ro-

rmi
ly

a
c-
l-

be

han
the

y

p-
as

of
d in

dis-

e
the

730 A. V. Krasheninnikov and K. Nordlund: Stability of irradiation-induced point defects 730
tvac is the time before the vacancy transforms into the 5-1
defect,kB is Boltzmann’s constant,T is the temperature, an
a and b are the fitting constants. Our best fit gavea50.18
60.02 ps andb51.260.1 eV.

Thus, empirical potential dynamics simulations indica
that at low temperatures single vacancies are stable on
time scales. If the activation energy for vacancy transform
tion is *1 eV, as our simulations indicate, the vacancies
be expected to be stable at room temperature for time sc
of at least the order of 10 h~if we use the formula with the
parameters derived above, then we gett57.23103 h!. Thus,
they might be experimentally found.

We also carried out similar simulations for 5-6 defects
a temperature range of 1200–1800 K. The lifetimet56 of this
defect as a function of the temperature is given in Fig.
Again, the average lifetime of the defect can be well d
scribed with activated behavior with a single activation e
ergy. Our fit gavea50.0360.01 ps andb51.0460.01 eV.
The lifetime of 5-6 defects is about 5 h atroom temperatures
which is three orders of magnitude shorter than that for
cancies. The difference in the lifetimes is not surprising sin
the 5-6 defects have higher energies than isolated vacan
although the energy difference heavily depends on the
ticular theoretical model used.23 Thus, 5-6 defects may als
potentially survive long enough to be detected experim
tally.

Our molecular dynamics simulations carried out with
the framework of a tight-binding approximation,30 gave simi-
lar behavior of the defects at high temperatures. Howeve
proved too computationally expensive to achieve the sta
tics sufficient for quantitatively describing the activated b
havior below 1800 K.

III. TIGHT-BINDING SIMULATIONS OF STM
IMAGES OF NANOTUBES WITH
IRRADIATION-INDUCED DEFECTS

Having calculated the geometry of the vacancy a
vacancy-related defects within the framework of the class
and tight-binding models by minimizing the total energy
the carbon network after defect creation, we computed

FIG. 3. Lifetimes of 5-6 defects at different temperatures.
J. Vac. Sci. Technol. B, Vol. 20, No. 2, Mar ÕApr 2002
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STM images of the irradiated SWNTs near these defe
within the framework of the tight-binding approximation.

Our technique is based on the formalism developed
Ref. 31. We have successfully used this method for calc
tions of STM images of graphite surfaces with poi
defects32 and carbon nanotubes.23,33,34 Although our tech-
nique has been described at length in those publications
briefly outline the basics of the method here in order to
cilitate understanding the results obtained.

We considered the limit of small bias voltagesVbias<0.5
V applied to the tip-nanotube interface, and large STM
sample separations~larger than 4 Å!. Since at such separa
tions the tip-surface interaction is weak, a perturbat
approach35 along with the tight-binding Green’s functio
technique36 may be employed and, to the first order in th
tip-nanotube interaction, the tunneling currentI as a function
of the tip coordinates (x,y,z) may be written31 at zero tem-
perature as

I ~x,y,z!5
2pe

\ E
EF

EF1eVbias

3(
i

uVi~x,y,z!u2r tip~E!r tube~ i ,E! dE, ~1!

where the sum runs over all sites involved in the t
nanotube hopping.Vi(x,y,z) is the tunneling matrix elemen
coupling the tip apex atom to the atomi of the nanotube,
r tip(E) andr tube( i ,E) are the local density of states~LDOS!
of the noninteracting tip and the nanotube, respectively. T
STM tip was modeled as the final atom of a semi-infini
one-dimensional chain, which made it possible to calcul
r tip(E) analytically.36 The parameterV was evaluated nu-
merically with the tip states being approximated by a hyd
genliked function mimicking a tungsten tip.

Since the electronic structure of SWNTs near the Fe
energy is governed by thep states oriented perpendicular
to the nanotube walls, in our simulation, we employed
one-band tight-binding Hamiltonian which accounts for ele
tron hopping beyond the first-neighbor approximation. A
though other thanp states may be present in the nanotu
LDOS at the Fermi energy near defects,12 the contributions
from these states to the tunneling current are smaller t
from the p states. This is because of smaller values of
corresponding tunneling matrix elementsV ~smaller spatial
overlaps of the tip and any-other-than-p nanotube orbitals
than the overlaps of the tip andp orbitals, as one can easil
check by evaluating the overlap integrals, see Eq.~18! in
Ref. 31!. Moreover, there is strong evidence that this a
proximation works well for surface vacancies in graphite,
the comparison of simulated images32,37 to the experimental
ones38 indicates. Thus, we believe that the STM images
nanotubes near defects may be qualitatively understoo
terms of the simple picture of thep electrons. To allow for
the dependence of the hopping elements on interatomic
tances, we used the scaling functions given in Ref. 30

The recursion method39,40 was employed to calculate th
LDOS of a nanotube. STM images were computed for
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731 A. V. Krasheninnikov and K. Nordlund: Stability of irradiation-induced point defects 731
constant current mode of STM operation, in which the hei
of the STM tip ~the z coordinate! is adjusted to keep a con
stant value of current. To simulate this mode, we numeric
solved Eq.~1! for the z coordinate at any scan point (x,y).
The axis of the nanotubes coincided with thex axis. In order
to achieve atomic corrugation, we subtracted the current
file above a SWNT averaged over the nanotube axis from
initial profile23,33,34 ~we ‘‘filtered’’ the image!. As usual,
brighter parts of the images stand for higher positions of
STM tip.

We present the STM images calculated for positiveVbias

50.2 V. Although there are quantitative differences betwe
the STM images calculated at negative and positive value
Vbias, the overall forms of the patterns are roughly the sam
Throughout this article, all lengths in the graphics are giv
in Å. All the STM images correspond to the topmost parts
the SWNTs (25 Å ,y,5 Å, the diameter of a~10,10!
SWNT is '14 Å!. Defects are always at the origin.

To establish a correspondence with the already publis
results, we start by plotting a gray-scale STM image o
perfect~10,10! armchair SWNT in Fig. 4~a!. It is evident that
the STM image of a pristine SWNT does not demonstrat
hexagonal network of carbon atoms in the graphene pla
Instead, a triangular lattice of darkish spots is seen. Th
spots correspond to the centers of hexagons. The image
a perfect agreement with the experimental data41–44 and the
results of theoretical simulations.6,8,45

An STM image of the nanotube with a vacancy is p
sented in Fig. 4~b!. The main feature of the STM image is
dramatic protrusion above the vacancy. Depending on
sign ofVbias, the height of the hillock is'0.7– 0.8 Å , while
its linear size is independent ofVbias and constitutes'5 Å.
As discussed earlier,23,33,34the enhancement in the tunnelin
current is due to vacancy-induced states near the Ferm
ergy ~which may be interpreted as ‘‘dangling bonds’’!, and
these states are spatially localized on the atoms surroun
the vacancies. Since it is specifically these states which S
probes at small bias voltages, a vacancy is imaged as a
trusion. A similar effect has been reported for surface vac
cies in graphite, see Refs. 32 and 46 and references the

Figure 4~c! shows an STM image of the SWNT wit
a 5-1db defect. Again, similar to the case of a vacancy
hillocklike feature above the defect is evident. However,
shape of the feature is quite different from that in the case

FIG. 4. STM gray-scale images of a pristine~10,10! nanotube~a! and the
images of the same nanotube with the irradiation-induced defects as s
in Fig. 1. Vbias510.2 V. The defects are at the centers of the images.
JVST B - Microelectronics and Nanometer Structures
t

y

o-
e

e

n
of
.

n
f

d
a

a
e.
se
in

-

e

n-

ng
M
ro-
n-
in.

a
e
f

the single vacancy. The hillock does not have a trigonal fo
typical for vacancy-induced protrusions since 5-1db defe
have only one dangling bond, see Fig. 1~c!. Besides this, an
additional maximum is seen on the top-right of the ma
hillock. This feature stems from a perturbation in the ele
tronic structure of the SWNT near the pentagon ring. Not
that an increase in the tunneling current above five-at
rings in STM images of nanotubes taken near SW defects
been also reported.9 The height of the 5-1db-defect-induce
hillock is roughly the same as that for the single vacancy a
constitutes 0.8(0.4) Å forVbias510.2(20.2) V.

The 5-6 defect, if it exists long enough to be measured
STM, also gives rise to a small bump in the STM image
the SWNT, see Fig. 4~d!. The protrusion is also governed b
electronic effects~a change in the electronic density distrib
tion nearEF in the vicinity of pentagon rings! but not by the
geometry of the defect, since the changes in atom coo
nates in the direction perpendicular to the nanotube sur
are minor. Moreover, the defect gives rise to a small dent
the nanotube surface. However, the decrease in the tunn
current due to the dent is compensated by the growth in
LDOS on the atoms in pentagons. As a result, the enha
ment in the tip height is smaller as compared to those for
other defects, less than 0.3 Å. The shape of the hillock
flects the symmetry of the underlying atomic structure of
defect, cf. Fig. 1~d!. The overall shape of the hillock is simi
lar to that for a SW defect,6–8 formed by two pentagons an
two heptagons~in our nomenclature, a ‘‘5-7’’ defect! al-
though we stress that we have quite a different atomic st
ture here, since one carbon atom is missing. However, we
not observe formations of SW defects under ion irradiatio
Thus, such features in the STM images of irradiated na
tubes, as in Fig. 1~d!, should be related to 5-6 defects rath
than SW defects.

Note that, together with the network of dark spots, mod
lations in h along the nanotube axis are present near
vacancy and 5-1db defects. These modulations, or su
structures, with a period commensurate with~but larger than!
that of the underlying graphene lattice also stem from el
tronic effects.23 Thus, our simulations confirm predictions47

on the anisotropy of STM images near point defects on na
tube walls and specify the shape of the superstructures
sulting from irradiation-induced small-scale defects.

Since the spectroscopic mode of STM operation can a
provide unique data on the local electronic structure of na
tubes and facilitate distinguishing the defects, we furth
simulated current-to-voltage (I –V) characteristics of nano
tubes near all the defects. Within the framework of o
model, theI –V curves are actually the LDOSs on carbo
atoms nearest the STM tip averaged with the weights de
mined by the corresponding tip-surface matrix elements.
all the defects,I –V curves were calculated at the points
the x–y plane corresponding to maximum tunneling cu
rents.

For the sake of comparison, in Fig. 5~a! we plot theI –V
curve calculated at a distance from a defect, and this c
cides with theI –V curve for a pristine~10,10! nanotube. We

wn
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did not allow for a possible shift ofEF ~Ref. 48! ~of about
0.2 eV! due to the charge transfer from the substrate, wh
leads to an asymmetric position of the nanotube band st
ture of perfect SWNT’s relative toEF . Although charge
transfer has been reported in Ref. 48, other experime
studies41,49 indicate that the SWNT-substrate interaction
rather small. In any case, our theoretical STM images
slightly dependent on the possible shift of theEF position.
As for the scanning-tunneling spectrum~STS! curves, this
effect just shifts the entire curves along the bias voltage a

Figure 5~b! presents anI –V curve calculated above
vacancy. As evident from the figures, the vacancy results
sharp increase in the LDOS at theEF on atoms nearest th
vacancy~this increase, in its turn, gives rise to a hillocklik
feature in the corresponding STM image!. If there is no
charge transfer from the substrate, then the plot is practic
symmetrical relative to the position ofEF .

A sharp maximum is also evident in theI –V curve for the
5-1db defect, see Fig. 5~c!. This peak originates from the
dangling bond. However, since the local symmetry of
graphene plane is broken near this defect, the position of
peak does not coincide with that ofEF . This explains the
asymmetry in the hillock height for positive and negati
bias voltages.

As follows from theI –V curve for the 5-6 defect, Fig
5~d!, the increase in LDOS near the defect is not as stron
compared to those for the other defects, which explains w
the hillock is rather flat in this case. We stress here o
more that we consider the limit of small bias voltages:
follows from Fig. 5~d!, STM images might be quite differen
at larger bias voltagesVbias.1 V, when the states distance
from EF contribute to the tunneling current. However, sin
our technique works well only for the limit of smallVbias,

31

we did not simulate STM images of defects at largeVbias.
It is noteworthy that the features in the STM images

nanotubes with defects—hillock-like features and electro

FIG. 5. I –V curves for a~10,10! pristine nanotube~a! and calculated above
the same nanotube with the irradiation-induced defects~b!–~d! as shown in
Fig. 1. The I –V curves for the pristine nanotube~dashed lines! are also
plotted in ~b!–~d!.
J. Vac. Sci. Technol. B, Vol. 20, No. 2, Mar ÕApr 2002
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superstructures—have been observed earlier in experime
STM images of graphite surfaces with vacancies.38,50

IV. CONCLUSIONS AND SUGGESTIONS FOR
POSSIBLE EXPERIMENTS

In this article, we simulated time evolution of atomic
scale defects produced by low-dose irradiation of nanotu
with Ar ions. Since vacancies are the most prolific defe
which appear under low-dose, low temperature irradiation23

we computed the lifetimes of the vacancies and vacan
related defects~those are 5–6 and 5-1db defects, the lat
having the minimum energy among all three defect confi
rations!. Our calculations indicate that at low temperatur
single vacancies and the 5–6 defects are likely stable
macroscopically long time scales and, hence, they migh
experimentally found.

Inasmuch as STM is a powerful tool for both the chara
terization of atom-scale defect and the study of their ti
evolution, we also calculated STM images and current-
voltage characteristics of irradiated nanotubes, employing
this the tight-binding Green’s function technique. We de
onstrated that these defects may be detected by STM
that, at low bias voltages, all of them appear as hillockl
features in constant-current mode STM images due to
growth in the local electron density of states on atoms s
rounding the defects.

The shape and dimensions of the hillocks as well as
current-to-voltage characteristics vary for different defec
which makes it potentially possible to experimentally dist
guish such defects using STM. To minimize the effect of t
STM tip on the electronic subsystem and to avoid mecha
cal deformation, such experiments should be carried ou
maximum possible tip-surface separations and at low b
voltages.

Since vacancies in nanotubes, unlike vacancies in gra
ite, seem to be metastable, atomic-resolution STM prob
of irradiated nanotubes at different temperatures immedia
after irradiation may be of particular interest. The main go
of these possible STM experiments would be~i! to find by
STM indications of irradiation-induced changes in nan
tubes,~ii ! to identify the types of irradiation-induced defec
for low irradiation doses and low energies of incident ions
comparing experimental STM images and spectra to theo
ical ones, and~iii ! to study the stability and evolution o
defects by varying temperature and by observing change
STM images.

The experiments on irradiating nanotubes with inert g
ions and subsequent STM probing, if carried out, may ena
one to observe the temporal evolution of irradiation-induc
defects at various temperatures and compare experime
lifetimes to those predicted theoretically. Thus, such exp
ments, although being a challenging task, may not only c
tribute to understanding the mechanisms of defect format
but may also serve as a test for the validity of tight-bindi
and empirical potential molecular dynamics models.

In summary, we studied the behavior of atomic-scale
fects produced by low-dose irradiation of nanotubes with
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733 A. V. Krasheninnikov and K. Nordlund: Stability of irradiation-induced point defects 733
ions and computed their lifetimes at various temperatu
We demonstrated that at low temperatures the defects
likely stable on macroscopically long timescales and app
as hillock-like features in STM images due to the growth
the local electron density of states on atoms surrounding
defects. Since the shape of the hillocks are different for
ferent defects, they might be experimentally distinguish
using STM.
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